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Abstract: The development of an effi-
cient method for the stereoselective
synthesis of a-d-(2! 1)-linked ketoside
oligomers is described. The method is
based on an iterative protocol composed
of two key steps: a) the coupling of a
thiazolylketosyl phosphite donor with
an hydroxymethylketoside acceptor;
and b) the introduction of the hydroxy-
methyl group at the anomeric carbon
atom of the resulting oligomer. To high-
light its efficiency, the protocol was used
in the assembly of d-galacto-2-heptulo-
pyranose-containing oligoketosides
through a-(2! 1) linkages up to the

pentameric stage. The yield of the iso-
lated oligomers ranged from 48 % in the
first cycle to 29 % in the fourth cycle.
Having employed a pentenyl-substitut-
ed hydroxymethylketoside acceptor in
the first cycle, all the derived oligomers
contained the pentenyl group at their
reducing end. This group was exploited
to transform the linear oligomers into
cyclic products through intramolecular

glycosidation. The major product de-
rived from the linear trisaccharide was
confirmed by X-ray crystallography to
be the cyclotris-(2! 1)-(a-d-galacto-2-
heptulopyranosyl). The structure of this
compound was essentially that of a
[9]crown-3 ether bearing three galacto-
pyranose rings spiroanellated in a pro-
pellerlike fashion. This arrangement of
carbohydrate units linked to the crown
ether created a densely alkoxylated
cavity suitable for the encapsulation of
alkali-metal cations (Li, Na, K, Ca, Mg).

Keywords: crown compounds ´ gly-
cosylations ´ noncovalent interac-
tions ´ oligosaccharides ´ thiazoles

Introduction

The development of new chemical or enzymatic methods and
technologies for oligosaccharide[1] and glycoconjugate[2] syn-
thesis is one of the most intensively investigated research
topics in modern carbohydrate chemistry. The widespread
interest in this area of research arises mainly from the
increasing awareness that carbohydrates play a vital role in
molecular recognition processes of biomolecules such as

glycoproteins and glycolipids that are found on the outer
surface of cells.[3] These processes are responsible for impor-
tant events in living organisms, including inflammation,
immunological response, cancer metastasis, and fertiliza-
tion.[4] Oligosaccharides and glycoconjugates are difficult to
isolate in a homogeneous form from natural sources, and even
when possible, their purification and characterization are
quite laborious. Consequently, the pressing need for the
access to usable quantities of these materials and their
unnatural analogues for research and therapeutic purposes
opens up a major opportunity for the development of new
synthetic methods.

Remarkable progress has been made in the glycosidation of
aldoses,[1] and the assembly of oligosaccharide chains con-
taining aldosyl units by means of iterative chemical methods
both in solution and in the solid phase has been reported in
recent years.[5] Considerable attention has also focused on the
chemical and enzymatic synthesis of cyclic oligosaccharides of
aldoses.[6] On the other hand, few syntheses of ketodisacchar-
ides have been reported, very likely because of the low
reactivity and stereoselectivity of the glycosidation reactions
of ketoses. Recent examples include the glycosidation of a
fructofuranose phosphite,[7] some fructofuranose thioglyco-
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sides,[8] and various activated ketopyranoses.[9] Natural ulo-
sonic acids were prepared by Danishefsky and co-workers
some years ago[10] by employing furylketoses as glycosyl
donors. This method relied on the electron-donating furan
ring that served both as an activator of the glycosidation
reaction and as a precursor of the carboxylate group. Hence,
the chemical synthesis of oligosaccharides containing ketosyl
units either by linear or by convergent iterative glycosidation
of ketoses has, to the best of our knowledge, not been
reported. Cyclic oligomers of fructofuranose, called cyclo-
fructins[11] to emphasize their analogy to cyclodextrins, have
been obtained by the enzymatic degradation of inulin, the
natural polymer of d-fructose.[12]

We now report a protocol for the chemical synthesis of
(2! 1)-linked oligoketosaccharides D (Scheme 1) by means
of an iterative glycosidation employing an activated thiazo-
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Scheme 1. Protocol for the synthesis of (2! 1)-linked oligosaccharides D.

lylketose B as ketosyl donor. This building block and the
initial ketosyl acceptor A were designed to bear different
activating groups R1 and R2 so that the alcohol derived from
the dimer C as well as from further elongated derivatives can
undergo either inter- or intramolecular glycosidation to give
linear or cyclic oligomers, respectively. The method is
illustrated by the synthesis of linear oligomers up to the
pentameric stage and cyclic dimers and trimers of a-d-galacto-
2-heptulopyranose. The complexation properties of a cyclic
ketotrisaccharide towards metal cations will be also de-
scribed.

Results and Discussion

Synthesis of ketoside building blocks 3 and 6 : In recent
reports from our laboratory we described the preparation of
thiazolylketoses,[13, 14] for example, galactopyranose derivative
1 and activated O-acetate 2 (Scheme 2). These compounds
proved to be efficient ketosyl donors in trimethylsilyl
triflate(TMSOTf)-promoted coupling reactions with various
carbon and heteroatom acceptors, including alcohols of

O
OBn

BnO
BnO

OR
S

N
BnO

O
BnO

BnO
BnO

OBn

O

O
OBn

BnO
BnO

OP(OEt)2

S

N
BnO

S

N O
BnO

BnO
BnO

OBn

O

S N

O
BnO

BnO
BnO

OBn

O

CH2OH
O

BnO

BnO
BnO

OBn

O

CH2OH

3

5   (7%)

a

82%

+

b

c, d

7   (83%)6   (85%)

4   (86%)

1   R = H
2   R = Ac

c, d

Scheme 2. a) iPr2EtN (2 equiv), ClP(OEt)2 (1.3 equiv), CH2Cl2, room
temperature, 20 min; b) 4-penten-1-ol (3 equiv), TMSOTf (1 equiv), 4 �
molecular sieves, CH2Cl2, 0 8C to room temperature, 75 min; c) MeOTf
(1.3 equiv), 4 � molecular sieves, CH3CN, room temperature, 15 min;
NaBH4 (2 equiv), Et2O/MeOH, room temperature, 5 min; AgNO3

(1.5 equiv), CH3CN/H2O, room temperature, 20 min; d) NaBH4 (2 equiv),
Et2O/MeOH, room temperature, 15 min.

aldoses[15] and calix[4]arenes,[16] trimethylsilyl azide,[17] tri-
ethylphosphite,[18] and carbon nucleophiles.[14, 19] The advan-
tages associated with the use of the thiazole ring in this type of
chemistry are evident when considering that this heterocycle
is stable under glycosidation reaction conditions, while it is
readily transformed into the formyl group by means of a
simple and efficient reaction sequence.[20] In fact the thiazo-
lylketosides obtained from the above glycosidation reactions
were transformed into various ketosyl and ulosonyl deriva-
tives, some of which were barely accessible by different routes.
Hence the challenge lied in demonstrating the use of
thiazolylketoses in synthetic endeavours to more elaborate
glycosides.

In order to assemble various d-galacto-2-heptulopyranose
units through a 2,1-glycoside linkage in either a linear or cyclic
fashion as schematically shown in Scheme 1, we designed the
thiazolylketosyl phosphite 3 and the pentenyl hydroxyme-
thylketoside 6 (Scheme 2) as the ketosyl donor and acceptor
partners. The successful implementation of the above strategy
relied on the easy access to these required starting materials.
The coupling of the acetate 2 with 4-penten-1-ol in the
presence of TMSOTf gave, after column chromatography, the
a-d-ketoside 4 and the b-d-anomer 5 in 86 and 7 % yield,
respectively. The anomeric configuration of these compounds
was established by NMR analysis. Irradiation of the two
protons adjacent to the oxygen atom in the pentenyl group of
4 induced a significant enhancement of the signal for H-5 of
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the pyranose ring; the same experiment carried out with 5
affected the signal for H-2. Since both compounds adopt the
4C1 conformation (see Experimental Section), it can be
deduced that the pentenyl group is axial in 4, but equatorial
in 5. The assigned stereochemistry was confirmed by the
downfield chemical shift of the H-3 proton of the a-d-anomer
4 (d� 4.18) with respect to b-d-anomer 5 (d� 4.02) as a
consequence of the 1,3-diaxial interaction with the anomeric
CÿO bond.[13, 21] The individual thiazolylketosides 4 and 5
were transformed into the corresponding alcohols 6 and 7 (ca.
77 % yield) by means of the thiazole-to-formyl deblocking
protocol[22] (N-methylation, reduction, metal assisted-hydrol-
ysis) followed by the reduction of the aldehydes with NaBH4.
Optimized conditions were established by replacing CuCl2/
CuO with AgNO3 in the last step of the unmasking
protocol.[23] By this method, the multigram preparation of
compound 6 was carried out several times with an average
yield of 85 % from 4. This improvement in the thiazole-to-
aldehyde transformation proved to be essential in subsequent
cycles. In order to confirm that the configuration at the
anomeric center in compounds 4 and 5 remained unaffected
throughout the above reaction sequence, the hydroxymethyl-
ketosides 6 and 7 were subjected to careful 1HNMR spectro-
scopic analysis. Irradiation of the two protons adjacent to the
oxygen atom in the pentenyl aglycone of 6 (in C6D6) gave rise
to an NOE interaction with the axial H-6 proton (heptulose
numbering). On the other hand, irradiation of H-3 of 7 (in
CDCl3) induced an enhancement of the signals for the same
protons in the pentenyl group. Furthermore, in CDCl3 the
H-4 signal of 6 resonated further downfield (d� 4.09)
than H-4 of 7 (d� 3.72). The synthesis of 6 demonstrated
the tolerance of the O-pentenyl group towards the trans-
formation of the thiazole ring into the hydroxymethyl group,
a key step in the planned iterative homologation sequence.
However, the glycosylation reaction of 6 with the thiazolyl-
ketose acetate 2 gave the corresponding ketoside in low
yield (ca. 20 %). Hence, we considered the use of the
thiazolylketose phosphite 3, a potentially more reactive
ketosyl donor. The choice of a diethyl ester was based
on the easier and more economical synthesis than the
corresponding dibenzyl and dimethyl analogues whose
preparation requires the expensive dialkyl N,N-diethyl-
phosphoramidites.[24] The high-yielding preparation of phos-
phite 3 was carried out on a multigram scale by treatment of
ketol 1 with diethyl chlorophosphite in the presence of
ethyldiisopropylamine (Hünig�s base). Flash-column chroma-
tography with eluents containing triethylamine (3 %) afford-
ed compound 3 in 82 % yield. This phosphite can be stored for
several weeks at ÿ20 8C without appreciable decomposi-
tion.

It should be mentioned that some attempts at preparing
ketosyl donors bearing other powerful activating groups were
unsuccessful. For example, we failed to prepare the O-
trichloroacetimidate and the O-phosphate derivatives of 1
upon treatment with trichloroacetonitrile and 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU), and diphenyl chlorophosphate
and BuLi,[25] respectively. Unreacted 1 was recovered in both
reactions, while the thiazolyl phosphonate 8 was isolated in
40 % yield in the latter reaction.[26]
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Iterative glycosidation : At the outset, we carried out the
coupling between the glycosyl donor 3 and the acceptor 6
under conditions similar to those employed in our ketodisac-
charide synthesis.[15] Thus, treatment of an equimolar solution
of 3 and 6 in CH2Cl2 with a stoichiometric amount of the
promoter TMSOTf or TfOH at 0 8C afforded exclusively the
a-d-ketodisaccharide 9 in approximately 45 % yield
(Scheme 3). The stereochemistry at the anomeric center of 9
was deduced from the NMR spectroscopic analysis of the
methyl ulosonate 18 which was obtained via the aldehyde 17
(Scheme 4). The 13CNMR (75 MHz, C6D6) spectrum of 18,
recorded with selective decoupling of the methyl ester protons
at d� 3.14, showed the C�O signal (C-1', d� 168.3) as a broad
singlet since 3J(C-1',H-3') was approximately 1 Hz. This can
be expected for an a-d-ulosonate in a 5C2 conformation
(equatorial CO2Me group) having a dihedral angle C-1ÿC-
2ÿC-3ÿH-3 (ulosonic acid numbering) of nearly 608.[15, 27] The
above yield of 9 could not be improved by using the so-called
ªinverse procedureº[28] already exploited in our earlier
work,[15] that is, slow addition of the donor 3 to the solution
of the acceptor 6 and the Lewis acid, because 6 decomposed
under these conditions. A higher conversion of 6 into 9 (66 %)
was obtained by the addition of two equivalents of 3 and BF3 ´
Et2O in two portions with a 20-min interval at 0 8C
(Scheme 3).[29] Fortunately, in both the BF3 ´ Et2O- and
TMSOTf-promoted reactions, the unreacted alcohol 6 was
recovered unaltered or as the O-trimethylsilyl derivative,
respectively. On the other hand, the excess phosphite 3
rearranged almost quantitatively into the known[18] isomeric
phosphonate 22 (Scheme 5). It has been reported that
glycosylation reactions with acetylated glycosyl phosphites
led to orthoester-type phosphonate by-products, which upon
acid catalysis at higher temperatures, were transformed into
the desired glycosides.[30] Accordingly, we suggest that the
acid-stable glycoside 22 is formed by P-glycosylation of the
sugar oxycarbenium ion intermediate 19 by trimethylsilyl
phosphite 20 or by the borophosphite complex 21. In support
of this mechanistic proposal, treatment of 3 with an equimolar
amount of TMSOTf or BF3 ´ Et2O (CH2Cl2, 0 8C, 15 min)
afforded the sugar phosphonate 22 in 90 and 87 % yields,
respectively.

As the O-pentenyl group was unaffected by the thiazole-to-
formyl unmasking protocol and NaBH4 reduction (see
Scheme 2), the same reaction sequence was successfully
applied to convert 9 into the hydroxymethyl ketodisaccharide
10 in a consistently good overall yield. This operation
completed the first cycle A. The same homologative cycle,
made up of a sequential glycosidation and an hydroxymethy-
lation, was repeated three times using the BF3 ´ Et2O-promot-
ed reaction conditions. Cycle B gave the thiazolyl glycoside 11
and the trisaccharide 12 ; cycle C gave the thiazolyl glycoside



FULL PAPER A. Dondoni, A. Marra et al.

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0707-1374 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 71374

13 and the tetrasaccharide 14 ; cycle D gave the thiazolyl
glycoside 15 and the pentasaccharide 16. The glycosidation
reaction in each cycle was highly stereoselective as it only

afforded a single oligosacchar-
ide stereoisomer. The a-d-ster-
eoselectivity was confirmed for
the trimer 12 by X-ray crystal-
lography (see below), whereas
the same stereochemistry was
assumed for the tetramer 14
and pentamer 16 based on the
close similarity of the chemical
shift of the anomeric carbons at
the non-reducing end. In fact,
the chemical shifts of these
carbon atoms of the a-d-hy-
droxymethylketosides 6, 10, 12,
14, and 16 were in the range of
d� 99.1 ± 99.6, while the chem-
ical shift of the anomeric car-
bon atom of the b-d-anomer 7
was d� 101.1. It is worth noting
that only a slight decrease in the
yields (5 ± 9 %) was observed
from cycle A to D. Hence, it
appears that we did not reach
the limit of application of the
above iterative homologation
and therefore the assembly of
a longer oligoketosaccharidic
chain is, in principle, feasible.
Furthermore, the ketosides 9,
11, 13, and 15 may serve as
glycosyl donors by means of the
Fraser ± Reid pentenyl glyco-
side method[31] for achieving
complex carbohydrate or non-
carbohydrate linkages.

Synthesis of cyclic oligomers :
We first considered the penten-
yl-based intramolecular glyco-
sidation of the most readily
accessible oligomers 10 and 12
to cyclic di- and triketosacchar-
ides. Hence, a diluted solution
of 10 (ca. 10ÿ2m) in dichloro-
methane was treated at 0 8C
with N-iodosuccinimide (NIS)
and TMSOTf. This reaction
afforded the spirodisaccharides
23 (62 %) and 24 (20 %) in
fairly good overall yields
(Scheme 6). The 1H and
13CNMR spectra of the major
product 23 showed two sets of
signals which indicated a- and
b-d-(2! 1)-glycosidic linkages
of the pyranose residues. On

the other hand, the NMR spectra of 24 revealed the presence
of a single type of monosaccharide unit whose a-d-(2! 1)-
glycosidic linkage was assigned by NOE experiments. In fact,

Scheme 3. a) 3 (2 equiv), BF3 ´ Et2O (2 equiv), 4 � molecular sieves, CH2Cl2, 0 8C, 40 min; b) MeOTf (1.3 equiv),
4 � molecular sieves, CH3CN, room temperature, 15 min; NaBH4 (2 equiv), Et2O/MeOH, room temperature,
5 min; AgNO3 (1.5 equiv), CH3CN/H2O, room temperature, 20 min; c) NaBH4 (2 equiv), Et2O/MeOH, room
temperature, 15 min.
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irradiation of H-1 at d� 3.75 (CDCl3) gave rise to an NOE
interaction with the axial H-3, thus indicating the cis-relation-
ship between these protons.[32] Inspection of molecular models
showed a higher congestion in the ring-closing reaction by a-
glycosidic than by b-glycosidic bond formation. Therefore the
formation of the major isomer 23 should be mainly deter-
mined by steric factors. The same stereochemical control
appeared to be operative in the TMSOTf-promoted self-
condensation of the pentenyl hydroxymethylgalactoside 6
which, in fact, afforded the (a,b)-isomer 23 in 64 % yield. This
finding is inconsistent with the existence of two a-d-(2! 1)-
linkages in the self-condensation product of 3,4,5,7-tetra-O-
benzyl-a-d-gluco-2-heptulopyranose.[33] In our hands the

cyclic dimer 29 obtained in 65 % yield by self-condensation
of either ethyl a-(27) or b-(28) d-gluco-2-heptulopyranoside
showed NMR spectra fully consistent with the presence of two
pyranose units with a- and b-d-(2! 1)-glycosidic bonds
(Scheme 7). Hence the earlier stereochemical assignment of
van Boom and co-workers[33] appears to be incorrect.

29
27   α-D-anomer
28   β-D-anomer

65%
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Scheme 7. a) TMSOTf (1.5 equiv), 4 � molecular sieves, CCl3CN, room
temperature, 30 min.

While there are several examples of cyclic (2! 1)-disac-
charides, called ketose dianhydrides, made up of d-fructofur-
anose,[34] d-fructopyranose,[35] l-ribulose,[36] l-fucose,[37] and
d-manno-octulose residues,[38] no examples are known of
higher oligomers prepared by chemical synthesis. The only
products of this class of compounds are the above-mentioned
cyclofructins, the cyclic oligomers of d-fructofuranose pro-
duced by enzymatic degradation of inulin.[12] Therefore it was
quite rewarding to observe that the intramolecular glycosy-
lation of 12 under the conditions employed for 10 occurred in
a stereoselective manner to give the cyclic (a,a,a)-d-trisac-
charide 30 and its (a,a,b)-d-anomer 31 in 42 and 8% yields,
respectively (Scheme 8). Evidently, in this case the steric
factors did not adversely affect the formation of the a(axial)-
linkage which was expected on the basis of a nonparticipating
neighboring group and solvent.[1] The yields and stereo-
selectivity of the glycosidation did not improve at higher
dilutions of up to 10ÿ3m or by the presence of metal cations
such as lithium, sodium, potassium, or calcium, which were
efficiently captured by 30 (see below). The highly symmetrical
1H and 13CNMR spectra of 30 indicated that the three
monosaccharide units exhibited identical (2! 1)-glycoside
bonds. The a-d-configuration of these bonds was firmly
established by X-ray crystallography (Figure 1). On the other
hand, the structure assignment for the syrupy isomer 31 was
less straightforward because the 1HNMR spectra in CDCl3

and [D6]DMSO at room temperature displayed some broad-
ened signals together with sharp ones. The coalescence of the
signals in [D6]DMSO at 100 8C revealed the dynamic nature of
the observed phenomenon, that is, some conformational
changes of the molecule on a time scale that approached the
NMR time scale at room temperature. Since the high-
temperature NMR spectrum indicated a nonsymmetrical
structure, compound 31 was characterized as being made up
of two galactopyranose units with a-d-(2! 1)-glycoside link-
ages and of one unit with a b-d-(2! 1)-glycoside linkage.
Finally, dimers 23 and 24 and trimer 30 were debenzylated by
catalytic hydrogenolysis to give the hydroxy-free products 25,
26, and 32, respectively, in nearly quantitative yields.
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Several attempts were made to prepare cyclic tetra- and
pentasaccharide oligomers by means of intramolecular gly-
cosidation of the corresponding linear alcohols 14 and 16. In
both cases, the NIS-TMSOTf reactions afforded complex
mixtures of products as determined by MS analysis. However,
the cyclic trimers 30 and 31 (ca. 20 %) and the dimer 23
(traces) were isolated by column chromatography. A very
small sample of a cyclic tetramer was also obtained. Unfortu-
nately, attempts to purify this compound failed, thus prevent-
ing its characterization by NMR spectroscopy. It is suggested
that the cleavage of the oligosaccharide chain of 14 and 16
occurs either by intramolecular glycosidation or by hydrolysis
followed by ring closure. The latter hypothesis seems unlikely
since cleavage reactions were not observed in the intermo-
lecular glycosylation of di-, tri-, and tetrasaccharide alcohols
with phosphite 3, in the presence of TMSOTf.

Structure and binding proper-
ties of the cyclic trimer 30 : The
most investigated carbohy-
drate-based macrocycles are
the natural and unnatural cyclic
oligoaldosides called cyclodex-
trins.[6] Carbohydrate-contain-
ing crown ethers in which the
sugar moieties are part or an
appendage of the macrocyclic
ring were also prepared.[39] In-
spection of the structure of the
cyclic trisaccharide 30 deter-
mined by X-ray crystallography
at 100 K (Figure 1) revealed a
[9]crown-3 ether core bearing
the galactopyranose rings spi-
roanellated in a propellerlike
fashion. The oxygen atoms of
the crown ether are nearly co-
planar and face the oxygen
atoms linked to C-3 of the d-
galacto-2-heptulopyranose
units. This conformation of the
macrocycle was expected on
the basis of the exo-anomeric
effect,[32] that is, the O1ÿC2

bond is antiperiplanar to the C3ÿC43 bond, O2ÿC4 to
C5ÿC76, and O3ÿC6 to C1ÿC10 (see Figure 1). Owing to
this spatial arrangement of the pyranose rings, the three
oxygen atoms linked to C-3 and the three linked to C-4 lie in
two planes above the crown ether macrocyclic core. The
distance between these oxygen atoms indicate that the
relevant holes are larger than that delimited by the crown
ether below.[40] We envisaged the complexation ability of the
polyalkoxylated cavity created by the oxygen atoms of the
sugar moieties in the proximity of the crown ether toward
guests which are sterically far beyond the binding properties
of the very small macrocycle ring. Thus, the recognition ability
of the trimer 30 was tested using various neutral and charged
molecules as potential guests. While several organic mole-
cules and some metal cations gave a negative response,[41]

alkali metal cations revealed significant complexations. Ac-
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Figure 1. ORTEP view of the cyclic trisaccharide 30 showing the thermal ellipsoids at the 40% probability level
(the benzyl groups and the hydrogen atoms are omitted for clarity).
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cording to a recent method,[42] the tests were carried out by
1HNMR spectroscopic analysis of 30 treated with a pre-
saturated solution of salt in CHCl3/CH3CN (see Experimental
Section). The salts employed were LiClO4, NaClO4, KI,[43]

Ca(ClO4)2, and Mg(ClO4)2. The spectra of the samples
prepared with the lithium, sodium, potassium, and calcium
salts showed only the presence of the corresponding com-
plexes. These spectra were different for each complex (see
Supporting Information). On the other hand, the spectrum
obtained from the magnesium sample exhibited two sets of
host signals, one corresponding to free 30 (ca. 85 %) and the
other to the metal cation complex (ca. 15 %). However, the
addition of finely powdered Mg(ClO4)2 into the NMR tube,
followed by sonication and heating (50 8C) for a few seconds
resulted in the quantitative formation of a new complex of 30.
All the complexes were totally dissociated by the addition of
small amounts of water. Unfortunately, the same complex-
ation experiments could not be carried out with the cyclic
trisaccharide 31 because of the severe signal broadening in its
1HNMR spectrum at room temperature. On the other hand,
repetition of the above recognition tests[42] using the cyclic
a,b-dimer 23 and the a,a-anomer 24 did not show binding
properties.

Conclusion

Following earlier work on thiazolylketose chemistry, a new
and efficient method has been developed that allows the
assembly of (2! 1)-linked ketoside units with high a-stereo-
selectivity by means of an iterative glycosidation ± hydroxy-
methylation. The method has been illustrated by the synthesis
of oligomers of d-galacto-2-heptulopyranose up to the
pentameric stage. Further chain lengthening appears to be
feasible. The strategy is highlighted by the transformation of
linear di- and trisaccharide oligomers into cyclic products. The
use of the latter compound as a potent although unselective
receptor for alkali metal cations was demonstrated. The
extension of this strategy to the synthesis of both linear and
cyclic ketoside oligomers of pyranoses and furanoses will be
investigated in the future. The successful implementation of
this method for the synthesis of cyclic higher oligomers, such
as those containing four and five carbohydrate units spiroa-
nellated in [12]crown-4 and [15]crown-5 ether cores presents
another challenge. The use of this new class of chiral crown
ether derivatives can be foreseen in molecular recognition
processes of important biomolecules such as lectins and
selectins and for the study of chiral recognition in various
enzymatic reactions.[39]

Experimental Section

General : All moisture-sensitive reactions were performed under a nitrogen
atmosphere using oven-dried glassware. Anhydrous solvents were dried
over standard drying agents[44] and were freshly distilled prior to use.
Commercially available powdered molecular sieves (4 �, 5 mm average
particle size) were used without further activation. Commercially available
N-iodosuccinimide (white crystals, �97% pure) was not recrystallised but
only powdered prior to use. Reactions were monitored by TLC on silica gel

60 F254, detection by charring with sulfuric acid. Flash-column chromatog-
raphy[45] was performed on silica gel 60 (230 ± 400 mesh). Melting points
were determined with a capillary apparatus and are uncorrected. Optical
rotations were measured at 20� 2 8C in the stated solvent. 1H (300 MHz),
13C (75 MHz), and 31P (121 MHz) NMR spectra were recorded at room
temperature for CDCl3 solutions, unless otherwise specified. Assignments
were aided by homo- and heteronuclear two-dimensional experiments.
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectra were acquired using a-cyano-4-hydroxycinnamic acid or 2,5-
dihydroxybenzoic acid as the matrix.

2,3,4,6-Tetra-O-benzyl-1-C-(2-thiazolyl)-a-d-galactopyranosyl diethyl
phosphite (3): Freshly distilled iPr2EtN (1.74 mL, 10.00 mmol) and freshly
distilled ClP(OEt)2 (0.94 mL, 6.50 mmol) were added successively to a
stirred solution of 1 (3.12 g, 5.00 mmol) in anhydrous CH2Cl2 (25 mL). The
mixture was stirred at room temperature for 20 min, then concentrated
(bath temperature not exceeding 30 8C). The residue was eluted from a
short column (4� 10 cm, d� h) of silica gel with cyclohexane/AcOEt (10:1,
containing 3% of Et3N). The first product to be isolated was 3 (3.05 g,
82%) as a syrup, slightly contaminated with uncharacterised by-products.
1H NMR: d� 7.81 (d, J� 3.2 Hz, 1H; Th), 7.39 ± 7.21 (m, 21 H; 4 Ph, Th),
5.01 and 4.69 (2 d, J� 11.8 Hz, 2 H; PhCH2), 4.76 (s, 2 H; PhCH2), 4.70 and
4.47 (2 d, J� 10.7 Hz, 2 H; PhCH2), 4.52 and 4.47 (2 d, J� 12.0 Hz, 2H;
PhCH2), 4.40 (ddd, J4,5� 0.7, J5,6a� 7.8, J5,6b� 5.5 Hz, 1H; H-5), 4.33 (dd,
J2,3� 9.5, J2,P� 1.7 Hz, 1 H; H-2), 4.14 (dd, J3,4� 2.7 Hz, 1 H; H-4), 4.13 (dd,
1H; H-3), 4.01 ± 3.81 (m, 4 H; 2CH2CH3), 3.77 (dd, J6a,6b� 9.3 Hz, 1H;
H-6a), 3.64 (dd, 1 H; H-6b), 1.21 and 1.20 (2 t, J� 7.0 Hz, 6 H; 2CH2CH3);
31P NMR: d� 136.1. Further elution with cyclohexane/AcOEt (3:1)
afforded 1 (0.19 g, 6%).

4-Pentenyl 2,3,4,6-tetra-O-benzyl-1-C-(2-thiazolyl)-a- and -b-d-galactopyr-
anoside (4 and 5): A mixture of 2 (6.66 g, 10.00 mmol), 4-penten-1-ol
(3.10 mL, 30.00 mmol), activated powdered molecular sieves (4 �, 5.00 g),
and anhydrous CH2Cl2 (50 mL) was stirred at room temperature for
10 min. The suspension was then cooled to 0 8C and treated with TMSOTf
(1.81 mL, 10.00 mmol). The mixture was stirred at 0 8C for 15 min, warmed
to room temperature, stirred for an additional 60 min, diluted with Et3N
(2.0 mL) and CH2Cl2 (150 mL), and then filtered through a pad of Celite.
The solution was washed with H2O (30 mL), dried (Na2SO4), and
concentrated. The residue was eluted from a column of silica gel with
cyclohexane/AcOEt (from 5:1 to 3:1). The first product to be eluted was 5
(0.48 g, 7%) as a white solid. M.p. 62 ± 63 8C (from MeOH); [a]D��57.8
(c� 1.0, CHCl3); 1H NMR: d� 7.78 (d, J� 3.2 Hz, 1 H; Th), 7.35 ± 7.23 (m,
21H; Ph, Th), 5.78 (dddd, J� 6.5, 6.5, 10.2, 17.0 Hz, 1 H; CH�CH2), 4.99
and 4.63 (2 d, J� 11.6 Hz, 2 H; PhCH2), 4.98 and 4.81 (2 d, J� 11.4 Hz, 2H;
PhCH2), 4.98 (dddd, J� 1.7, 1.7, 2.0, 17.0 Hz, 1H; CH�CH2), 4.91 (dddd, J�
1.3, 1.3, 2.0, 10.2 Hz, 1 H; CH�CH2), 4.74 and 4.67 (2 d, J� 11.8 Hz, 2H;
PhCH2), 4.53 (ddd, J4,5� 1.0, J5,6a� J5,6b� 6.8 Hz, 1H; H-5), 4.51 and 4.44
(2 d, J� 11.6 Hz, 2 H; PhCH2), 4.38 (d, J2,3� 10.3 Hz, 1 H; H-2), 4.04 (dd,
J3,4� 2.7 Hz, 1H; H-4), 4.03 (dd, 1 H; H-3), 3.76 ± 3.64 (m, 3H; 2 H-6,
OCH2CH2), 3.52 ± 3.44 (m, 1H; OCH2CH2), 2.18 ± 2.03 and 1.70 ± 1.59 (2 m,
4H; OCH2CH2CH2); 13C NMR: d� 167.8, 141.5, and 120.6 (Th), 139.0,
138.7, 138.5, 138.1, and 128.3 ± 127.3 (Ph), 138.2 and 114.6 (CH�CH2), 101.5
(C-1), 80.2, 79.1, 75.2, 74.5 (2 C), 73.3, 73.0, 72.7, 68.4, 61.7, 30.3, 29.1;
elemental analysis for C42H45NO6S (691.89): calcd: C 72.91, H 6.56, N 2.02;
found: C 72.83, H 6.61, N 2.11. Further elution afforded 4 (5.95 g, 86%).
[a]D��11.2 (c� 1.0, CHCl3); 1H NMR: d� 7.82 (d, J� 3.2 Hz, 1 H; Th),
7.37 ± 7.20 (m, 21H; 4 Ph, Th), 5.79 (dddd, J� 6.5, 6.5, 10.2, 17.0 Hz, 1H;
CH�CH2), 4.98 (dddd, J� 1.7, 1.7, 2.0, 17.0 Hz, 1 H; CH�CH2), 4.98 and 4.64
(2 d, J� 11.7 Hz, 2H; PhCH2), 4.92 (dddd, J� 1.3, 1.3, 2.0, 10.2 Hz, 1H;
CH�CH2), 4.78 and 4.72 (2 d, J� 11.5 Hz, 2 H; PhCH2), 4.60 and 4.30 (2 d,
J� 10.9 Hz, 2 H; PhCH2), 4.53 and 4.47 (2 d, J� 11.8 Hz, 2 H; PhCH2), 4.18
(dd, J2,3� 10.1, J3,4� 2.6 Hz, 1 H; H-3), 4.08 (d, 1H; H-2), 4.07 (dd, J4,5�
1.2 Hz, 1 H; H-4), 4.00 (ddd, J5,6a� 7.1, J5,6b� 6.0 Hz, 1 H; H-5), 3.76 (dd,
J6a,6b� 9.3 Hz, 1H; H-6a), 3.69 (dd, 1H; H-6b), 3.51 ± 3.39 (m, 2 H;
OCH2CH2), 2.13 ± 2.04 and 1.81 ± 1.71 (2 m, 4H; OCH2CH2CH2); 13C NMR:
d� 167.9, 142.6, and 120.6 (Th), 138.9, 138.6, 138.1, 138.0, and 128.5 ± 127.3
(Ph), 138.2 and 114.7 (CH�CH2), 100.9 (C-1), 80.2, 79.9, 75.3, 74.8, 74.4,
73.5, 73.0, 71.5, 68.8, 62.4, 30.4, 28.7; elemental analysis for C42H45NO6S
(691.89): calcd: C 72.91, H 6.56, N 2.02; found: C 73.16, H 6.69, N 2.20.

4-Pentenyl 3,4,5,7-tetra-O-benzyl-a-d-galacto-heptulopyranoside (6): A
mixture of 4 (5.53 g, 8.00 mmol), activated powdered molecular sieves (4 �,
4.00 g), and anhydrous CH3CN (40 mL) was stirred at room temperature
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for 10 min. Methyl triflate (1.18 mL, 10.40 mmol) was then added. The
suspension was stirred at room temperature for 15 min, and then
concentrated to dryness without filtering off the molecular sieves. NaBH4

(0.60 g, 16.00 mmol) was added to a stirred suspension of the crude N-
methylthiazolium salt in Et2O/MeOH (1:1, 40 mL). The mixture was stirred
at room temperature for an additional 5 min, diluted with acetone (4 mL),
filtered through a pad of Celite, and concentrated. H2O (7.0 mL) and then
AgNO3 (2.04 g, 12.00 mmol) were slowly added to a vigorously stirred
solution of the crude diastereomeric mixture of thiazolidines in CH3CN
(73 mL). The mixture was stirred at room temperature for 10 min, then
treated with phosphate buffer at pH 7 (1m, 8.0 mL, 8.00 mmol), stirred for
an additional 10 min, diluted with more phosphate buffer (ca. 50 mL), and
concentrated to remove acetonitrile (bath temperature not exceeding
40 8C). The mixture was extracted with CH2Cl2 (2� 100 mL), and the
combined organic phases were dried (Na2SO4), and concentrated. The
residue was suspended in Et2O (50 mL), filtered through a pad of Celite to
remove most of the silver salts, and concentrated to afford the aldehyde.
Selected 1HNMR data: d� 9.34 (s, 1H; H-1). NaBH4 (0.60 g, 16.00 mmol)
was added to a stirred solution of the crude aldehyde in Et2O/MeOH (1:1,
40 mL). The mixture was stirred at room temperature for an additional
15 min, diluted with acetone (4 mL), and concentrated. The brown residue
was eluted from a column of silica gel with cyclohexane/AcOEt (from 5:1
to 3:1) to give 6 (4.34 g, 85%) as a syrup. [a]D��26.5 (c� 1.0, CHCl3);
1H NMR: d� 7.41 ± 7.25 (m, 20H; 4Ph), 5.81 (dddd, J� 6.5, 6.5, 10.2,
17.0 Hz, 1H; CH�CH2), 5.01 (dddd, J� 1.7, 1.7, 2.0, 17.0 Hz, 1H; CH�
CH2), 4.98 and 4.77 (2 d, J� 11.3 Hz, 2H; PhCH2), 4.96 and 4.59 (2 d, J�
11.4 Hz, 2 H; PhCH2), 4.94 (dddd, J� 1.3, 1.3, 2.0, 10.2 Hz, 1H; CH�CH2),
4.78 and 4.74 (2 d, J� 11.6 Hz, 2 H; PhCH2), 4.50 and 4.44 (2 d, J� 11.7 Hz,
2H; PhCH2), 4.19 (d, J3,4� 10.1 Hz, 1 H; H-3), 4.09 (dd, J4,5� 2.7 Hz, 1H;
H-4), 4.01 (dd, J5,6� 1.3 Hz, 1 H; H-5), 3.88 (ddd, J6,7a� J6,7b� 6.5 Hz, 1H;
H-6), 3.64 (d, 2 H; 2 H-7), 3.58 (dd, J1a,OH� 6.7, J1a,1b� 9.3 Hz, 1 H; H-1a),
3.58 ± 3.43 (m, 2H; OCH2CH2), 3.53 (dd, J1b,OH� 6.2 Hz, 1H; H-1b), 2.28
(dd, 1 H; OH), 2.15 ± 2.06 and 1.76 ± 1.66 (2 m, 4H; OCH2CH2CH2);
1H NMR (C6D6): d� 7.40 ± 7.00 (m, 20H; 4 Ph), 5.75 (dddd, J� 6.5, 6.5,
10.2, 17.0 Hz, 1H; CH�CH2), 5.05 and 4.60 (2 d, J� 11.4 Hz, 2 H; PhCH2),
5.02 and 4.72 (2 d, J� 11.1 Hz, 2 H; PhCH2), 5.02 (dddd, J� 1.7, 1.7, 2.0,
17.0 Hz, 1 H; CH�CH2), 4.95 (dddd, J� 1.3, 1.3, 2.0, 10.2 Hz, 1H;
CH�CH2), 4.49 (d, J3,4� 10.1 Hz, 1H; H-3), 4.49 and 4.45 (2 d, J�
11.3 Hz, 2H; PhCH2), 4.36 and 4.30 (2 d, J� 12.0 Hz, 2H; PhCH2), 4.17
(dd, J4,5� 2.8 Hz, 1 H; H-4), 4.04 (ddd, J5,6� 1.3, J6,7a� 6.8, J6,7b� 6.2 Hz,
1H; H-6), 3.95 (dd, 1 H; H-5), 3.90 (dd, J1a,OH� 9.5, J1a,1b� 11.5 Hz, 1H;
H-1a), 3.78 (dd, J1b,OH� 1.6 Hz, 1H; H-1b), 3.74 (dd, J7a,7b� 9.1 Hz, 1H;
H-7a), 3.68 (dd, 1H; H-7b), 3.54 (dd, J� 6.5, 6.5 Hz, 2H; OCH2CH2), 2.44
(dd, 1H; OH), 2.12 ± 2.04 and 1.66 ± 1.55 (2 m, 4H; OCH2CH2CH2);
13C NMR: d� 138.6, 138.4, 138.0, 137.9, and 128.5 ± 127.4 (Ph), 138.1 and
114.7 (CH�CH2), 99.5 (C-2), 80.3, 77.9, 75.2, 74.5 (2 C), 73.4, 72.5, 70.6, 68.8,
63.9, 60.6, 30.3, 29.0; elemental analysis for C40H46O7 (638.81): calcd: C
75.21, H 7.26; found: C 75.34, H 7.38.

4-Pentenyl 3,4,5,7-tetra-O-benzyl-b-d-galacto-heptulopyranoside (7): The
thiazolylketoside 5 (0.69 g, 1.00 mmol) was treated as described for the
preparation of 6 to afford the corresponding aldehyde. Selected 1HNMR
data: d� 9.72 (d, J1,3� 1.2 Hz, 1 H; H-1). The aldehyde was then reduced to
give, after column chromatography on silica gel (3:1 cyclohexane/AcOEt),
compound 7 (0.53 g, 83 %) as a syrup. [a]D��20.8 (c� 1.0, CHCl3);
1H NMR: d� 7.40 ± 7.28 (m, 20H; 4Ph), 5.85 (dddd, J� 6.5, 6.5, 10.2,
17.0 Hz, 1 H; CH�CH2), 5.03 (dddd, J� 1.7, 1.7, 2.0, 17.0 Hz, 1H; CH�CH2),
5.00 and 4.64 (2 d, J� 11.8 Hz, 2H; PhCH2), 4.97 (dddd, J� 1.3, 1.3, 2.0,
10.2 Hz, 1 H; CH�CH2), 4.88 and 4.78 (2 d, J� 11.0 Hz, 2H; PhCH2), 4.51
and 4.46 (2 d, J� 11.7 Hz, 2H; PhCH2), 4.24 (d, J3,4� 10.0 Hz, 1 H; H-3),
3.97 (dd, J4,5� 3.8, J5,6� 0.7 Hz, 1H; H-5), 3.95 (dd, J1a,OH� 4.9, J1a,1b�
12.3 Hz, 1H; H-1a), 3.83 (dd, J1b,OH� 7.1 Hz, 1H; H-1b), 3.77 (dd, J6,7a�
7.2, J7a,7b� 9.3 Hz, 1H; H-7a), 3.76 (ddd, J6,7b� 6.6 Hz, 1H; H-6), 3.72 (dd,
1H; H-4), 3.64 ± 3.60 (m, 2H; OCH2CH2), 3.58 (dd, 1 H; H-7b), 2.38 (dd,
1H; OH), 2.19 ± 2.10 (m, 2H; OCH2CH2CH2), 1.79 ± 1.65 (m, 2H;
OCH2CH2CH2); 13C NMR: d� 138.8, 138.4, 138.3, 137.8, and 128.3 ± 127.3
(Ph), 138.3 and 114.6 (CH�CH2), 101.1 (C-2), 81.3, 78.4, 75.2, 74.3, 73.7,
73.4, 72.8, 72.2, 68.8, 61.9, 60.9, 30.3, 29.3; elemental analysis for C40H46O7

(638.81): calcd: C 75.21, H 7.26; found: C 75.44, H 7.29.

2,3,4,6-Tetra-O-benzyl-1-C-[2-(5-diphenoxyphosphorylthiazolyl)]-a-d-gal-
actopyranose (8): n-Butyllithium (0.69 mL, 1.10 mmol, 1.6m solution in
hexanes) was slowly added to a cooled (0 8C), stirred solution of 1 (0.62 g,

1.00 mmol) in anhydrous THF (5.0 mL). After 10 min, a solution of
ClP(O)(OPh)2 (0.25 mL, 1.20 mmol) in anhydrous THF (2.0 mL) was
added to the stirred solution. The mixture was stirred at ÿ60 8C for 30 min,
then diluted with phosphate buffer at pH 7 (1m, 20 mL) and extracted with
CH2Cl2 (2� 50 mL). The combined organic phases were dried (Na2SO4)
and concentrated. The residue was eluted from a column of silica gel with
cyclohexane/AcOEt (from 3:1 to 1:1) to give 1 (0.28 g, 45 %). Further
elution afforded 8 (0.34 g, 40 %). M.p. 95 ± 97 8C (from cyclohexane);
[a]D�ÿ12.2 (c� 0.6, CHCl3); 1H NMR: d� 8.26 (d, JH,P� 4.2 Hz, 1H;
Th), 7.38 ± 7.12 and 7.01 ± 6.97 (2 m, 30 H; 6 Ph), 5.00 and 4.69 (2 d, J�
11.8 Hz, 2 H; PhCH2), 4.76 and 4.70 (2 d, J� 11.7 Hz, 2 H; PhCH2), 4.66 and
4.24 (2 d, J� 10.8 Hz, 2H; PhCH2), 4.54 (s, 1 H; OH), 4.48 (d, J2,3� 9.6 Hz,
1H; H-2), 4.48 and 4.42 (2 d, J� 12.0 Hz, 2H; PhCH2), 4.28 (ddd, J4,5� 0.6,
J5,6a� 7.6, J5,6b� 5.8 Hz, 1H; H-5), 4.10 (dd, J3,4� 2.6 Hz, 1H; H-4), 3.98
(dd, 1H; H-3), 3.66 (dd, J6a,6b� 9.1 Hz, 1H; H-6a), 3.59 (dd, 1 H; H-6b); 31P
NMR: d� 2.4; MALDI-TOF MS: 879.1 [M�Na], 895.3 [M�K]; elemental
analysis for C49H46NO9PS (855.95): calcd: C 68.76, H 5.42, N 1.64; found: C
68.88, H 5.51, N 1.76.

CYCLE A

4-Pentenyl 3,4,5,7-tetra-O-benzyl-1-O-[2,3,4,6-tetra-O-benzyl-1-C-(2-thia-
zolyl)-a-d-galactopyranosyl]-a-d-galacto-heptulopyranoside (9): A mix-
ture of phosphite 3 (2.97 g, 4.00 mmol), alcohol 6 (2.55 g, 4.00 mmol),
activated powdered molecular sieves (4 �, 4.00 g), and anhydrous CH2Cl2

(40 mL) was stirred at room temperature for 10 min, and then cooled to
0 8C. Freshly distilled BF3 ´ Et2O (0.61 mL, 4.00 mmol) was added dropwise
to the mixture. After 15 min, a solution of 3 (2.97 g, 4.00 mmol) in
anhydrous CH2Cl2 (10 mL) was added over a 10-min period, followed by
BF3 ´ Et2O (0.61 mL, 4.00 mmol). The mixture was stirred at 0 8C for an
additional 15 min, diluted with Et3N (1.7 mL, 12.0 mmol), warmed to room
temperature, diluted with CH2Cl2, filtered through a pad of Celite, and
concentrated. The residue was eluted from a column of silica gel with
cyclohexane/AcOEt (from 7:1 to 1:1) to afford 9 (3.28 g, 66%) as a syrup.
[a]D��37.2 (c� 1.0, CHCl3); Selected 1H NMR data: d� 7.78 (d, J�
3.2 Hz, 1H; Th), 7.42 ± 6.83 (m, 41H; 8 Ph, Th), 5.72 (dddd, J� 6.5, 6.5,
10.2, 17.0 Hz, 1H; CH�CH2), 5.05 and 4.59 (2 d, J� 11.6 Hz, 2 H; PhCH2),
5.03 and 4.75 (2 d, J� 11.0 Hz, 2H; PhCH2), 4.97 ± 4.86 (m, 2H; CH�CH2),
4.90 and 4.63 (2 d, J� 11.7 Hz, 2 H; PhCH2), 4.81 and 4.75 (2 d, J� 11.6 Hz,
2H; PhCH2), 4.67 and 4.10 (2 d, J� 11.0 Hz, 2H; PhCH2), 4.58 and 4.49
(2 d, J� 11.7 Hz, 2 H; PhCH2), 4.36 and 4.28 (2 d, J� 11.8 Hz, 2 H; PhCH2),
3.47 ± 3.38 and 3.25 ± 3.18 (2 m, 2 H; OCH2CH2), 2.03 ± 1.94 and 1.62 ± 1.56
(2 m, 4 H; OCH2CH2CH2); 13C NMR: d� 166.6, 142.1, and 120.8 (Th),
139.6, 139.3, 139.1, 138.9, 138.3, 138.1, 138.0 (2 C), and 128.6 ± 126.6 (Ph),
138.4 and 114.7 (CH�CH2), 101.2 (C-2), 100.5 (C-1'), 80.0 (2 C), 76.0 (2 C),
75.4, 74.9, 74.7, 74.3, 74.2, 73.4, 73.1, 72.8, 71.7, 70.6, 70.5, 68.9, 68.5, 63.2,
60.2, 30.1, 28.9; elemental analysis for C77H81NO12S (1244.57): calcd: C
74.31, H 6.56, N 1.12; found: C 74.12, H 6.66, N 1.20. Further elution led to
the recovery of unreacted alcohol 7 (0.54 g, 21 %). Eluted third was
phosphonate 22 (3.27 g, 55 %).

4-Pentenyl 3,4,5,7-tetra-O-benzyl-1-O-[3,4,5,7-tetra-O-benzyl-a-d-galac-
to-heptulopyranosyl]-a-d-galacto-heptulopyranoside (10): A mixture of 9
(4.98 g, 4.00 mmol), activated powdered molecular sieves (4 �, 4.00 g), and
anhydrous CH3CN (80 mL) was stirred at room temperature for 10 min.
Methyl triflate (0.59 mL, 5.20 mmol) was then added. The suspension was
stirred at room temperature for 15 min and then concentrated to dryness
without filtering off the molecular sieves. NaBH4 (0.30 g, 8.00 mmol) was
added to a stirred suspension of the crude N-methylthiazolium salt in Et2O/
MeOH (1:1, 80 mL). The mixture was stirred at room temperature for an
additional 5 min, diluted with acetone (4 mL), filtered through a pad of
Celite, and concentrated. H2O (3.0 mL) and then AgNO3 (1.02 g,
6.00 mmol) were slowly added to a vigorously stirred solution of the
residue in CH3CN (77 mL). The mixture was stirred at room temperature
for 10 min, then treated with phosphate buffer at pH 7 (1m, 4.0 mL,
4.00 mmol), stirred for an additional 10 min, diluted with more phosphate
buffer (ca. 50 mL), and concentrated to remove acetonitrile (bath temper-
ature not exceeding 40 8C). The mixture was extracted with CH2Cl2 (2 ´
100 mL), and the combined organic phases were dried (Na2SO4), and
concentrated. The residue was suspended in Et2O (50 mL), filtered through
a pad of Celite to remove most of the silver salts, and concentrated to give
17. Selected 1H NMR data: d� 9.38 (s, 1H; H-1'). NaBH4 (0.30 g,
8.00 mmol) was added to a stirred solution of the crude aldehyde in
Et2O/MeOH (1:1, 80 mL). The mixture was stirred at room temperature for
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an additional 15 min, diluted with acetone (4 mL), and concentrated. The
brown residue was eluted from a column of silica gel with cyclohexane/
AcOEt (5:1) to give 10 (3.43 g, 72%) as a syrup. [a]D��48.5 (c� 1.0,
CHCl3); Selected 1H NMR data: d� 7.43 ± 6.92 (m, 40 H; 8 Ph), 5.78 (dddd,
J� 6.5, 6.5, 10.2, 17.0 Hz, 1 H; CH�CH2), 3.54 ± 3.47 and 3.42 ± 3.35 (2 m,
2H; OCH2CH2), 2.53 (dd, J1',OH� 3.4, J1'b,OH� 8.4 Hz, 1H; OH), 2.13 ± 1.99
and 1.71 ± 1.62 (2 m, 4H; OCH2CH2CH2); 13C NMR: d� 139.7, 139.1, 139.0,
138.9, 138.2 (2 C), 138.1, 138.0, and 128.2 ± 127.0 (Ph), 138.1 and 114.7
(CH�CH2), 101.3 (C-2), 99.1 (C-2'), 80.0 (2 C), 79.0, 76.1 (2 C), 75.4, 75.1,
74.7, 74.5, 74.0, 73.4, 73.2, 72.9, 71.1, 70.6, 69.8, 69.0, 68.6, 64.9, 62.0, 60.3,
30.3, 29.0; elemental analysis for C75H82O13 (1191.48): calcd: C 75.61, H
6.94; found: C 75.77, H 6.89.

CYCLE B

Thiazolyltrisaccharide 11: Alcohol 10 (2.38 g, 2.00 mmol) was glycosylated
with 3 (2.97 g, 4.00 mmol) as described for the preparation of 9 to give, after
column chromatography on silica gel with cyclohexane/AcOEt (from 7:1 to
1:1) 11 (2.23 g, 62 %) as a syrup. [a]D��38.5 (c� 1.0, CHCl3); Selected
1H NMR data: d� 7.78 (d, J� 3.2 Hz, 1 H; Th), 7.40 ± 6.90 (m, 61H; 12 Ph,
Th), 5.78 (dddd, J� 6.5, 6.5, 10.2, 17.0 Hz, 1 H; CH�CH2), 3.30 ± 3.22 (m,
1H; OCH2CH2), 2.10 ± 1.98 and 1.67 ± 1.58 (2 m, 4 H; OCH2CH2CH2);
Selected 13C NMR data: d� 166.5, 142.1, and 121.0 (Th), 114.7 (CH�CH2),
101.3 (C-2, C-2'), 100.6 (C-1''); MALDI-TOF MS: 1820.6 [M�Na], 1835.8
[M�K]; elemental analysis for C112H117NO18S (1797.24): calcd: C 74.85, H
6.56, N 0.78; found: C 75.11, H 6.65, N 0.91. Further elution led to the
recovery of unreacted 10 (0.71 g, 30%). Eluted third was phosphonate 22
(1.61 g, 54 %).

Trisaccharide 12 : Thiazolyltrisaccharide 11 (3.59 g, 2.00 mmol) was treated
as described for the preparation of 10 to give, after column chromatography
on silica gel with cyclohexane/AcOEt (5:1), compound 12 (2.37 g, 68%) as
a syrup; [a]D��44.6 (c� 0.9, CHCl3); Selected 1H NMR data: d� 7.40 ±
6.81 (m, 60H; 12 Ph), 5.80 (dddd, J� 6.5, 6.5, 10.2, 17.0 Hz, 1H; CH�CH2),
3.53 ± 3.46 and 3.37 ± 3.30 (2 m, 2 H; OCH2CH2), 2.47 (dd, 1 H; J� 3.8,
8.2 Hz, OH), 2.13 ± 1.98 and 1.70 ± 1.60 (2 m, 4H; OCH2CH2CH2); selected
13C NMR data: d� 114.7 (CH�CH2), 101.3 (C-2, C-2'), 99.3 (C-2'');
MALDI-TOF MS: 1767.6 [M�Na], 1784.0 [M�K]; elemental analysis for
C110H118O19 (1744.15): calcd: C 75.75, H 6.82; found: C 75.58, H 6.92.

CYCLE C

Thiazolyltetrasaccharide 13 : Alcohol 12 (1.74 g, 1.00 mmol) was glycosy-
lated with 3 (1.49 g, 2.00 mmol) as described for the preparation of 9 to give,
after column chromatography on silica gel with cyclohexane/AcOEt (from
6:1 to 1:1), compound 13 (1.27 g, 54 %) as a syrup. [a]D��32.3 (c� 0.8,
CHCl3); Selected 1H NMR data: d� 7.80 (d, J� 3.2 Hz, 1 H; Th), 7.42 ± 6.70
(m, 81 H; 16 Ph, Th), 5.82 (dddd, J� 6.5, 6.5, 10.2, 17.0 Hz, 1 H; CH�CH2),
2.12 ± 2.04 and 1.71 ± 1.62 (2 m, 4 H; OCH2CH2CH2); Selected 13C NMR
data: d� 166.4, 142.0, and 121.2 (Th), 114.6 (CH�CH2), 101.5 and 101.4 (C-
2, C-2', C-2''), 100.7 (C-1'''); MALDI-TOF MS: 2373.3 [M�Na], 2389.8
[M�K]; elemental analysis for C147H153NO24S (2349.91): calcd: C 75.14, H
6.56, N 0.60; found: C 75.38, H 6.69, N 0.83. Further elution led to the
recovery of unreacted 12 (0.70 g, 40%). Eluted third was phosphonate 22
(0.91 g, 61%).

Tetrasaccharide 14 : Thiazolyltetrasaccharide 13 (1.17 g, 0.50 mmol) was
treated as described for the preparation of 10 to give, after column
chromatography on silica gel with cyclohexane/AcOEt (5:1), compound 14
(0.70 g, 61%) as a syrup. [a]D��37.5 (c� 1.0, CHCl3); Selected 1H NMR
data: d� 7.40 ± 6.79 (m, 80H; 16 Ph), 5.78 (dddd, J� 6.5, 6.5, 10.2, 17.0 Hz,
1H; CH�CH2), 3.48 ± 3.40 and 3.32 ± 3.24 (2 m, 2 H; OCH2CH2), 2.46 (dd,
J� 5.2, 7.0 Hz, 1 H; OH), 2.09 ± 1.95 and 1.66 ± 1.55 (2 m, 4H;
OCH2CH2CH2); selected 13C NMR data: d� 114.6 (CH�CH2), 101.6 and
101.4 (C-2, C-2', C-2''), 99.4 (C-2'''); MALDI-TOF MS: 2320.3 [M�Na],
2336.8 [M�K]; elemental analysis for C145H154O25 (2296.83): calcd: C 75.83,
H 6.76; found: C 75.71, H 6.86.
CYCLE D

Thiazolylpentasaccharide 15 : Alcohol 14 (0.46 g, 0.20 mmol) was glycosy-
lated with 3 (0.30 g, 0.40 mmol) as described for the preparation of 9 to
give, after column chromatography on silica gel with cyclohexane/AcOEt
(from 7:1 to 1:1), compound 15 (0.29 g, 50 %) as a syrup. [a]D��26.1 (c�
1.0, CHCl3); Selected 1H NMR data: d� 7.78 (d, J� 3.2 Hz, 1H; Th), 7.43 ±
6.64 (m, 101 H; 20 Ph, Th), 5.84 (dddd, J� 6.5, 6.5, 10.2, 17.0 Hz, 1H;
CH�CH2), 2.14 ± 2.04 and 1.75 ± 1.63 (2 m, 4 H; OCH2CH2CH2); selected
13C NMR data: d� 166.2, 142.1, and 121.4 (Th), 114.6 (CH�CH2), 101.8,

101.7, 101.6, and 101.5 (C-2, C-2', C-2'', C-2'''), 100.7 (C-1''''); MALDI-TOF
MS: 2925.9 [M�Na], 2942.7 [M�K]; elemental analysis for C182H189NO30S
(2902.59): calcd: C 75.31, H 6.56, N 0.48; found: C 75.50, H 6.63, N 0.65.
Further elution led to the recovery of unreacted 14 (0.24 g, 53%). Eluted
third was phosphonate 22 (0.18 g, 60%).

Pentasaccharide 16 : Thiazolylpentasaccharide 15 (0.29 g, 0.10 mmol) was
treated as described for the preparation of 10 to give, after column
chromatography on silica gel with cyclohexane/AcOEt (7:1), 16 (0.16 g,
57%) as a syrup. [a]D��32.1 (c� 0.7, CHCl3); selected 1H NMR data:
d� 7.41 ± 6.75 (m, 100 H; 20 Ph), 5.77 (dddd, J� 6.5, 6.5, 10.2, 17.0 Hz, 1H;
CH�CH2), 3.17 ± 3.09 (m, 1H; OCH2CH2), 2.47 (dd, J� 4.8, 7.0 Hz, 1H;
OH), 2.07 ± 1.92 and 1.62 ± 1.52 (2 m, 4 H; OCH2CH2CH2); selected
13C NMR data: d� 114.6 (CH�CH2), 101.8 (2 C), 101.6, and 101.5 (C-2,
C-2', C-2'', C-2'''), 99.6 (C-2''''); MALDI-TOF MS: 2870.9 [M�Na], 2886.7
[M�K]; elemental analysis for C180H190O31 (2849.50): calcd: C 75.87, H 6.72;
found: C 75.70, H 6.85.

4-Pentenyl 3,4,5,7-tetra-O-benzyl-1-O-[methyl 3,4,5,7-tetra-O-benzyl-a-d-
galacto-heptulopyranosylonate]-a-d-galacto-heptulopyranoside (18):
Thiazolylketoside 9 (249 mg, 0.20 mmol) was treated as described for the
preparation of 10 to afford the corresponding aldehyde 17. A solution of
KOH in MeOH (1m) and a solution of I2 in MeOH (0.5m) were added
dropwise and simultaneously to a vigorously stirred solution of the crude
aldehyde 17 in Et2O/MeOH (1:1, 4.0 mL), until the intermediate methyl
hemiacetals, which formed in situ, had disappeared (TLC analysis). The
mixture was then neutralised with AcOH and concentrated. The residue
was diluted with CH2Cl2 (50 mL), washed with aqueous Na2S2O3 ´ 5H2O
(10 %, 10 mL), dried (Na2SO4), and concentrated. The residue was eluted
from a column of silica gel with cyclohexane/AcOEt (7:1) to give 18
(180 mg, 74 %) as a syrup. [a]D��43.3 (c� 1.0, CHCl3); Selected 1H NMR
(C6D6) data: d� 7.61 ± 6.85 (m, 40 H; 8 Ph), 5.69 (dddd, J� 6.5, 6.5, 10.2,
17.0 Hz, 1 H; CH�CH2), 3.57 ± 3.49 and 3.30 ± 3.22 (2 m, 2H; OCH2CH2),
3.14 (s, 3H; CH3), 2.04 ± 1.95 and 1.57 ± 1.47 (2 m, 4 H; OCH2CH2CH2);
13C NMR (C6D6): d� 168.3 (C-1'), 140.2, 139.7, 138.9, 138.4, and 128.9 ±
127.2 (Ph), 139.1 and 114.9 (CH�CH2), 101.9 and 100.3 (C-2, C-2'), 80.4,
80.3, 79.0, 77.0, 76.7, 75.9, 75.5, 75.3 (2 C), 75.1, 73.5, 73.4, 73.2, 72.2, 71.4 (2
C), 69.8, 69.1, 64.7, 60.2, 51.7; elemental analysis for C76H82O14 (1219.49):
calcd: C 74.85, H 6.78; found: C 74.99, H 6.70.

Diethyl (2,3,4,6-tetra-O-benzyl-1-C-(2-thiazolyl)-a-d-galactopyranosyl)-
phosphonate (22): A mixture of phosphite 3 (223 mg, 0.30 mmol), activated
powdered molecular sieves (4 �, 0.30 g), and anhydrous CH2Cl2 (3.0 mL)
was stirred at room temperature for 10 min, then cooled to 0 8C. The
mixture was treated with freshly distilled BF3 ´ Et2O (38 mL, 0.30 mmol),
stirred at 0 8C for an additional 15 min, diluted with Et3N (0.1 mL) and
CH2Cl2, filtered through a pad of Celite, and concentrated. The residue was
eluted from a column of silica gel with cyclohexane/AcOEt (2:1) to give 22
(194 mg, 87 %) identical in all respects to the product prepared by a
different route.[18] When the same reaction was performed using TMSOTf
instead of BF3 ´ Et2O as the Lewis acid, the phosphonate 22 was isolated in
90% yield.

3,4,5,7-Tetra-O-benzyl-a-d-galacto-heptulopyranose 3',4',5',7'-tetra-O-
benzyl-b-d-galacto-heptulopyranose 1,2':1',2-dianhydride (23) and 3,4,5,7-
tetra-O-benzyl-a-d-galacto-heptulopyranose 3',4',5',7'-tetra-O-benzyl-a-
d-galacto-heptulopyranose 1,2':1',2-dianhydride (24): Route A : A mixture
of 10 (238 mg, 0.20 mmol), activated powdered molecular sieves (4 �,
1.00 g), and anhydrous CH2Cl2 (20 mL) was stirred at room temperature for
10 min, then cooled to 0 8C. Powdered N-iodosuccinimide (90 mg,
0.40 mmol) was added to the mixture. After 5 min, a solution of TMSOTf
in anhydrous CH2Cl2 (0.2m, 250 mL, 0.05 mmol) was added. Three portions
of the same TMSOTf solution (250 mL each) were added to the reaction
mixture after 15, 30, and 45 min. Stirring was continued at 0 8C for an
additional 15 min. The reddish mixture was then diluted with Et3N
(0.5 mL), filtered through a pad of Celite, and concentrated. The residue
was dissolved in CH2Cl2 (100 mL), washed with aqueous Na2S2O3 ´ 5H2O
(10 %, 2� 10 mL), dried (Na2SO4), and concentrated. The residue was
eluted from a column of silica gel with cyclohexane/AcOEt (from 8:1 to
4:1) to give 24 (44 mg, 20%) as a syrup. [a]D��64.4 (c� 0.4, CHCl3);
1H NMR: d� 7.44 ± 7.24 and 7.18 ± 7.13 (2 m, 40H; 8 Ph), 4.96 and 4.61 (2 d,
J� 11.5 Hz, 4H; 2 PhCH2), 4.93 and 4.77 (2 d, J� 11.4 Hz, 4H; 2 PhCH2),
4.78 and 4.74 (2 d, J� 11.5 Hz, 4 H; 2 PhCH2), 4.45 and 4.38 (2 d, J�
11.8 Hz, 4 H; 2 PhCH2), 4.08 (dd, J3,4� 9.9, J4,5� 2.8 Hz, 2H; 2 H-4), 4.01
(dd, J5,6� 1.2 Hz, 2H; 2 H-5), 3.98 (ddd, J6,7a� 7.7, J6,7b� 5.5 Hz, 2H; 2 H-6),
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3.92 (d, 2H; 2 H-3), 3.75 and 3.55 (2 d, J1a,1b� 12.2 Hz, 4 H; 4 H-1), 3.58 (dd,
J7a,7b� 9.3 Hz, 2H; 2 H-7a), 3.50 (dd, 2 H; 2 H-7b); 13C NMR: d� 138.9,
138.8, 138.6, 138.0, and 128.4 ± 127.1 (Ph), 97.3 (C-2), 79.7 (C-4), 79.5 (C-3),
74.9 (C-5), 74.7, 74.2, 73.4, and 72.9 (PhCH2), 70.6 (C-6), 68.6 (C-7), 63.9 (C-
1); MALDI-TOF MS: 1128.7 [M�Na], 1144.7 [M�K]; elemental analysis
for C70H72O12 (1105.35): calcd: C 76.06, H 6.57; found: C 76.32, H 6.73.
Further elution afforded 23 (137 mg, 62%) as a syrup. M.p. 127 ± 128 8C
(from MeOH); [a]D��38.7 (c� 0.5, CHCl3); 1H NMR: d� 7.39 ± 7.22 (m,
40H; 8 Ph), 4.98 and 4.72 (2 d, J� 11.2 Hz, 2H; PhCH2), 4.93 and 4.67 (2 d,
J� 11.5 Hz, 2 H; PhCH2), 4.93 and 4.59 (2 d, J� 11.4 Hz, 2 H; PhCH2), 4.91
and 4.56 (2 d, J� 10.9 Hz, 2H; PhCH2), 4.75 and 4.69 (2 d, J� 11.6 Hz, 2H;
PhCH2), 4.72 and 4.66 (2 d, J� 12.0 Hz, 2H; PhCH2), 4.47 and 3.44 (2 d,
J1a,1b� 11.3 Hz, 2 H; 2 H-1), 4.38 and 4.34 (2 d, J� 11.5 Hz, 2H; PhCH2),
4.35 and 4.29 (2 d, J� 11.5 Hz, 2H; PhCH2), 4.24 and 3.76 (2 d, J1a,1b�
12.5 Hz, 2H; 2 H-1), 4.10 (dd, J4,5� 2.7, J5,6� 0.8 Hz, 1H; H-5a), 4.05 (dd,
J3,4� 9.8 Hz, 1H; H-4a), 4.04 (dd, J4,5� 2.8, J5,6� 0.5 Hz, 1H; H-5b), 3.95
(d, J3,4� 10.6 Hz, 1 H; H-3b), 3.86 (ddd, J6,7a� 9.1, J6,7b� 4.8 Hz, 1H; H-6a),
3.81 (dd, J6,7a� 9.1, J7a,7b� 7.3 Hz, 1H; H-7ab), 3.74 (ddd, J6,7b� 3.5 Hz, 1H;
H-6b), 3.73 (d, 1H; H-3a), 3.72 (dd, J7a,7b� 8.2 Hz, 1H; H-7aa), 3.61 (dd,
1H; H-7bb), 3.46 (dd, 1 H; H-4b), 3.43 (dd, 1 H; H-7ba); 13C NMR: d�
138.9, 138.7, 138.6, 138.5, 138.4, 138.0, 137.8, 137.7, and 128.5 ± 127.4 (Ph),
97.0 (C-2b), 95.8 (C-2a), 80.9 (C-3b), 80.5 (C-4a), 80.2 (C-4b), 76.3 (C-3a),
75.8, 74.9, 74.7 (2 C), 73.6, 73.3, 73.1, and 72.6 (PhCH2), 73.9 (C-5a), 73.5
(C-5b), 71.6 (C-6b), 69.4 (C-6a), 68.1 (C-7a), 67.9 (C-7b), 62.4 and 55.3 (2
C-1); MALDI-TOF MS: 1128.8 [M�Na], 1144.7 [M�K]; elemental
analysis for C70H72O12 (1105.35): calcd: C 76.06, H 6.57; found: C 76.20,
H 6.68.

Route B : TMSOTf (54 mL, 0.30 mmol) was added to a stirred mixture of 6
(128 mg, 0.20 mmol), activated powdered molecular sieves (4 �, 0.20 g),
and CCl3CN (2.0 mL). The mixture was stirred at room temperature for
30 min, then diluted with Et3N (0.2 mL) and CH2Cl2 (50 mL), filtered
through a pad of Celite, and concentrated. The residue was eluted from a
column of silica gel with cyclohexane/AcOEt (6:1) to give 23 (71 mg, 64%)
as a syrup.

a-d-Galacto-heptulopyranose b-d-galacto-heptulopyranose 1,2':1',2-di-
anhydride (25): A vigorously stirred mixture of 23 (110 mg, 0.10 mmol),
palladium hydroxide on carbon (20 %, 55 mg), and MeOH/AcOEt (2:1,
5.0 mL) was degassed under vacuum and saturated with hydrogen (by a H2-
filled balloon) three times. The suspension was stirred at room temperature
for 3 h under a slightly positive pressure of hydrogen (balloon), then
filtered through a plug of cotton and concentrated to give 25 (37 mg, 97%)
as a syrup. [a]D��63.1 (c� 0.5, H2O); 1H NMR (D2O): d� 4.26 and 3.36
(2 d, J1a,1b� 11.9 Hz, 2H; 2 H-1), 3.93 and 3.77 (2 d, J1a,1b� 13.0 Hz, 2 H; 2
H-1), 3.82 ± 3.52 (m, 9 H), 3.49 (s, 2H), 3.32 (d, J3,4� 9.8 Hz, 1 H; H-3);
13C NMR (D2O): d� 96.7 (C-2b), 95.3 (C-2a), 74.0, 72.5, 71.9, 70.5, 70.0,
69.4, 69.0, 68.8, 62.5, 61.5 (2 C), 54.2; MALDI-TOF MS: 407.9 [M�Na],
423.9 [M�K]; elemental analysis for C14H24O12 ´ H2O (402.36): C 41.79, H
6.51; found: C 41.70, H 6.55.

a-d-Galacto-heptulopyranose a-d-galacto-heptulopyranose 1,2':1',2-di-
anhydride (26): The cyclic disaccharide 24 (55 mg, 0.05 mmol) was hydro-
genated as described for the preparation of 25 to give 26 (18 mg, 94 %) as a
syrup. [a]D��198.3 (c� 0.4, H2O); 1H NMR (D2O): d� 3.89 (ddd, J5,6�
1.1, J6,7a� 7.2, J6,7b� 6.8 Hz, 2 H; 2 H-6), 3.85 (dd, J4,5� 3.3 Hz, 2H; 2 H-5),
3.83 and 3.64 (2 d, J1a,1b� 12.6 Hz, 4 H; 4H-1), 3.78 (dd, J3,4� 10.1 Hz, 2H; 2
H-4), 3.64 (dd, J7a,7b� 11.7 Hz, 2 H; 2 H-7a), 3.60 (dd, 2H; 2 H-7b), 3.58 (d,
2H; 2 H-3); 13C NMR (D2O): d� 96.9 (C-2), 72.8 (C-3, C-6), 70.3 (C-4),
69.5 (C-5), 63.7 (C-1), 61.5 (C-7); MALDI-TOF MS: 391.7 [M�Li];
elemental analysis for C14H24O12 ´ 2H2O (420.38): calcd: C 40.00, H 6.71;
found: C 40.05, H 6.79.

Ethyl 3,4,5,7-tetra-O-benzyl-a- and b-d-gluco-heptulopyranoside (27 and
28): A mixture of 1-O-acetyl-2,3,4,6-tetra-O-benzyl-1-C-(2-thiazolyl)-a-d-
glucopyranose[13] (1.33 g, 2.00 mmol), anhydrous ethanol (0.34 mL,
6.00 mmol), activated powdered molecular sieves (4 �, 1.00 g), and
anhydrous CH2Cl2 (10 mL) was stirred at room temperature for 10 min,
then cooled to 0 8C and treated with TMSOTf (0.36 mL, 2.00 mmol). The
mixture was stirred at 0 8C for 15 min, warmed to room temperature, stirred
for an additional 60 min, diluted with Et3N (0.5 mL) and CH2Cl2 (100 mL),
and filtered through a pad of Celite. The solution was washed with H2O
(20 mL), dried (Na2SO4), and concentrated. The residue was eluted from a
column of silica gel with cyclohexane/AcOEt (4:1) to give a mixture of
ethyl a- and b-d-thiazolylketosides (1:1, 1.12 g, 86 %). This mixture was

treated as described for the preparation of 6 to give, after column
chromatography on silica gel with cyclohexane/AcOEt (3:1), compound 28
(0.42 g, 82%) as a syrup. [a]D��32.2 (c� 1.1, CHCl3); 1H NMR: d�
7.40 ± 7.17 (m, 20H; 4 Ph), 4.88 and 4.80 (2 d, J� 11.2 Hz, 2H; PhCH2),
4.86 and 4.71 (2 d, J� 10.9 Hz, 2H; PhCH2), 4.83 and 4.60 (2 d, J� 10.8 Hz,
2H; PhCH2), 4.62 and 4.56 (2 d, J� 12.4 Hz, 2H; PhCH2), 3.96 (dd, J1a,OH�
5.1, J1a,1b� 12.6 Hz, 1H; H-1a), 3.85 (dd, J1b,OH� 7.3 Hz, 1 H; H-1b), 3.81 ±
3.66 (m, 8 H), 2.28 (dd, 1 H; OH), 1.24 (t, 3H; J� 7.0 Hz, CH3); elemental
analysis for C37H42O7 (598.74): calcd: C 74.22, H 7.07; found: C 74.45, H
7.15. Further elution afforded 27 (0.40 g, 78 %). M.p. 109 ± 110 8C (from
cyclohexane); [a]D��25.9 (c� 1.0, CHCl3); 1H NMR: d� 7.39 ± 7.26 and
7.22 ± 7.15 (2 m, 20H; 4 Ph), 4.96 and 4.92 (2 d, J� 11.2 Hz, 2H; PhCH2),
4.94 and 4.76 (2 d, J� 11.1 Hz, 2H; PhCH2), 4.85 and 4.55 (2 d, J� 10.8 Hz,
2H; PhCH2), 4.59 and 4.51 (2 d, J� 12.0 Hz, 2H; PhCH2), 4.53 (dd, J3,4�
9.7, J4,5� 8.8 Hz, 1H; H-4), 3.77 ± 3.57 (m, 9H), 2.17 (dd, J1a,OH� 4.8,
J1b,OH� 8.1 Hz, 1 H; OH), 1.22 (t, J� 7.0 Hz, 3H; CH3); elemental analysis
for C37H42O7 (598.74): calcd: C 74.22, H 7.07; found: C 74.31, H 7.13.

3,4,5,7-Tetra-O-benzyl-a-d-gluco-heptulopyranose 3',4',5',7'-tetra-O-ben-
zyl-b-d-gluco-heptulopyranose 1,2':1',2-dianhydride (29): Alcohol 27
(120 mg, 0.20 mmol) was treated as described for the preparation of 23 in
route B to give, after column chromatography on silica gel with cyclo-
hexane/AcOEt (6:1), compound 29 (72 mg, 65 %) as a syrup. Similar results
were obtained when the b-d-anomer 28 was used as starting material. M.p.
144 ± 146 8C (from MeOH); [a]D��48.1 (c� 0.4, CHCl3); lit.[33] M.p.
143 8C; [a]D��34.2 (c� 1, CHCl3); 1H NMR: d� 7.40 ± 7.11 (m, 40H; 8
Ph), 5.02 and 4.69 (2 d, J� 11.7 Hz, 2 H; PhCH2), 4.91 (s, 2H; PhCH2), 4.88
and 4.58 (2 d, J� 11.5 Hz, 2 H; PhCH2), 4.87 and 4.74 (2 d, J� 11.2 Hz, 2H;
PhCH2), 4.83 and 4.56 (2 d, J� 10.8 Hz, 2H; PhCH2), 4.81 and 4.56 (2 d, J�
10.7 Hz, 2H; PhCH2), 4.69 and 4.50 (2 d, J� 12.0 Hz, 2H; PhCH2), 4.59 and
4.38 (2 d, J� 12.2 Hz, 2 H; PhCH2), 4.42 and 3.41 (2 d, J1a,1b� 11.2 Hz, 2 H; 2
H-1), 4.18 (d, J1a,1b� 12.3 Hz, H-1), 4.11 (dd, 1H; J3,4� 9.2, J4,5� 9.0 Hz,
1H; H-4a), 3.90 ± 3.51 (m, 11 H), 3.31 (d, 1H; H-3a); 13C NMR: d� 138.5
(2 C), 138.4, 138.2, 138.1 (2 C), 138.0, 137.6, and 128.3 ± 127.1 (Ph), 96.3
(C-2b), 95.3 (C-2a), 83.6, 83.0 (C-4a), 82.6, 79.6 (C-3a), 78.1, 77.4, 75.6 (2 C),
75.4, 75.0, 74.9, 74.1, 73.7, 73.5, 73.3, 71.2, 68.8, 68.3, 62.3 (C-1), 55.6 (C-1);
MALDI-TOF MS: 1128.5 [M�Na], 1144.4 [M�K]; elemental analysis for
C70H72O12 (1105.35): calcd: C 76.06, H 6.57; found: C 76.11, H 6.71.

Cyclotris-(2! 1)-(3,4,5,7-tetra-O-benzyl-a-d-galacto-heptulopyranosyl)
(30) and cyclic a,a,b-trisaccharide 31: Alcohol 12 (174 mg, 0.10 mmol) was
treated as described for the preparation of 24 in route A. The crude
reaction mixture was eluted from a column of silica gel with cyclohexane/
AcOEt (9:1 then 6:1) to give compound 30 (70 mg, 40 %). M.p. 127 ± 129 8C
(from MeOH or cyclohexane); [a]D��118.1 (c� 0.5, CHCl3); 1H NMR:
d� 7.58 (dd, J� 1.2, 7.7 Hz, 6 H; 6 Hortho), 7.34 ± 7.16 and 7.01 ± 6.97 (m, 45H;
9 Ph), 6.94 (tt, J� 1.2, 7.7 Hz, 3 H; 3 Hpara), 6.56 (t, J� 7.7 Hz, 6H; 6 Hmeta),
5.16 and 4.55 (2 d, J� 9.5 Hz, 6 H; 3 PhCH2), 5.00 and 4.59 (2 d, J� 11.6 Hz,
6H; 3 PhCH2), 4.44 and 4.38 (2 d, J� 12.4 Hz, 6 H; 3 PhCH2), 4.42 and 4.22
(2 d, J� 11.8 Hz, 6H; 3 PhCH2), 4.03 and 3.46 (2 d, J1a,1b� 14.5 Hz, 6H; 6
H-1), 4.02 (d, J3,4� 9.9 Hz, 3H; 3 H-3), 3.86 (dd, J4,5� 2.8, J5,6� 0.9 Hz, 3H;
3 H-5), 3.78 (dd, 3 H; 3 H-4), 3.73 (ddd, J6,7a� 7.8, J6,7b� 5.6 Hz, 3 H; 3 H-6),
3.55 (dd, J7a,7b� 9.0 Hz, 3 H; 3 H-7a), 3.44 (dd, 3H; 3 H-7b); 13C NMR: d�
139.2, 138.9, 138.6, 137.8, and 129.4 ± 127.0 (Ph), 100.2 (C-2), 82.9 (C-3), 79.6
(C-4), 76.3, 74.7, and 73.7 (PhCH2), 75.2 (C-5), 71.0 (C-6), 68.5 (C-7), 62.4
(C-1); MALDI-TOF MS: 1681.1 [M�Na], 1696.5 [M�K]; elemental
analysis for C105H108O18 (1658.02): calcd: C 76.06, H 6.57; found: C 75.91, H
6.72. Compound 31 was eluted next (13 mg, 8%), slightly contaminated with
uncharacterised by-products. An analytical sample was obtained by elution
from a column of silica gel with CHCl3. [a]D��38.6 (c� 0.4, CHCl3);
Selected 1H NMR ([D]6DMSO, 100 8C) data: d� 7.40 ± 7.03 (m, 60H; 12
Ph), 5.02 and 4.55 (2 d, J1a,1b� 12.0 Hz, 2H; 2 H-1), 4.88 and 3.14 (2 d,
J1a,1b� 12.9 Hz, 2H; 2 H-1), 4.17 and 3.91 (2 d, J1a,1b� 13.0 Hz, 2H; 2 H-1);
MALDI-TOF MS: 1680.9 [M�Na], 1696.8 [M�K]; elemental analysis for
C105H108O18 (1658.02): calcd: C 76.06, H 6.57; found: C 76.33, H 6.63.

Cyclotris-(2! 1)-(a-d-galacto-heptulopyranosyl) (32): Cyclic trisacchar-
ide 30 (83 mg, 0.05 mmol) was hydrogenated as described for the
preparation of 25 to give 32 (28 mg, 97%) as a syrup. [a]D��192.5 (c�
0.3, H2O); 1H NMR (D2O): d� 4.07 and 3.44 (2 d, J1a,1b� 13.6 Hz, 6 H; 6
H-1), 3.82 ± 3.71 (m, 12H), 3.62 ± 3.53 (m, 6H); 13C NMR (D2O): d� 99.3
(C-2), 73.1, 72.9, 70.4, 68.9, 62.4, 61.4; MALDI-TOF MS: 583.6 [M�Li],
599.5 [M�Na], 615.5 [M�K]; elemental analysis for C21H36O18 ´ H2O
(594.53): calcd: C 42.42, H 6.44; found: C 42.31, H 6.53.
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Complexation experiments : A solution of the host (4 mmol) in a CHCl3/
CH3CN mixture (1:1, 1.0 mL, commercially available HPLC-grade sol-
vents), pre-saturated with LiCLO4, NaClO4, KI, Ca(ClO4)2, or Mg(ClO4)2

(dried for 2 h at 120 8C/0.1 mbar), was kept at room temperature for 1 h,
then concentrated under high vacuum. The residue was diluted with CDCl3

(0.8 mL), filtered into a NMR tube through a plug of cotton (previously
washed with H2O, MeOH, and CHCl3 and dried in the oven), and analysed
by 1H NMR (300 MHz) spectroscopy. After the NMR spectroscopic
analysis, the host was quantitatively recovered in the free form by washing
the organic phase with H2O. The 1H NMR spectra of compound 30
complexed with the alkali metal cations are shown in the Supporting
information.

Crystallographic measurements at T� 100 K : Single crystals of compound
30 suitable for X-ray crystallography were obtained by recrystallisation
from cyclohexane. Crystal data: C105H108O18 ´ C6H12, Mr� 1742.08, ortho-
rhombic, space group P212121, a� 16.9676(2), b� 20.0321(2), c�
27.4653(3) �, V� 9335.4(2) �3, Z� 4, 1calcd� 1.240 gcmÿ3, m(MoKa)�
0.83 cmÿ1, F(000)� 3720, crystal dimensions: 0.60� 0.31� 0.15 mm. Data
Collection and Processing: Nonius Kappa-CCD diffractometer, graphite-
monochromated MoKa radiation, T� 100 K, 11446 unique reflections
measured, q� 27.58, giving 9 846 observed reflections with I� 2s(I). The
data were corrected for Lorentz and polarisation effects, no absorption
correction was applied. The structure was solved by direct methods using
the SIR2000 system of programs.[46] The non-hydrogen atoms were refined
anisotropically, while the hydrogen atoms were placed in calculated
positions and allowed to ride on their parent atom carbons. Refinement
by full matrix least-squares using SHELXL-97,[47] on F2, with R (observed
reflections)� 0.0367 and wR (all reflections)� 0.0849, 1162 parameters,
S� 1.04. ORTEP[48] views of the molecule are shown in Figure 1 and in the
Supporting Information.

Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication No. CCDC-145423. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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