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Abstract—New glycoclusters constituted of ribosylmethyl, galactosylmethyl, and glucosylmethyl fragments assembled on a calix[4]arene
platform by means of propoxytetrazole spacers have been prepared by coupling the corresponding sugar azides with p-toluenesulfonyl
cyanide, and then reacting 1-glycosylmethyl-5-sulfonyl-tetrazole derivatives thus formed with a calix[4]arene tetrol.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

While the azide–alkyne cycloaddition (Huisgen-type reac-
tion),1 catalyzed by Cu(I) salts2 to give the1,4-disubstituted
triazole system in high yield and selectivity, has reached in
a few years the status of an extraordinary synthetic tool for
covalently linking molecular entities in the most disparate
fields,3–6 the sister azide–nitrile coupling affording 1,5-di-
substituted tetrazole7 has not found so far a similar wide-
spread application (Scheme 1). The tetrazole group may
serve as a robust substrate for ligation because it is stable
to both acids and bases, as well as to oxidizing and reducing
conditions.8 Unfortunately, the scope of the azide–nitrile
cycloaddition is limited by its occurrence at a satisfactory
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extent only by the use of nitriles activated by strong elec-
tron-withdrawing groups.9

Hence in order to open a viable route to a wide variety of 1,5-
disubstituted tetrazoles, Sharpless and Demko developed
a simple and expedient two-step sequence. This involves
the coupling of an organic azide with p-toluenesulfonyl
cyanide 2 and then the displacement of the tosyl group in
the 5-sulfonyl-tetrazole thus formed by a suitable nucleo-
phile.10 This chemistry enables the installation of two adja-
cent molecular fragments in the lipophilic tetrazole ring,
i.e. to establish a connectivity pattern, which is analogous
to that recently made accessible in triazoles via ruthenium-
catalyzed azide–alkyne coupling.11 Since the Sharpless ap-
proach as a ligation tool appears to have been so far applied
to simple substrates,10 we decided to investigate its potential
in glycoconjugate chemistry and report here on the assembly
of C-glycoclusters on a calix[4]arene platform through tetr-
azole spacers. This work follows our recent report on C-glyco-
cluster synthesis via azide–alkyne ligation12 and stems from
our interest to provide access to multivalent and highly stable
glycoconjugates, which may be used as probes in glycoside
cluster effect studies and as potential leads for modulators
of recognition processes responsible for various biological
events.13 To this aim C-glycoclusters, i.e. systems in which
glycosyl fragments are linked to a suitable scaffold through
an enzymatically and chemically resistant carbon–carbon
bond, are considered more valuable tools than the easily
degradable O- and N-linked derivatives.12 Moreover, it has
been pointed out3b,d that the presence of a heteroaromatic
group next to the glycosidic bond may be beneficial as it
enhances the interaction between the neoglycoconjugate
and lectins by increasing the hydrophobicity.
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2. Results and discussion

The unhindered b-linked sugar azide, azidomethyl tri-O-
benzyl-C-ribofuranoside14 1a was allowed to react with the
nitrile 2 (1.5 equiv) in refluxing toluene (Scheme 2). The sol-
vent was used to obtain a homogeneous mixture of the reac-
tants and efficient stirring, as the sticky sugar 1a made it
unpractical to run the reaction neat. After 18 h a single prod-
uct was isolated in excellent yield (96%), which was assigned
the structure of 1-ribosylmethyl-5-tosyl tetrazole 3a. In a sim-
ilar way the sugar azides 1b (azidomethyl C-galactopyrano-
side)14 and 1c (azidomethyl C-glucopyranoside)12 treated
with 2 afforded, although in lower yields, the corresponding
1-galactosylmethyl (3b, 67%) and 1-glucosylmethyl (3c,
55%) tetrazole derivatives. While microwave irradiation at
140 �C failed to improve the yields of these reactions, heating
neat 1b with 2 at 100 �C reduced the reaction time to 6 h and
increased substantially the yield of 3b to 93%. On the other
hand coupling of 1c with 2 under these solventless conditions
afforded 3c in the still moderate yield of 62%. Nevertheless it
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appears enough demonstrated that unhindered sugar azides
of type 1 are able to engage the activated nitrile 2 in an effi-
cient thermal coupling reaction to give 1-substituted-5-sulfo-
nyl-tetrazoles 3.

As platform of the target glycoclusters we selected the
known calix[4]arene tetrol15 4, which is well rigidified in
the cone conformation owing to the presence of the four
O-propyl groups at the lower rim. This structural feature
of the scaffold should favor a spatial arrangement of the
glycoclusters in which the four sugar fragments are in
close proximity. The nucleophilic attack of the polydentate
alcohol 4 on the 1-methylribosyl-5-sulfonyl-tetrazole 3a was
first carried out (Scheme 3). To this aim 4 was transformed
into the corresponding tetraalkoxide upon treatment with
excess NaH (6 equiv) in DMF at room temperature and
this was allowed to react with 3a (6 equiv) by heating at
60 �C for 14 h. Apparently under these conditions the nucle-
ophilic attack of the alkoxide groups of 4 on four molecules
of tetrazole 3a proceeded at comparable rate thus giving rise
to a multiple tetrazole-calix[4]arene ligation. In fact to our
delight suitable workup and chromatography afforded the
target tetravalent tetrazole C-glycocluster 5a as the main
product in respectable yield (60%) and only a small amount
(5%) of the trivalent derivative 6a.

In a similar way the calix[4]arene tetrol 4 was allowed to
react in DMF at 60 �C with the 1-galactosylmethyl- and
1-glucosylmethyl-5-sulfonyl-tetrazoles 3b and 3c to give in
both cases the tetravalent C-glycoclusters 5b and 5c, respec-
tively, but in lower yields than 5a. Substantial amounts of the
trivalent derivatives 6b and 6c were also formed (Scheme 4).
Higher temperature (80–120 �C) or longer reaction time
(24 h) led to a lower tetra- to trivalent product ratio. There-
fore, under the above mentioned conditions, the multiple
nucleophilic substitution appeared to be highly dependent
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on the steric hindrance of the monosaccharidic 5-tosyl-tetr-
azole substrate. The furanose 3a gave better results than the
pyranose derivatives 3b and 3c, the galacto 3b being more re-
active than the gluco isomer 3c. Moreover, the conversion of
isolated 6b and 6c into the corresponding tetravalent C-gly-
coclusters 5b and 5c by further treatment (DMF, 60 �C,
14 h) with NaH (1.5 equiv) and 3b or 3c (1.5 equiv), respec-
tively, was also performed. However, the tetra-adducts 5b
and 5c were isolated in only 25 and 20% yields, respectively,
whereas unreacted 6b (56%) and 6c (67%) constituted the
main products of the reaction mixtures.

Removing the O-benzyl protective groups of the sugar units
was imperative for the use of the above glycoclusters in
molecular recognition processes. This frequently carried out
routinary operation in carbohydrate chemistry turned out to
be quite difficult in triazole locked glycoclusters recently
prepared in our laboratory.12 The problem appeared to be as-
sociated to the presence of several triazole units. On the other
hand, to our great delight O-debenzylation of the tetravalent
glycoclusters 5a–5c displaying tetrazole tethers was carried
out quite efficiently by standard hydrogenolysis over palla-
dium hydroxide as it afforded the corresponding free
hydroxy products 7a–7c in good yields (Schemes 3 and 4).

3. Conclusion

In conclusion we have reported the first synthesis of glyco-
clusters anchored on a rigid calix[4]arene scaffold and
achieved via the Sharpless–Demko reaction sequence con-
stituted of azide–nitrile 1,3-dipolar cycloaddition and nucleo-
philic substitution. Each sugar fragment is linked to the
tetrazole heterocycle by a carbon–carbon bond and therefore
the glycoclusters are expected to be quite resistant to chem-
ical and enzymatic degradation. In addition to achieving the
synthesis of the target glycoclusters, this work provides tes-
timony for the first time that the Sharpless–Demko cyclo-
addition–substitution ligation sequence can be applied to
complex molecular entities and gives confidence on its
utility in synthetic methodology.
4. Experimental

4.1. General

All moisture-sensitive reactions were performed under a
nitrogen atmosphere using oven-dried glassware. Anhy-
drous solvents were dried over standard drying agents16

and freshly distilled prior to use. Reactions were monitored
by TLC on silica gel 60 F254 with detection by charring with
sulfuric acid. Flash column chromatography17 was per-
formed on silica gel 60 (230–400 mesh). Melting points
were determined with a capillary apparatus. Optical rota-
tions were measured at 20�2 �C in the stated solvent; [a]D

values are given in deg mL g�1 dm�1. 1H NMR (300 and
400 MHz) and 13C NMR spectra (75 MHz) were recorded
for CDCl3 solutions at rt unless otherwise specified. In the
1H NMR spectra reported below, the n and m values quoted
in geminal or vicinal proton–proton coupling constants Jn,m

refer to the number of the corresponding sugar protons.
MALDI-TOF mass spectra were acquired using 2,5-dihy-
droxy-benzoic acid as the matrix.

4.1.1. 2,5-Anhydro-3,4,6-tri-O-benzyl-1-deoxy-1-(5-p-
toluenesulfonyl-1H-tetrazol-1-yl)-D-allo-hexitol (3a). A
solution of azide 1a (138 mg, 0.30 mmol) and commercially
available p-toluenesulfonyl cyanide 2 (82 mg, 0.45 mmol) in
anhydrous toluene (1.5 mL) was stirred at 120 �C in a screw-
capped vial for 18 h, then cooled to rt and concentrated. The
residue was eluted from a column of silica gel with 4:1 cy-
clohexane–AcOEt to give 3a (184 mg, 96%) as a colorless
syrup; [a]D �40.6 (c 1.0, CHCl3). 1H NMR (400 MHz):
d 8.04–7.99 (m, 2H, Ar), 7.41–7.28 (m, 15H, Ar), 7.23–
7.18 (m, 2H, Ar), 5.11 (dd, 1H, J1a,2¼4.8, J1a,1b¼14.0 Hz,
H-1a), 4.84 (dd, 1H, J1b,2¼4.5 Hz, H-1b), 4.57 and 4.53
(2d, 2H, J¼11.5 Hz, PhCH2), 4.49 (ddd, 1H, J2,3¼7.8 Hz,
H-2), 4.48 (s, 2H, PhCH2), 4.37 and 4.16 (2d, 2H,
J¼12.3 Hz, PhCH2), 4.14 (ddd, 1H, J4,5¼2.4, J5,6a¼3.3,
J5,6b¼3.9 Hz, H-5), 3.89 (dd, 1H, J3,4¼5.2 Hz, H-3), 3.80
(dd, 1H, H-4), 3.15 (dd, 1H, J6a,6b¼10.5 Hz, H-6a), 3.11
(dd, 1H, H-6b), 2.46 (s, 3H, Me). 13C NMR: d 155.6 (C),
147.0 (C), 137.8 (C), 137.5 (C), 137.3 (C), 134.9 (C),
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130.1–127.6 (CH), 82.5 (CH), 78.4 (CH), 77.8 (CH), 77.2
(CH), 73.1 (CH2), 72.5 (CH2), 71.7 (CH2), 69.5 (CH2),
50.2 (CH2), 21.8 (CH3). MALDI-TOF MS (640.76): 635.7
(M+�N2+Na), 663.6 (M++Na). Anal. Calcd for
C35H36N4O6S: C, 65.61; H, 5.66; N, 8.74. Found: C,
65.90; H, 5.88; N, 8.98.

4.1.2. 2,6-Anhydro-3,4,5,7-tetra-O-benzyl-1-deoxy-1-(5-
p-toluenesulfonyl-1H-tetrazol-1-yl)-D-glycero-L-manno-
heptitol (3b).

4.1.2.1. Method A. The azide 1b (232 mg, 0.40 mmol)
was treated with 2 (109 mg, 0.60 mmol) in anhydrous tolu-
ene (2 mL) as described for the preparation of 3a to give, after
column chromatography on silica gel (4:1 cyclohexane–
AcOEt), 3b (204 mg, 67%) as a colorless foam; [a]D �50.0
(c 1.1, CHCl3). 1H NMR (300 MHz): d 7.97–7.92 (m, 2H,
Ar), 7.43–7.20 (m, 22H, Ar), 5.10 and 4.81 (2d, 2H, J¼
11.5 Hz, PhCH2), 5.05 (dd, 1H, J1a,2¼2.6, J1a,1b¼13.9 Hz,
H-1a), 4.97 and 4.60 (2d, 2H, J¼11.5 Hz, PhCH2), 4.86
(dd, 1H, J1b,2¼8.0 Hz, H-1b), 4.80 and 4.70 (2d, 2H,
J¼11.5 Hz, PhCH2), 4.34 and 4.29 (2d, 2H, J¼12.5 Hz,
PhCH2), 4.02 (dd, 1H, J4,5¼2.6, J5,6¼0.5 Hz, H-5), 3.93
(dd, 1H, J2,3¼9.4, J3,4¼8.8 Hz, H-3), 3.85 (ddd, 1H, H-2),
3.69 (dd, 1H, H-4), 3.52–3.44 (m, 2H, H-6, H-7a), 3.33–
3.26 (m, 1H, H-7b), 2.43 (s, 3H, Me). 13C NMR: d 155.4
(C), 146.9 (C), 138.6 (C), 137.9 (C), 134.8 (C), 134.4 (C),
130.1–127.5 (CH), 84.4 (CH), 77.0 (CH), 76.6 (CH), 75.8
(CH), 75.1 (CH2), 74.6 (CH2), 73.4 (CH), 73.3 (CH2), 72.0
(CH2), 68.1 (CH2), 50.6 (CH2), 21.8 (CH3). MALDI-TOF
MS (760.92): 755.9 (M+�N2+Na), 784.3 (M++Na). Anal.
Calcd for C43H44N4O7S: C, 67.88; H, 5.83; N, 7.36. Found:
C, 68.15; H, 5.98; N, 7.50.

4.1.2.2. Method B. A mixture of azide 1b (116 mg,
0.20 mmol) and p-toluenesulfonyl cyanide 2 (109 mg,
0.60 mmol) was stirred at 100 �C for 6 h in the absence of
solvent under a nitrogen atmosphere, then cooled to rt.
The crude mixture was eluted from a column of silica gel
with 4:1 cyclohexane–AcOEt to give 3b (141 mg, 93%) as
a colorless foam.

4.1.3. 2,6-Anhydro-3,4,5,7-tetra-O-benzyl-1-deoxy-1-(5-
p-toluenesulfonyl-1H-tetrazol-1-yl)-D-glycero-D-gulo-
heptitol (3c).

4.1.3.1. Method A. The azide 1c (174 mg, 0.30 mmol)
was treated with 2 (82 mg, 0.45 mmol) in anhydrous toluene
(2 mL) as described for the preparation of 3a to give, after
column chromatography on silica gel (5:1 cyclohexane–
AcOEt), 3c (125 mg, 55%) as a white solid (mp <40 �C),
which could not be recrystallized; [a]D �26.5 (c 1.0,
CHCl3). 1H NMR (400 MHz): d 7.97–7.92 (m, 2H, Ar),
7.40–7.22 (m, 20H, Ar), 7.18–7.13 (m, 2H, Ar), 5.02 (dd,
1H, J1a,2¼3.2, J1a,1b¼14.1 Hz, H-1a), 5.01 and 4.79 (2d,
2H, J¼11.5 Hz, PhCH2), 4.97 and 4.91 (2d, 2H,
J¼11.3 Hz, PhCH2), 4.79 and 4.60 (2d, 2H, J¼10.9 Hz,
PhCH2), 4.74 (dd, 1H, J1b,2¼8.0 Hz, H-1b), 4.51 and 4.41
(2d, 2H, J¼12.2 Hz, PhCH2), 3.84 (ddd, 1H, J2,3¼9.6 Hz,
H-2), 3.77 (dd, 1H, J3,4¼J4,5¼9.0 Hz, H-4), 3.67 (dd, 1H,
J5,6¼9.7 Hz, H-5), 3.66 (dd, 1H, J6,7a¼3.8, J7a,7b¼11.2 Hz,
H-7a), 3.60 (dd, 1H, J6,7b¼1.8 Hz, H-7b), 3.52 (dd, 1H,
H-3), 3.35 (ddd, 1H, H-6), 2.44 (s, 3H, Me). 13C NMR:
d 155.5 (C), 147.1 (C), 138.2 (C), 137.9 (C), 137.6 (C),
134.8 (C), 130.2–127.4 (CH), 86.9 (CH), 79.3 (CH), 78.8
(CH), 78.0 (CH), 76.2 (CH), 75.6 (CH2), 75.04 (CH2),
74.96 (CH2), 73.4 (CH2), 68.5 (CH2), 50.4 (CH2), 21.9
(CH3). MALDI-TOF MS (760.92): 761.8 (M++H), 783.8
(M++Na), 799.8 (M++K). Anal. Calcd for C43H44N4O7S:
C, 67.88; H, 5.83; N, 7.36. Found: C, 68.10; H, 5.91; N, 7.60.

4.1.3.2. Method B. The azide 1c (116 mg, 0.20 mmol)
was treated with 2 (109 mg, 0.60 mmol) as described for
the preparation of 3b (Method B) to give, after column
chromatography on silica gel (5:1 cyclohexane–AcOEt),
3c (94 mg, 62%) as a white solid.

4.1.4. 5,11,17,23-Tetrakis[1-(2,5-anhydro-3,4,6-tri-O-
benzyl-1-deoxy-D-allo-hexitol-1-yl)-1H-tetrazol-5-yloxy-
propyl]-25,26,27,28-tetrapropoxy-calix[4]arene (5a). To
a stirred solution of calixarene tetrol 4 (25 mg, 0.03 mmol)
in anhydrous DMF (1.5 mL) was added NaH (7 mg,
0.18 mmol, of a 60% dispersion in oil). The mixture was
stirred at rt for 30 min and then diluted with a solution of
sugar tetrazole 3a (115 mg, 0.18 mmol) in anhydrous DMF
(1 mL). The resulting yellow solution was stirred at 60 �C
for 14 h, then diluted with saturated aqueous NH4Cl
(10 mL) and extracted with AcOEt (2�50 mL). The com-
bined organic phases were dried (Na2SO4) and concentrated.
The residue was eluted from a column of silica gel (from 2:1
to 1:1 cyclohexane–AcOEt) to give 5a (50 mg, 60%) as a col-
orless syrup; [a]D �22.2 (c 1.2, CHCl3). 1H NMR
(400 MHz): d 7.33–7.23 (m, 52H, Ar), 7.21–7.18 (m, 8H,
Ar), 6.39 (s, 8H, Ar calix.), 4.52 and 4.47 (2d, 8H,
J¼11.5 Hz, 4 PhCH2), 4.47 (s, 8H, 4 PhCH2), 4.41 and
4.32 (2d, 8H, J¼11.9 Hz, 4 PhCH2), 4.35 and 3.00 (2d, 8H,
J¼13.4 Hz, 4 ArCH2Ar), 4.33 (t, 8H, J¼7.0 Hz, 4
ArCH2CH2CH2), 4.31 (ddd, 4H, J1a,2¼4.5, J1b,2¼5.0, J2,3¼
7.0 Hz, 4 H-2), 4.22 (dd, 4H, J1a,1b¼14.0 Hz, 4 H-1a), 4.19
(dd, 4H, 4 H-1b), 4.15 (ddd, 4H, J4,5¼3.6, J5,6a¼J5,6b¼
4.0 Hz, 4 H-5), 3.88 (dd, 4H, J3,4¼5.2 Hz, 4 H-3), 3.77
(t, 8H, J¼7.0 Hz, 4 CH3CH2CH2O), 3.75 (dd, 4H,
4 H-4), 3.25 (d, 8H, 8 H-6), 2.34 (t, 8H, J¼7.2 Hz, 4
ArCH2CH2CH2), 1.94–1.84 (m, 16H, 4 ArCH2CH2CH2, 4
CH3CH2CH2O), 0.95 (t, 12H, J¼7.0 Hz, 4 CH3CH2CH2O).
13C NMR: d 161.7 (C), 154.9 (C), 137.8 (C), 137.6 (C),
137.5 (C), 134.7 (C), 133.5 (C), 128.4–127.6 (CH), 82.0
(CH), 78.6 (CH), 78.1 (CH), 77.0 (CH), 76.7 (CH2), 73.3
(CH2), 72.8 (CH2), 72.5 (CH2), 71.8 (CH2), 70.0 (CH2),
46.4 (CH2), 31.0 (CH2), 30.8 (CH2), 30.4 (CH2),
23.1 (CH2), 10.2 (CH3). MALDI-TOF MS (2763.31):
2787.0 (M++Na), 2802.6 (M++K). Anal. Calcd for
C164H184N16O24: C, 71.28; H, 6.71; N, 8.11. Found: C,
71.50; H, 6.82; N, 8.30.

Eluted second was 5,11,17-tris[1-(2,5-anhydro-3,4,6-tri-O-
benzyl-1-deoxy-D-allo-hexitol-1-yl)-1H-tetrazol-5-yloxy-
propyl]-23-(3-hydroxypropyl)-25,26,27,28-tetrapropoxy-
calix[4]arene (6a) (3.5 mg, 5%) as a colorless syrup; [a]D

�20.0 (c 0.9, CHCl3). 1H NMR selected data (400 MHz):
d 7.35–7.24 (m, 39H, Ar), 7.23–7.18 (m, 6H, Ar), 6.54
and 6.52 (2d, 4H, J¼2.1 Hz, Ar calix.), 6.29 (s, 2H, Ar
calix.), 6.26 (s, 2H, Ar calix.), 3.83 (t, 4H, J¼7.7 Hz, 2
CH3CH2CH2O), 3.71 (t, 4H, J¼7.5 Hz, 2 CH3CH2CH2O),
3.45 (dt, 2H, J¼5.5, 6.0 Hz, ArCH2CH2CH2), 3.02 (d,
2H, J¼13.3 Hz, 2 Heq of 2 ArCH2Ar), 3.00 (d, 2H,
J¼13.3 Hz, 2 Heq of 2 ArCH2Ar), 2.45 (t, 4H, J¼7.5 Hz,
2 ArCH2CH2CH2), 2.32 (t, 1H, J¼5.5 Hz, OH), 2.27 (t,
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2H, J¼7.5 Hz, ArCH2CH2CH2), 2.23 (t, 2H, J¼7.5 Hz,
ArCH2CH2CH2), 2.01–1.80 (m, 14H, 3 ArCH2CH2CH2, 4
CH3CH2CH2O), 1.57–1.50 (m, 2H, ArCH2CH2CH2), 1.00
(t, 3H, J¼7.4 Hz, CH3CH2CH2O), 0.98 (t, 3H, J¼7.4 Hz,
CH3CH2CH2O), 0.93 (t, 6H, J¼7.5 Hz, 2 CH3CH2CH2O).
13C NMR: d 161.7 (C), 155.2 (C), 154.5 (C), 154.2 (C),
137.8 (C), 137.5 (C), 137.4 (C), 135.4 (C), 135.3 (C), 134.9
(C), 134.2 (C), 134.0 (C), 133.6 (C), 133.4 (C), 128.4–
127.7 (CH), 82.0 (CH), 78.6 (CH), 78.1 (CH), 77.0 (CH),
76.6 (CH2), 73.3 (CH2), 73.1 (CH2), 72.7 (CH2), 72.5
(CH2), 71.8 (CH2), 70.0 (CH2), 62.0 (CH2), 46.5 (CH2),
34.4 (CH2), 31.3 (CH2), 30.9 (CH2), 30.8 (CH2), 30.4
(CH2), 29.7 (CH2), 23.2 (CH2), 23.1 (CH2), 10.44 (CH3),
10.39 (CH3), 10.1 (CH3). MALDI-TOF MS (2278.76):
2301.9 (M++Na). Anal. Calcd for C136H156N12O20: C,
71.68; H, 6.90; N, 7.38. Found: C, 71.82; H, 6.99; N, 7.48.

4.1.5. 5,11,17,23-Tetrakis[1-(2,6-anhydro-3,4,5,7-tetra-
O-benzyl-1-deoxy-D-glycero-L-manno-heptitol-1-yl)-1H-
tetrazol-5-yloxypropyl]-25,26,27,28-tetrapropoxy-calix-
[4]arene (5b). The calixarene tetrol 4 (25 mg, 0.03 mmol)
was allowed to react with the sugar tetrazole 3b (137 mg,
0.18 mmol) in anhydrous DMF as described for the prepara-
tion of 5a to give, after column chromatography on silica gel
(from 3:1 to 1:1 cyclohexane–AcOEt), first unreacted 3b
(31 mg, 23%).

Eluted second was 5b (46 mg, 47%) as a colorless syrup; [a]D

�11.5 (c 1.0, CHCl3). 1H NMR (400 MHz): d 7.35–7.22 (m,
72H, Ar), 7.20–7.17 (m, 8H, Ar), 6.39 (s, 8H, Ar calix.), 5.00
and 4.72 (2d, 8H, J¼11.2 Hz, 4 PhCH2), 4.87 and 4.55 (2d,
8H, J¼11.6 Hz, 4 PhCH2), 4.72 and 4.62 (2d, 8H,
J¼11.7 Hz, 4 PhCH2), 4.34 and 3.00 (2d, 8H, J¼13.2 Hz, 4
ArCH2Ar), 4.33 and 4.27 (2d, 8H, J¼11.5 Hz, 4 PhCH2),
4.31 (t, 8H, J¼7.0 Hz, 4 ArCH2CH2CH2), 4.30 (dd, 4H,
J1a,2¼2.6, J1a,1b¼14.3 Hz, 4 H-1a), 4.13 (dd, 4H, J1b,2¼
7.9 Hz, 4 H-1b), 3.96 (dd, 4H, J4,5¼2.8, J5,6¼0.5 Hz, 4
H-5), 3.80 (dd, 4H, J2,3¼J3,4¼9.3 Hz, 4 H-3), 3.75 (t, 8H,
J¼7.5 Hz, 4 CH3CH2CH2O), 3.66 (ddd, 4H, 4 H-2), 3.61
(dd, 4H, 4 H-4), 3.50–3.45 (m, 8H, 4 H-6, 4 H-7a), 3.39
(dd, 4H, J6,7b¼9.1, J7a,7b¼12.6 Hz, 4 H-7b), 2.31 (t, 8H,
J¼7.2 Hz, 4 ArCH2CH2CH2), 1.93–1.82 (m, 16H, 4
ArCH2CH2CH2, 4 CH3CH2CH2O), 0.93 (t, 12H, J¼7.5 Hz,
4 CH3CH2CH2O). 13C NMR: d 161.7 (C), 154.9 (C), 138.6
(C), 138.1 (C), 138.0 (C), 137.8 (C), 134.7 (C), 133.6 (C),
128.5–127.5 (CH), 84.6 (CH), 76.9 (CH), 76.7 (CH2), 75.7
(CH), 75.0 (CH2), 74.5 (CH2), 73.4 (CH2), 73.3 (CH), 72.7
(CH2), 72.0 (CH2), 68.4 (CH2), 46.6 (CH2), 31.0 (CH2),
30.8 (CH2), 30.4 (CH2), 23.1 (CH2), 10.2 (CH3). MALDI-
TOF MS (3243.90): 3267.9 (M++H+Na), 3283.8
(M++H+K). Anal. Calcd for C196H216N16O28: C, 72.57; H,
6.71; N, 6.91. Found: C, 72.73; H, 6.88; N, 7.10.

Eluted third was 5,11,17-tris[1-(2,6-anhydro-3,4,5,7-tetra-
O-benzyl-1-deoxy-D-glycero-L-manno-heptitol-1-yl)-1H-
tetrazol-5-yloxypropyl]-23-(3-hydroxypropyl)-25,26,27,28-
tetrapropoxy-calix[4]arene (6b) (37 mg, 47%) as a colorless
syrup; [a]D �10.0 (c 1.2, CHCl3). 1H NMR selected data
(300 MHz): d 7.40–7.20 (m, 60H, Ar), 6.62–6.58 (m, 4H,
Ar calix.), 6.30 (s, 2H, Ar calix.), 6.28 (s, 2H, Ar calix.),
5.05 (d, 2H, J¼11.2 Hz, 2H of 2 PhCH2), 5.04 (d, 1H,
J¼11.0 Hz, 1H of PhCH2), 4.92 (d, 2H, J¼11.7 Hz, 2H of
2 PhCH2), 4.91 (d, 1H, J¼12.0 Hz, 1H of PhCH2), 4.77
and 4.67 (2d, 4H, J¼11.5 Hz, 2 PhCH2), 4.01 (dd, 2H,
J4,5¼2.8, J5,6¼0.5 Hz, 2 H-5), 4.00 (dd, 1H, J4,5¼2.8,
J5,6¼0.5 Hz, H-5), 3.05 (d, 2H, J¼13.0 Hz, 2 Heq of 2
ArCH2Ar), 3.04 (d, 2H, J¼13.0 Hz, 2 Heq of 2 ArCH2Ar),
2.49 (t, 4H, J¼7.3 Hz, 2 ArCH2CH2CH2), 2.27 (t, 2H,
J¼7.3 Hz, ArCH2CH2CH2), 2.22 (t, 2H, J¼7.3 Hz,
ArCH2CH2CH2), 1.03 (t, 3H, J¼7.5 Hz, CH3CH2CH2O),
1.01 (t, 3H, J¼7.5 Hz, CH3CH2CH2O), 0.94 (t, 6H,
J¼7.5 Hz, 2 CH3CH2CH2O). 13C NMR: d 161.7 (C),
155.3 (C), 154.4 (C), 154.1 (C), 138.6 (C), 138.1 (C),
137.9 (C), 137.7 (C), 135.5 (C), 135.4 (C), 135.0 (C),
134.0 (C), 133.8 (C), 133.7 (C), 133.5 (C), 128.4–127.5
(CH), 84.6 (CH), 76.9 (CH), 76.6 (CH2), 75.7 (CH), 75.1
(CH2), 74.5 (CH2), 73.4 (CH2), 73.3 (CH), 73.0 (CH2),
72.6 (CH2), 72.1 (CH2), 68.4 (CH2), 61.9 (CH2), 46.6
(CH2), 34.3 (CH2), 31.3 (CH2), 30.9 (CH2), 30.8 (CH2),
30.4 (CH2), 30.3 (CH2), 29.7 (CH2), 23.3 (CH2), 23.2
(CH2), 23.0 (CH2), 10.5 (CH3), 10.4 (CH3), 10.1 (CH3).
MALDI-TOF MS (2639.27): 2662.8 (M++Na), 2677.5
(M++K). Anal. Calcd for C160H180N12O23: C, 72.81; H,
6.87; N, 6.37. Found: C, 73.02; H, 7.02; N, 6.50.

4.1.6. 5,11,17,23-Tetrakis[1-(2,6-anhydro-3,4,5,7-tetra-
O-benzyl-1-deoxy-D-glycero-D-gulo-heptitol-1-yl)-1H-tet-
razol-5-yloxypropyl]-25,26,27,28-tetrapropoxy-calix[4]-
arene (5c). The calixarene tetrol 4 (25 mg, 0.03 mmol) was
allowed to react with the sugar tetrazole 3c (137 mg,
0.18 mmol) in anhydrous DMF as described for the prepara-
tion of 5a to give, after column chromatography on silica gel
(2.5:1 cyclohexane–AcOEt), first unreacted 3c (8 mg, 6%).

Eluted second was 5c (39 mg, 40%) as a colorless syrup; [a]D

�12.0 (c 1.1, CHCl3). 1H NMR (300 MHz, C6D6): d 7.36–
7.02 (m, 80H, Ar), 6.69 (s, 8H, Ar calix.), 4.92 and 4.72
(2d, 8H, J¼11.5 Hz, 4 PhCH2), 4.84 and 4.76 (2d, 8H,
J¼11.5 Hz, 4 PhCH2), 4.76 and 4.55 (2d, 8H, J¼11.2 Hz, 4
PhCH2), 4.56 and 3.20 (2d, 8H, J¼13.0 Hz, 4 ArCH2Ar),
4.49 (t, 8H, J¼6.6 Hz, 4 ArCH2CH2CH2), 4.43 and 4.32
(2d, 8H, J¼12.0 Hz, 4 PhCH2), 4.19 (dd, 4H, J1a,2¼3.0,
J1a,1b¼14.4 Hz, 4 H-1a), 4.06 (dd, 4H, J1b,2¼6.6 Hz, 4
H-1b), 3.85 (t, 8H, J¼7.5 Hz, 4 CH3CH2CH2O), 3.65–3.50
(m, 20H), 3.40–3.34 (m, 4H), 3.22–3.17 (m, 4H), 2.49
(t, 8H, J¼7.2 Hz, 4 ArCH2CH2CH2), 2.02 (tt, 8H, 4
ArCH2CH2CH2), 1.92 (tq, 8H, J¼7.4, 7.5 Hz, 4 CH3CH2-
CH2O), 0.91 (t, 12H, J¼7.4 Hz, 4 CH3CH2CH2O). 13C
NMR: d 161.8 (C), 155.0 (C), 138.3 (C), 138.0 (C), 137.9
(C), 134.7 (C), 133.5 (C), 128.5–127.6 (CH), 87.0 (CH),
79.1 (CH), 78.6 (CH2), 78.0 (CH), 76.7 (CH2), 76.3 (CH),
75.5 (CH2), 75.0 (CH2), 74.9 (CH2), 73.4 (CH2), 72.8
(CH2), 68.6 (CH2), 46.0 (CH2), 31.0 (CH2), 30.8 (CH2),
30.5 (CH2), 23.1 (CH2), 10.3 (CH3). MALDI-TOF MS
(3243.90): 3268.2 (M++H+Na), 3283.4 (M++K). Anal. Calcd
for C196H216N16O28: C, 72.57; H, 6.71; N, 6.91. Found: C,
72.85; H, 6.96; N, 7.08.

Eluted third was 5,11,17-tris[1-(2,6-anhydro-3,4,5,7-tetra-
O-benzyl-1-deoxy-D-glycero-D-gulo-heptitol-1-yl)-1H-tet-
razol-5-yloxypropyl]-23-(3-hydroxypropyl)-25,26,27,28-
tetrapropoxy-calix[4]arene (6c) (20 mg, 26%) as a colorless
syrup; [a]D �10.7 (c 0.7, CHCl3). 1H NMR selected data
(400 MHz): d 7.34–7.22 (m, 54H, Ar), 7.14–7.10 (m, 6H,
Ar), 6.55–6.51 (m, 4H, Ar calix.), 6.28–6.25 (m, 2H, Ar
calix.), 6.24 (s, 2H, Ar calix.), 4.93 and 4.88 (2d, 4H,
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J¼11.3 Hz, 2 PhCH2), 4.92 and 4.87 (2d, 2H, J¼11.2 Hz,
PhCH2), 4.76 and 4.53 (2d, 4H, J¼10.8 Hz, 2 PhCH2),
4.75 and 4.51 (2d, 2H, J¼10.8 Hz, PhCH2), 4.28 (dd, 1H,
J1a,2¼2.9, J1a,1b¼14.3 Hz, H-1a), 4.19 (dd, 1H, J1b,2¼5.0,
J1a,1b¼14.5 Hz, H-1b), 4.17 (dd, 1H, J1b,2¼5.0, J1a,1b¼
14.5 Hz, H-1b), 4.13 (dd, 1H, J1b,2¼6.7, J1a,1b¼14.3 Hz,
H-1b), 3.82 (t, 4H, J¼7.8 Hz, 2 CH3CH2CH2O), 3.01 (d,
1H, J¼13.2 Hz, Heq of ArCH2Ar), 3.00 (d, 1H, J¼
13.2 Hz, Heq of ArCH2Ar), 2.98 (d, 2H, J¼13.2 Hz, 2 Heq

of 2 ArCH2Ar), 2.45 (t, 4H, J¼7.0 Hz, 2 ArCH2CH2CH2),
2.31–2.28 (m, 1H, OH), 2.25 (t, 2H, J¼7.6 Hz,
ArCH2CH2CH2), 2.21 (t, 2H, J¼7.6 Hz, ArCH2CH2CH2),
1.00 (t, 3H, J¼7.5 Hz, CH3CH2CH2O), 0.98 (t, 3H,
J¼7.5 Hz, CH3CH2CH2O), 0.92 (t, 6H, J¼7.5 Hz, 2
CH3CH2CH2O). 13C NMR: d 161.8 (C), 155.3 (C), 154.5
(C), 154.2 (C), 138.3 (C), 137.9 (C), 137.8 (C), 135.5 (C),
135.4 (C), 134.9 (C), 134.1 (C), 133.9 (C), 133.6 (C),
133.4 (C), 128.5–127.6 (CH), 87.0 (CH), 79.0 (CH), 78.6
(CH), 78.0 (CH), 76.6 (CH2), 76.4 (CH), 75.5 (CH2), 75.0
(CH2), 74.9 (CH2), 73.4 (CH2), 73.1 (CH2), 72.7 (CH2),
68.6 (CH2), 61.8 (CH2), 46.1 (CH2), 34.2 (CH2), 31.3
(CH2), 30.8 (CH2), 30.4 (CH2), 26.9 (CH2), 23.2 (CH2),
23.0 (CH2), 10.5 (CH3), 10.1 (CH3). MALDI-TOF MS
(2639.27): 2662.6 (M++Na), 2678.4 (M++K). Anal. Calcd
for C160H180N12O23: C, 72.81; H, 6.87; N, 6.37. Found: C,
72.98; H, 6.96; N, 6.53.

4.1.7. 5,11,17,23-Tetrakis[1-(2,5-anhydro-1-deoxy-D-allo-
hexitol-1-yl)-1H-tetrazol-5-yloxypropyl]-25,26,27,28-tet-
rapropoxy-calix[4]arene (7a). Avigorously stirred mixture
of 5a (33 mg, 0.012 mmol), 20% palladium hydroxide on
carbon (35 mg), and AcOH (2 mL) was degassed under vac-
uum and saturated with hydrogen (by an H2-filled balloon) 10
times. The suspension was stirred at rt for 8 h under a slightly
positive pressure of hydrogen (balloon) and then concen-
trated. A suspension of the residue in CH3OH was filtered
through a plug of cotton and concentrated. The crude product
was eluted from a C18 silica gel cartridge (1.5�2 cm, d�h)
with CH3OH to give 7a (18 mg, 90%) as a colorless syrup;
[a]D �16.4 (c 0.7, CH3OH). 1H NMR (400 MHz, CD3OD):
d 6.51 (s, 8H, Ar calix.), 4.40 and 3.07 (2d, 8H, J¼13.1 Hz,
4 ArCH2Ar), 4.37 (t, 8H, J¼6.5 Hz, 4 ArCH2CH2CH2),
4.37 (dd, 4H, J1a,2¼4.7, J1a,1b¼14.5 Hz, 4 H-1a), 4.32 (dd,
4H, J1b,2¼6.5 Hz, 4 H-1b), 4.13 (ddd, 4H, J2,3¼6.1 Hz, 4
H-2), 3.96 (dd, 4H, J3,4¼5.5 Hz, 4 H-3), 3.92 (dd, 4H, J4,5¼
3.9 Hz, 4 H-4), 3.85 (ddd, 4H, J5,6a¼3.8, J5,6b¼4.5 Hz, 4
H-5), 3.82 (t, 8H, J¼7.5 Hz, 4 CH3CH2CH2O), 3.53 (dd,
4H, J6a,6b¼11.8 Hz, 4 H-6a), 3.48 (dd, 4H, 4 H-6b), 2.44 (t,
8H, J¼7.3 Hz, 4 ArCH2CH2CH2), 2.00–1.90 (m, 16H, 4
ArCH2CH2CH2, 4 CH3CH2CH2O), 1.01 (t, 12H, J¼7.4 Hz,
4 CH3CH2CH2O). 13C NMR (CD3OD): d 163.0 (C), 156.1
(C), 136.1 (C), 135.2 (C), 129.3 (CH), 86.6 (CH), 81.2
(CH), 78.0 (CH2), 74.2 (CH), 74.1 (CH2), 72.8 (CH), 63.3
(CH2), 48.8 (CH2), 31.9 (CH2), 31.7 (CH2), 24.4 (CH2),
10.9 (CH3). MALDI-TOF MS (1681.84): 1704.7 (M++Na).
Anal. Calcd for C80H112N16O24: C, 57.13; H, 6.71; N,
13.33. Found: C, 57.20; H, 6.89; N, 13.41.

4.1.8. 5,11,17,23-Tetrakis[1-(2,6-anhydro-1-deoxy-D-
glycero-L-manno-heptitol-1-yl)-1H-tetrazol-5-yloxy-
propyl]-25,26,27,28-tetrapropoxy-calix[4]arene (7b).
The glycocluster 5b (32 mg, 0.01 mmol) was debenzylated
as described for the preparation of 7a to give, after a similar
purification, 7b (15 mg, 85%) as a colorless syrup; [a]D +0.8
(c 0.3, CH3OH). 1H NMR (400 MHz, CD3OD): d 6.52 (s, 8H,
Ar calix.), 4.54 (dd, 4H, J1a,2¼2.3, J1a,1b¼14.5 Hz, 4 H-1a),
4.40 and 3.07 (2d, 8H, J¼13.0 Hz, 4 ArCH2Ar), 4.37 (t, 8H,
J¼7.5 Hz, 4 ArCH2CH2CH2), 4.30 (dd, 4H, J1b,2¼7.8 Hz, 4
H-1b), 3.88 (dd, 4H, J4,5¼3.0, J5,6¼0.5 Hz, 4 H-5), 3.82 (t,
8H, J¼7.4 Hz, 4 CH3CH2CH2O), 3.64 (dd, 4H, J6,7a¼6.0,
J7a,7b¼11.0 Hz, 4 H-7a), 3.62–3.54 (m, 12H, 4 H-2, 4
H-3, 4 H-7b), 3.48 (dd, 4H, J3,4¼8.6 Hz, 4 H-4), 3.42 (ddd,
4H, J6,7b¼5.8 Hz, 4 H-6), 2.43 (t, 8H, J¼7.2 Hz, 4
ArCH2CH2CH2), 2.00–1.88 (m, 16H, 4 ArCH2CH2CH2, 4
CH3CH2CH2O), 1.01 (t, 12H, J¼7.5 Hz, 4 CH3CH2CH2O).
13C NMR (CD3OD): d 163.1 (C), 156.1 (C), 136.1 (C),
135.3 (C), 129.3 (CH), 80.1 (CH), 79.1 (CH), 78.0 (CH2),
76.2 (CH), 74.0 (CH2), 70.5 (CH), 62.3 (CH2), 48.4 (CH2),
32.0 (CH2), 31.6 (CH2), 24.4 (CH2), 10.8 (CH3). MALDI-
TOF MS (1801.94): 1825.6 (M++Na), 1841.6 (M++K).
Anal. Calcd for C84H120N16O28: C, 55.99; H, 6.71; N,
12.44. Found: C, 56.27; H, 6.82; N, 12.58.

4.1.9. 5,11,17,23-Tetrakis[1-(2,6-anhydro-1-deoxy-D-
glycero-D-gulo-heptitol-1-yl)-1H-tetrazol-5-yloxy-
propyl]-25,26,27,28-tetrapropoxy-calix[4]arene (7c). The
glycocluster 5c (32 mg, 0.01 mmol) was debenzylated as
described for the preparation of 7a to give, after a similar pu-
rification, 7c (14.5 mg, 81%) as a colorless syrup; [a]D�4.9
(c 0.5, CH3OH). 1H NMR (400 MHz, CD3OD): d 6.50 (s, 8H,
Ar calix.), 4.55 (dd, 4H, J1a,2¼2.8, J1a,1b¼14.8 Hz, 4 H-1a),
4.40 and 3.06 (2d, 8H, J¼13.2 Hz, 4 ArCH2Ar), 4.37 (t,
8H, J¼7.2 Hz, 4 ArCH2CH2CH2), 4.30 (dd, 4H, J1b,2¼
8.0 Hz, 4 H-1b), 3.82 (t, 8H, J¼7.4 Hz, 4 CH3CH2CH2O),
3.73 (dd, 4H, J6,7a¼2.3, J7a,7b¼12.0 Hz, 4 H-7a), 3.65
(ddd, 4H, J2,3¼9.5 Hz, 4 H-2), 3.60 (dd, 4H, J6,7b¼5.3 Hz,
4 H-7b), 3.38 (dd, 4H, J3,4¼J4,5¼8.7 Hz, 4 H-4), 3.29 (dd,
4H, J5,6¼9.5 Hz, 4 H-5), 3.22 (dd, 4H, 4 H-3), 3.18 (ddd,
4H, 4 H-6), 2.43 (t, 8H, J¼7.2 Hz, 4 ArCH2CH2CH2),
1.99–1.90 (m, 16H, 4 ArCH2CH2CH2, 4 CH3CH2CH2O),
1.01 (t, 12H, J¼7.5 Hz, 4 CH3CH2CH2O). 13C NMR
(CD3OD): d 163.1 (C), 156.1 (C), 136.1 (C), 135.2 (C),
129.3 (CH), 81.6 (CH), 79.6 (CH), 78.4 (CH), 78.0 (CH2),
74.1 (CH2), 73.2 (CH), 71.4 (CH), 62.7 (CH2), 48.3 (CH2),
32.0 (CH2), 31.6 (CH2), 24.4 (CH2), 10.8 (CH3). MALDI-
TOF MS (1801.94): 1825.7 (M++Na), 1840.7 (M++K).
Anal. Calcd for C84H120N16O28: C, 55.99; H, 6.71; N,
12.44. Found: C, 56.11; H, 6.92; N, 12.62.
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