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Lectin-carbohydrate interactions are responsible for several
cellular processes involved in the immune system and the
development of certain types of cancer. To further under-
standing of the cellular responses triggered by these interac-
tions, complex carbohydrates are designed and prepared.
Here, we describe the synthesis of a family of multivalent
glycoclusters based on carbohydrate cores bearing thiolact-
osides or thiogalactosides as recognition elements with struc-
tural valencies ranging from 2 to 8. The synthetic strategy
involves a key ruthenium-catalyzed cycloaddition reaction

Introduction

The synthesis of multivalent ligands over the last years
has been addressed in many ways in the search for improved
methodologies to obtain high-valency glycoclusters through
high-yielding optimized processes.[1] Indeed, glycoclusters
that interfere with carbohydrate-protein recognition pro-
cesses are seen as promising chemotherapeutics owing to
the relevance of these interactions in triggering many cellu-
lar recognition processes such as viral and bacterial infec-
tions, inflammation and tumor metastasis.[2] The multi-
valent display of sugar residues, leading to the so-called
“cluster effect”, is used by natural systems to overcome the
usually weak binding affinities displayed in these pro-
cesses.[3]

The study of protein-carbohydrate interactions and the
development of new chemotherapeutic agents have
prompted the synthesis of a variety of multivalent glycocon-
jugates such as glycoclusters,[1a] glycodendrimers[1a] and
glycopolymers.[4] Thus, owing to the availability of these
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between symmetric disubstituted alkynes bearing two
thiosugar units and azide-containing carbohydrate scaffolds.
This methodology afforded high-valency glycoconjugates in
good to excellent yields. Binding affinities of the synthetic β-
thiolactosides for peanut lectin were measured by isothermal
titration calorimetry. These titrations revealed micromolar af-
finities as well as a multivalent effect. A tetravalent glycocon-
jugate based on a trehalose scaffold displayed the highest
binding affinity.

synthetic multivalent ligands, the “cluster effect” has been
studied in detail for several lectin systems over recent
years.[5]

Scaffolds of diverse properties, structure, flexibility, and
valency have been employed for the preparation of multi-
valent ligands useful for biomedical applications.[6] Small
C4-symmetric calix[4]arenes[7] and porphyrin[8] cores were
used as scaffolds of multivalent ligands of pharmaceutical
interest. In addition, large-sized dendrimers,[9] nanopar-
ticles[10] and highly-flexible supramolecular platforms like
rotaxanes[11] and polymers[12] have also been employed for
the synthesis of promising anti-adhesive agents for toxins
and other relevant lectins. Carbohydrates, including mono-
saccharides, disaccharides, oligosaccharides and cyclodex-
trins, have been used as scaffolds in the synthesis of multi-
valent ligands.[13] These materials may be more appropriate
for in vivo applications than aromatic or polymeric scaf-
folds, owing to their biocompatibility.

In order to connect the different sugar epitopes or re-
cognition elements to the scaffold, the copper-catalyzed al-
kyne–azide cycloaddition has become a powerful tool in
bioorganic chemistry, because this reaction leads exclusively
to 4-substituted 1,2,3-triazoles in high yields.[14] Using this
reaction, we have successfully coupled a variety of carbo-
hydrate epitopes armed with alkynyl linkers to azide-func-
tionalized sugar scaffolds affording multivalent glycoclus-
ters: multimannosides,[13c] multilactosides,[15] multimeric
heptylmannosides,[16] and multi thiogalactosides.[17]

Furthermore, it has been reported that ruthenium-cata-
lyzed alkyne-azide cycloaddition (RuAAC) reactions readily
engage internal alkynes under catalysis with Cp*RuCl-
(PPh3)2 or Cp*RuCl(COD) providing access to fully-substi-
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tuted 1,2,3-triazoles.[18] The RuAAC reaction could be use-
ful for the synthesis of high-valency glycoclusters from scaf-
folds having a limited number of azide groups.

We report here the cycloaddition reaction of internal (di-
substituted) alkynes with azides by using RuII catalysis as a
key step in the synthesis of high-valency glycoclusters. This
methodology overcomes the limitation imposed by the
number of azido groups on the oligosaccharide scaffold as
“clickable” epitopes. Consequently, the number of recogni-
tion elements coupled to the scaffold can be doubled in one
reaction step. The usefulness of this new approach is dem-
onstrated here by the synthesis of multi-thiogalactosides
and multi-thiolactosides. So far, the RuAAC reaction has
been primarily used for simple azides and terminal alkynes.
To the best of our knowledge, there are only two examples
in which RuAAC has been applied to connect sugar azides
to terminal alkynes, but not disubstituted ones.[19] In this
work we use RuAAC as a key step for the preparation of
multivalent glycoclusters.

Results and Discussion

The strategy involves the synthesis of a symmetric alkyne
linker functionalized with two sugar residues (Scheme 1).
Starting diol 1 was converted into dibromide 2 by reaction
with PPh3–CBr4 (76% yield).[20] The disubstituted alkyne
carrying two thiogalactose units was prepared by reaction
of 2 with isothiouronium salt 3 to give 4 (80% yield).[17] On
the other hand, the preparation of 6 from thiogalactoside 5
and dibromide 2 was achieved in 71 % yield under stronger
basic conditions, such as treatment with MeOLi-MeOH,
followed by acetylation.[21]

The simplicity of the NMR spectra of compounds 4 and
6 confirmed the advantages of symmetric precursors in
terms of characterization. For example, the NMR spectra
of 4 and 6 showed a single set of carbohydrate signals corre-

Scheme 1. Synthesis of symmetric alkyne linkers 4 and 6.
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sponding to the symmetric galactose and lactose epitopes.
For these compounds and their derivatives, the signal of the
anomeric carbon linked to the sulfur (ca. 85 ppm in the 13C
NMR spectrum) was considered diagnostic, confirming the
presence of such residues in the final products.

These dimers were coupled to two different azide-con-
taining scaffolds previously prepared: azidoglucose 7 and
diazidotrehalose 10.[17] Dithiogalactoside 4 was used in the
first instance for optimization of the ruthenium-catalyzed
cycloaddition. In this reaction, it was shown that the alkyne
should be added first, followed by the addition of the azide,
because the latter may react with the ruthenium catalyst
forming inactive [Cp*RuCl] tetraazadiene complexes.[18c]

Alternatively, a solution of both the azide and the alkyne
can be added to the catalyst dissolved in the chosen solvent.
Thus, a dioxane solution of 4 and 7 was added to the
Cp*RuCl(COD) catalyst dissolved in dioxane under an ar-
gon atmosphere. The reaction mixture was stirred at room
temperature until TLC indicated complete consumption of
the starting material. In this way, dithiogalactoside 8 was
obtained in 72% yield after work-up and purification by
column chromatography. The reaction between 4 and 10
carried out under the same conditions afforded tetrathiogal-
actoside 11 in 65% yield. Deacetylation of 8 and 11 led to
free glycoclusters 9 and 12, respectively, in excellent yields
(Scheme 2).

Reaction of 7 and 10 with dithiolactoside 6 afforded di-
and tetra-thiolactosides 14 and 16, respectively (Scheme 3).

These results confirmed that the proposed strategy had
high potential for the preparation of the target glycoclus-
ters. Higher-valency derivatives could be easily accessed by
simple modification of the scaffolds by using the same strat-
egy to double the number of clickable positions. Thus,
mono-azide scaffold 7 was converted into diazide 19, by a
RuAAC reaction, using diol 17 followed by functional
group manipulation (Scheme 4). The same sequence applied
to 6,6�-diazidotrehalose (10) afforded tetraazido derivative
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Scheme 2. RuAAC of symmetric dithiogalactoside 4 to azide-containing sugar scaffolds 7 and 10.

Scheme 3. RuAAC of symmetric dithiolactoside 6 to azide-containing sugar scaffolds 7 and 10.

21. It should be mentioned that the first attempts to per-
form the dipolar cycloaddition reaction directly between 7
and dibromide 2 were unsuccessful. Probably dibromide 2
reacts with the ruthenium catalyst rendering it inactive for
the azide–alkyne cycloaddition.

www.eurjoc.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2013, 972–983974

Reaction of scaffold 19 with dithiogalactoside derivative
4, in the presence of ruthenium catalyst, led to tetravalent
compound 22 in 81% yield. Although dithiolactoside 6
showed a lower reactivity than 4, tetralactoside 24 was ob-
tained in 64% yield (Scheme 5).
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Scheme 4. Strategy used to double the number of clickable positions: synthesis of 19 and 21.

The NMR spectra of 22 showed that the four β-thio-
galactose residues are not exactly equivalent, and the sig-
nals for the anomeric carbon atoms in the 13C NMR spec-

Scheme 5. Synthesis of tetravalent glycoclusters 23 and 25.
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trum appeared as two close peaks. This fact could be as-
cribed to some conformational restriction or a different chi-
ral environment leading to differentiation of the four resi-



A. J. Cagnoni, O. Varela, M. L. Uhrig, J. KovenskyFULL PAPER

Scheme 6. Synthesis of octavalent glycocluster 27.

dues in two pairs. The same pattern was observed in the 13C
NMR spectra (anomeric region) of tetrathiolactose glyco-
cluster 24.

The most relevant result was the synthesis of octavalent
thiolactoside 26, which was obtained by reaction of 21 and
6 in a 1:4 ratio. After 6 h of stirring at room temperature,
the cycloaddition reaction occurred on the four azide
groups attached to the trehalose scaffold, leading to 26 in
68 % yield, in a single step (Scheme 6).

Remarkably, the NMR spectra of octavalent glycoclus-
ters 26 and 27 were quite simple, owing to the symmetry of
the molecules, showing that the lactose residues are almost
equivalent. Nevertheless, the molecular weight, indicating
the presence of 18 monosaccharides and 6 triazole rings,
was confirmed by mass spectrometry.

Isothermal Titration Calorimetry

Peanut (Arachis Hypogaea) agglutinin (PNA) is a homo-
tetrameric legume lectin, specific to galactose at the mono-
saccharide level, although it displays a higher affinity

Table 1. Termodynamic binding parameters of the synthetic glycoclusters related to lactose that were used as reference. Val refers to the
structural valency of the ligand; n is the stoichiometry of the binding; Pot rel is the relative potency of the ligand referred to the lactose
reference; Pot rel/lac is the corrected potency on a lactose molar basis.

Compound val n Ka ΔH TΔS ΔG Pot rel Pot rel/lac
�10–3 m–1 [kcalmol–1] [kcalmol–1] [kcal mol–1]

Lactose 1 0.98 2.46 –10.9 –6.3 –4.6 1 1
14 2 0.52 46.2 –18.8 –12.5 –7.3 18.8 9
16 4 0.26 339 –49.3 –38.7 –10.6 137.8 34
25 4 0.43 237 –34.7 –23.8 –10.9 96.3 24
27 8 0.18 296 –79.5 –68.5 –11.0 120.3 15
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towards lactose derivatives.[22] It has previously been used
as a model lectin to study the cluster effect in multivalent
ligands.[22c] In particular, isothermal titration calorimetry
(ITC) analysis is a useful tool for the determination of the
thermodynamic parameters of binding (K, ΔG, ΔH, ΔS and
n). Glycoclusters 14, 16, 25 and 27, bearing thiolactose resi-
dues as recognition elements, were evaluated as ligands for
PNA by using lactose as reference compound (Table 1).

Divalent derivative 14 showed a multivalent effect and its
binding affinity was 18.8-fold higher than lactose (9-fold
higher on a lactose molar basis).

The values obtained for tetravalent derivatives 16 and 25
showed the influence of the scaffold, which determines the
ligand presentation, on the affinity for PNA. Tetrathiolact-
ose 25 binds to PNA with a relative potency of 96.3 relative
to lactose, which means a 24-fold enhancement on a lactose
molar basis.

On the other hand, tetravalent compound 16 (Figure 1),
based on the trehalose scaffold, showed a 137.8-fold higher
binding affinity (34-fold on a lactose basis). This scaffold
may provide a different arrangement of thiolactosides fac-
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Figure 1. Experimental calorimetric data associated with the isothermal titration at 298 K of PNA (50 μm) with (a) lactose (3 mm) and
(b) compound 16 (1 mm).

ing different directions (two of them opposite to the other
two), which could explain the differences observed. The n
values suggest that four lectin molecules would bind to
compound 16 (trehalose scaffold, n = 0.26), whereas com-
pound 25 (glucose scaffold, n = 0.43) would only accommo-
date two or three lectin molecules. These facts suggest that
some of the sugar epitopes in 25 do not participate in the
binding process. The affinity constants values observed Ka

= 339 and 237 mm for 16 and 25, respectively, are consistent
with this assumption.

The binding enthalpies of multivalent glycoclusters to the
lectin increase almost linearly with the number of thiolact-
ose residues. As shown in Table 1, the entropic terms in-
crease concomitantly. The relatively narrow range of bind-
ing free-energies provides binding curves consistent with a
single site model, indicating a compensation of enthalpy
and entropy factors for these glycoclusters.

Octathiolactoside 27 showed, however, a lower binding
affinity than tetravalent glycocluster 16, with a 96.3-fold in-
crease relative to lactose (15-fold on a lactose basis). The
optimal valency was four thiolactoside epitopes for the tre-
halose scaffold.

Conclusions
In conclusion, we have developed an efficient and atom-

economic strategy for the synthesis of multivalent thio-
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galactosides and thiolactosides with valencies that range
from 2 to 8. This methodology overcomes the limitations
regarding the number of recognition elements imposed by
the number of clickable groups on the scaffolds. A renewed
synthetic potential for the oligosaccharide scaffolds can be
envisaged, because the number of sugar epitopes connected
in a single cycloaddition step is now doubled. Moreover,
these high-valency glycoclusters, based on oligosaccharide
scaffolds carrying free hydroxy groups, are expected to dis-
play high solubility and compatibility in biological media.

The parameters associated to the interaction between the
synthetic ligands and the peanut lectin, determined by ITC
measurements, provided insights into the binding mode. All
glycoclusters exhibited higher binding affinities than lactose
used as reference. Moreover, a significant binding improve-
ment was observed in the case of tetravalent glycoclusters
relative to divalent ones (24- or 34-fold on a lactose basis).
The differences observed between two tetravalent glycoclus-
ters 16 and 25 may be because of the spatial arrangement of
the sugar epitopes, suggesting the effect of subtle structural
differences of the scaffold on the presentation of the sugar
epitopes to the lectin. The binding affinity shown by octa-
valent compound 27 was higher than that of tetravalent
glycocluster 25, but lower than that of 16.

Although PNA is a tetrameric lectin, a chelate effect does
not seem possible because, from our preliminary calcula-
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tions, the distance between the sugar epitopes is approxi-
mately 20 Å which is much less than the shortest separation
of the lectin binding sites (70 Å).[22] Thus, the increment
in binding affinity observed may be attributed either to a
multivalent effect of internal diffusion (sliding mechanism),
in which the proximity of the recognition elements allow
their subsequent binding and recapture by a unique protein;
or to an aggregative process, in which the distance between
the ligands is long enough to allow different lectins to bind
simultaneously to the same glycocluster without steric con-
straints.[23,24]

Experimental Section
General Procedures: Analytical thin layer chromatography (TLC)
was performed on Silica Gel 60 F254 aluminum supported plates
(layer thickness 0.2 mm) with the solvent systems given in the text.
Visualization of the spots was achieved by exposure to UV light or
by charring with a solution of 5% (v/v) sulfuric acid in EtOH,
containing 0.5% p-anisaldehyde. Column chromatography was car-
ried out with Silica Gel 60 (230–400 mesh). Optical rotations were
measured using a 343 Perkin–Elmer instrument at 20 °C in a 10 cm
cell in the stated solvent. [α]D values are given in 10–1 degcm–1 g–1

(concentration c given as g/100 mL). High-resolution mass spectra
(HRMS) were obtained by electrospray ionization (ESI) using a
Micromass-Waters Q-TOF Ultima Global instrument. 1H and 13C
nuclear magnetic resonance (NMR) spectra were recorded at 25 °C
at 500 and 125 MHz, respectively, using a Bruker AC-500 or at 600
and 150 MHz, respectively, using a Bruker AC-600 spectrometer.
Chemical shifts are reported relative to tetramethylsilane or a resid-
ual solvent peak (CHCl3: 1H: δ = 7.26 ppm; 13C: δ = 77.2 ppm).
Assignments of 1H and 13C were assisted by 2D 1H-COSY and 2D
1H-13C CORR experiments. Peak multiplicity is reported as: singlet
(s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad
(br.). The capital letters “G” and “L” refer to galactose and lactose
signals, respectively. Microwave irradiation was performed with a
CEM Discover apparatus (300 W).

Compound 2: Tetrabromomethane (420 mg, 1.265 mmol) was
added to a solution of 1,4-bis(2-hydroxyethoxy)-2-butyne (100 mg,
0.574 mmol) in dichloromethane (1 mL) under an argon atmo-
sphere. The reaction mixture was cooled to 0 °C, and a solution
of triphenylphosphane (330 mg, 1.265 mmol) in dichloromethane
(2 mL) was added dropwise. After stirring for 3 h, the solvent was
evaporated and the residue was purified by flash chromatography
(hexane/EtOAc, 9:1) to obtain pure 2 (131 mg, 76%). Rf = 0.56
(hexane/EtOAc, 3:1). 1H NMR (500 MHz, CDCl3): δ = 4.26 (s, 4
H, CH2–C�C), 3.84 (t, J = 6.2 Hz, 4 H, CH2O), 3.48 (t, J = 6.2 Hz,
4 H, CH2Br) ppm. 13C NMR (125 MHz, CDCl3): δ = 82.4 (C�C),
69.7 (CH2–C�C), 58.5 (CH2O), 30.0 (CH2Br) ppm. C8H12Br2O2

(299.99): calcd. C 32.03, H 4.03, Br 53.27; found C 32.28, H 4.31.
HRMS (ESI): calcd. for C8H12Br2O2 [M + Na]+ 320.9096; found
320.9109.

Compound 4: Triethylamine (189 μL, 1.35 mmol) was added drop-
wise to a solution of 2,3,4,6-tetra-O-acetyl-β-d-galactopyranosyl-
isothiouronium bromide (292 mg, 0.6 mmol) and dibromide 2
(90 mg, 0.3 mmol) in CH3CN (3 mL) at room temperature under
an argon atmosphere. After 8 h, the solvent was evaporated and
the residue was purified by column chromatography (hexane/
EtOAc, 2:3) to afford 4 (208 mg, 80%). [α]D20 = –20.6 (c = 0.3 in
CHCl3). Rf = 0.30 (hexane/EtOAc, 1:1.5). 1H NMR (500 MHz,
CDCl3): δ = 5.44 (dd, J4,5 = 1.0, J3,4 = 3.4 Hz, 1 H, 4-H), 5.22 (t,

www.eurjoc.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2013, 972–983978

J1,2 = J2,3 = 10.0 Hz, 1 H, 2-H), 5.07 (dd, J3,4 = 3.4, J2,3 = 10.0 Hz,
1 H, 3-H), 4.57 (d, J1,2 = 10.0 Hz, 1 H, 1-H), 4.23 (s, 2 H, CH2–
C�C), 4.16 (dd, J5,6a = 6.7, J6a,6b = 11.3 Hz, 1 H, 6-Ha), 4.13 (dd,
J5,6b = 7.6, J6a,6b = 11.3 Hz, 1 H, 6-Hb), 3.95 (ddd, J4,5 = 1.0, J5,6a

= 6.7, J5,6b = 7.6 Hz, 1 H, 5-H), 3.78–3.65 (m, 2 H, CH2O), 2.98,
2.83 (2m, 2 H, CH2S), 2.16, 2.08, 2.05, 1.99 (4s, 12 H, 4
CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ = 170.3, 170.1,
170.0, 169.5 (–COCH3), 84.0 (C-1), 82.2 (–C�C–), 74.4 (C-5), 71.7
(C-3), 69.5 (CH2O), 67.2 (�2) (C-2,C-4), 61.3 (C-6), 58.3 (CH2–
C�C), 29.31 (CH2S), 20.8 (�2), 20.6 (� 2) (CH3CO) ppm.
C36H50O20S2 (866.90): calcd. C 49.88, H 5.81, S 7.40; found C
49.67, H 5.97, S 7.61. HRMS (ESI): calcd. for C36H50O20S2 [M +
Na]+ 889.2229; found 889.2208.

Compound 6: A 1 m LiOMe/MeOH solution (0.5 mL), cooled to
0 °C, was added to 4-O-(2,3,4,6-tetra-O-acetyl-β-d-galactopyrano-
syl)-1-thio-2,3,6-triacetate β-d-glucopyranose (80 mg, 0.123 mmol).
After 30 min, dibromide 2 (18.5 mg, 0.0613 mmol) was added and
the reaction mixture was stirred for 2 h at room temperature. The
mixture was neutralized with acetic acid, concentrated, and the res-
idue was treated overnight with acetic anhydride (1 mL) in pyridine
(1 mL) at room temperature. Upon concentration and purification
by column chromatography (hexane/EtOAc, 3:7) compound 6 was
obtained (63 mg, 71%). [α]D20 = –37.6 (c = 0.5, CHCl3). Rf = 0.30
(hexane/EtOAc, 1:2). 1H NMR (500 MHz, CDCl3): δ = 5.36 (dd,
J4�,5� = 0.9, J3�,4� = 3.4 Hz, 1 H, 4�-H), 5.22 (t, J2,3 = J3,4 = 9.2 Hz,
1 H, 3-H), 5.12 (dd, J1�,2� = 7.9, J2�,3� = 10.4 Hz, 1 H, 2�-H), 4.98
(dd, J3�,4� = 3.5, J2�,3� = 10.4 Hz, 1 H, 3�-H), 4.93 (t, J1,2 = J2,3 =
9.7 Hz, 1 H, 2-H), 4.58 (d, J1,2 = 10.0 Hz, 1 H, 1-H), 4.53 (dd, J5,6a

= 2.0, J6a,6b = 12.0 Hz, 1 H, 6-Ha), 4.50 (d, J1�,2� = 7.9 Hz, 1 H,
1�-H), 4.22 (s, 2 H, CH2–C�C–), 4.16 (dd, J5�,6�a = 6.3, J6�a,6�b =
11.2 Hz, 1 H, 6�-Ha), 4.13 (dd, J5�,6�b = 7.4, J6�a,6�b = 11.1 Hz, 1 H,
6�-Hb), 4.11 (dd, J5,6b = 5.1, J6a,6b = 12.0 Hz, 1 H, 6-Hb), 3.90
(ddd, J4�,5� = 0.9, J5�,6�a = 6.3, J5�,6�b = 7.4 Hz, 1 H, 5�-H), 3.80 (t,
J3,4 = J4,5 = 9.5 Hz, 1 H, 4-H), 3.72–3.57 (m, 3 H, 5-H, CH2O),
2.92, 2.80 (2m, 2 H, CH2S), 2.17, 2.14, 2.08, 2.07, 2.06 (� 2), 1.98
(7s, 21 H; 7 CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ =
170.3, 170.2, 170.1, 170.0, 169.7, 169.6, 169.0 (–COCH3), 101.1 (C-
1�), 83.4 (C-1), 82.3 (–C�C–), 76.7 (C-5), 76.2 (C-4), 73.7 (C-3),
71.0 (C-3�), 70.7 (C-5�), 70.4 (C-2), 69.7 (CH2O), 69.1 (C-2�), 66.6
(C-4�), 62.2 (C-6), 60.8 (C-6�), 58.4 (CH2–C�C–), 29.5 (CH2S),
20.9 (� 2), 20.7, 20.6, 20.5, 20.4, 20.3 (CH3CO) ppm. C60H82O36S2

(1443.41): calcd. C 49.93, H 5.73, S 4.44; found C 49.70, H 5.44, S
4.69. HRMS (ESI): calcd. for C60H82O36S2 [M + Na]+ 1465.3919;
found 1465.3975.

General Procedure for RuII-Catalyzed Cycloaddition Reaction: Ex-
emplified for the synthesis of compound 8. Cp*RuCl(COD)
(4.0 mg, 0.010 mmol) was added to a tube with a septa cap. The
tube was sealed, then evacuated, and filled with argon. This pro-
cedure was repeated three times. Dioxane (5 mL) was added fol-
lowed by a dioxane solution of compound 4 (433 mg, 0.50 mmol)
and azide 7 (187 mg, 0.50 mmol). The reaction was stirred at room
temperature until TLC analysis indicated complete consumption of
the starting materials (2–4 h). The solvent was evaporated and the
mixture was adsorbed onto silica and purified by flash chromatog-
raphy (hexane/EtOAc) to afford the pure product. (Note: in all re-
actions azide and alkyne were dissolved in the reaction solvent and
added to the solution of the catalyst; azide should not be added
first.)

Compound 8: Yield 72%. [α]D20 = –12.2 (c = 0.2 in CHCl3). Rf =
0.25 (hexane/EtOAc, 1:1). 1H NMR (500 MHz, CDCl3): δ = 5.91
(d, J1,2 = 9.4 Hz, 1 H, 1-H), 5.82 (t, J1,2 = J2,3 = 9.4 Hz, 1 H, 2-
H), 5.37 (m, 3 H, 3-H, 4�-H, 4��-H), 5.22 (t, J3,4 = J4,5 = 9.8 Hz, 1
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H, 4-H), 5.15, 5.13 (2t, J1�,2� = J2�,3� = J2��,3�� = 10.0 Hz, 2 H, 2�-H,
2��-H), 5.01, 4.99 (2dd, J3�,4� = J3��,4�� = 3.4, J2�,3� = J2��,3�� = 9.9 Hz,
2 H, 3�-H, 3��-H), 4.70, 4.60 (2s, 4 H, CH2-triazole), 4.49 (d, J1�,2�

= J1��,2�� = 9.9 Hz, 2 H, 1�-H, 1��-H), 4.24 (dd, J5,6a = 4.7, J6a,6b =
12.6 Hz, 1 H, 6-Ha), 4.13 (dd, J5,6b = 2.0, J6a,6b = 12.6 Hz, 1 H, 6-
Hb), 4.10–3.96 (m, 5 H, 5-H, 6�-Ha, 6�-Hb, 6��-Ha, 6��-Hb), 3.90
(m, 2 H, 5�-H, 5��-H), 3.65 (m, 4 H, 2� CH2O), 2.94, 2.80 (2m, 4
H, CH2S), 2.09 (� 2), 2.02, 2.01, 2.00, 1.99, 1.98, 1.97, 1.96, 1.92,
1.91, 1.81 (12s, 36 H; 12 CH3CO) ppm. 13C NMR (125 MHz,
CDCl3): δ = 170.3, 170.2, 170.0, 169.9, 169.5, 169.2, 168.6
(–COCH3), 143.7, 132.2 (C-triazole), 85.2 (C-1), 83.9, 83.7 (C-1�,
C-1��), 74.7 (C-5), 74.4, 74.3 (C-5�, C-5��), 73.1 (C-3), 71.7, 71.6
(C-3�, C-3��), 70.1, 70.0, 69.8 (C-2, 2� CH2O), 67.5 (C-4), 67.2
( � 2), 67.1, 67.0 (C-2�, C-2��, C-4�, C-4��), 63.5, 60.0 (2� CH2-
triazole), 61.5, 61.2, 61.0 (C-6, C-6�, C-6��), 29.4, 29.1 (2� CH2S),
20.8 (� 2), 20.7, 20.6, 20.5, 20.4, 20.3, 20.2, 20.1 (CH3CO) ppm.
C50H69N3O29S2 (1240.22): calcd. C 48.42, H 5.61, N 3.39, S 5.17;
found C 48.17, H 5.44, N 3.28, S 4.94. HRMS (ESI): calcd. for
C50H69N3O29S2 [M + H]+ 1240.3532; found 1240.3531.

Compound 11: Yield 65%. [α]D20 = +8.8 (c = 0.1 in CHCl3). Rf =
0.33 (hexane/EtOAc, 1:5). 1H NMR (500 MHz, CDCl3): δ = 5.43
(t, J2,3 = J3,4 = 9.5 Hz, 1 H, 3-H), 5.37 (m, 2 H, 2 � 4-HG), 5.13
(2t, J1G,2G = J2G,3G = 10.0 Hz, 2 H, 2� 2-HG), 5.00 (m, 3 H, 2-
H, 2� 3-HG), 4.92 (t, J3,4 = J4,5 = 9.5 Hz, 1 H, 4-H), 4.67 (d, J1,2

= 3.7 Hz, 1 H, 1-H), 4.57–4.47 (m, 6 H, 5-H, 2� 1-HG, 2� CH2-
triazole), 4.45 (d, J1G,2G = 10.0 Hz, 1 H, 1-HG), 4.40 (dd, J5,6a =
8.9, J6a,6b = 14.4 Hz, 1 H, 6-Ha), 4.33 (dd, J5,6b = 3.0, J6a,6b =
14.4 Hz, 1 H, 6-Hb), 4.10–4.00 (m, 4 H, 2� 6-HaG, 2� 6-HbG),
3.90 (ddd, J4G,5G = 1.0, J5G,6aG = 6.7, J5G,6bG = 7.8 Hz, 2 H, 2�

5-HG), 3.65, 3.55 (2m, 4 H, 2� CH2O), 2.87, 2.74 (2m, 4 H, 2�

CH2S), 2.12, 2.11, 2.10, 2.00, 1.99, 1.98, 1.97, 1.96, 1.92, 1.91, 1.90
(11s, 33 H, 11 CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ =
170.0, 169.9, 169.5, 169.2, 168.6 (–COCH3), 142.8, 132.5 (C-tri-
azole), 91.2 (C-1), 83.9, 83.6 (2� C-1G), 74.3, 74.2 (2� C-5G),
71.7 (2 � C-3G), 70.4 (C-4), 69.9 (C-3), 69.9, 69.8 (2� CH2O), 68.6
(C-5), 68.5 (C-2), 67.2 (� 2), 67.1, 67.0 (2� C-2G, 2� C-4G),
63.5, 59.8 (2� CH2-triazole), 61.2, 61.1 (2� C-6G), 49.1 (C-6),
29.4, 29.0 (2� CH2S), 21.0, 20.8, 20.7, 20.6, 20.5, 20.4, 20.3, 20.2,
20.1 (CH3CO) ppm. C96H132N3O55S4 (2336.33): calcd. C 48.48, H
5.59, N 3.53, S 5.39; found C 48.33, H 5.41, N 3.31, S 5.61. HRMS
(ESI): calcd. for C96H132N3O55S4 [M + H]+ 2377.6672; found
2377.6683.

Compound 13: Yield 82%. [α]D20 = +12.2 (c = 0.3 in CHCl3). Rf =
0.25 (hexane/EtOAc, 1:4). 1H NMR (500 MHz, CDCl3): δ = 5.96
(d, J1,2 = 9.4 Hz, 1 H, 1-H), 5.85 (t, J1,2 = J2,3 = 9.4 Hz, 1 H, 2-
H), 5.41 (t, J2,3 = J3,4 = 9.4 Hz, 1 H, 3-H), 5.33 (m, 2 H, 2� 4�-
HL), 5.26 (t, J3,4 = J4,5 = 9.8 Hz, 1 H, 4-H), 5.19, 5.17 (2t, J2L,3L

= J3L,4L = 9.2 Hz, 2 H, 2� H-3L), 5.08, 5.06 (2dd, J1�L,2�L = 8.0,
J2�L,3�L = 10.4 Hz, 2 H, H-2�L), 4.98, 4.97 (2dd, J3�L,4�L = 3.4,
J2�L,3�L = 10.4 Hz, 2 H, 2� H-3�L), 4.92, 4.89 (2t, J2L,3L = 9.2,
J1L,2L = 9.5 Hz, 2 H, 2� H-2L), 4.73, 4.64 (2s, 4 H, CH2-triazole),
4.53, 4.51, 4.47 (m, 6 H, 2 � H-1L, 2 � H-1�L, 2� H-6aL), 4.28
(dd, J5,6a = 4.7, J6a,6b = 12.6 Hz, 1 H, 6-Ha), 4.17 (dd, J5,6b = 2.1,
J6a,6b = 12.6 Hz, 1 H, 6-Hb), 4.12–3.99 (m, 7 H, 5-H, 2� H-6bL,
2� H-6a�L, 2� H-6b�L), 3.89 (m, 2 H, 2� H-5�L), 3.81, 3.79 (2t,
J3L,4L = J4L,5L = 9.5 Hz, 2 H, 2� H-4L), 3.72–3.57 (m, 6 H, 2�

H-5L, 2 � CH2O), 2.89, 2.76 (2m, 4 H, 2� CH2S), 2.13, 2.09 (�

2), 2.06, 2.05, 2.04, 2.03, 2.02, 2.01, 2.00, 1.99, 1.98, 1.97, 1.96, 1.92,
1.91, 1.85, 1.81 (18s, 54 H, 18 CH3CO) ppm. 13C NMR (125 MHz,
CDCl3): δ = 171.1, 170.5, 170.4, 170.3, 170.2, 170.1, 170.0, 169.9,
169.6, 169.5, 169.3, 169.2, 168.6 (–COCH3), 143.8, 132.6 (C-tri-
azole), 101.1 (2 � C-1�L), 85.1 (C-1), 83.9, 83.7 (2� C-1L), 76.7
(2� C-5L), 76.1, 76.0 (2� C-4L), 74.7 (C-5), 73.7, 73.6 (2� C-
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3L), 73.2 (C-3), 71.0, 70.9 (2� C-3�L), 70.6 (2� C-5�L), 70.3, 70.2,
70.1, 70.0, 69.9 (C-2, 2� C-2L, 2 � CH2O), 69.1 (C-2�L), 67.6 (C-
4), 66.6 (2� C-4�L), 62.1, 61.9 (2� C-6L), 61.6 (C-6), 63.4, 60.0
(2� CH2-triazole), 60.7, 60.6 (2� C-6�L), 29.5, 29.3 (2 � CH2S),
20.8 (� 2), 20.7, 20.6, 20.5, 20.4, 20.3, 20.2, 20.1, 20.0
(CH3CO) ppm. C74H101N3O45S2 (1816.73): calcd. C 48.92, H 5.60,
N 2.31, S 3.53; found C 48.70, H 5.44, N 2.40, S 3.69. HRMS
(ESI): calcd. for C74H101N3O45S2 [M + Na]+ 1838.5041; found
1238.5012.

Compound 15: Yield 55%. [α]D20 = +8.8 (c = 0.4 in CHCl3). Rf =
0.19 (hexane/EtOAc, 1:5). 1H NMR (500 MHz, CDCl3): δ = 5.47
(t, J2,3 = J3,4 = 9.5 Hz, 1 H, 3-H), 5.34 (m, 2 H, 2� H-4�L), 5.17
(t, J2L,3L = J3L,4L = 9.2 Hz, 2 H, 2� H-3L), 5.12–5.04 (m, 3 H, 2-
H, 2� H-2�L), 4.98 (m, 3 H, 4-H, 2� H-3�L), 4.89 (t, J1L,2L =
J2L,3L = 9.7 Hz, 2 H, H-2L), 4.69 (d, J1,2 = 3.7 Hz, 1 H, 1-H), 4.62–
4.35 (m, 13 H, 5-H, 6-Ha, 6-Hb, 2� H-1L, 2 � H-6aL, 2� H-1�L,
2� CH2-triazole), 4.15–4.02 (m, 6 H, 2� H-6bL, 2 � H-6a�L, 2�

H-6b�L), 3.89 (ddd, J4�L,5�L = 1.0, J5�L,6a�L = 6.7, J5�L,6b�L = 7.8 Hz,
2 H, 2� H-5�L), 3.79 (m, 2 H, 2� H-4L), 3.70–3.54 (m, 6 H, 2�

H-5L, 2 � CH2O), 2.87, 2.74 (2m, 4 H, 2� CH2S), 2.16, 2.14 (2�

), 2.10, 2.08, 2.05 (2� ), 2.04 (2� ), 2.03, 2.02, 2.01, 2.00, 1.99,
1.96, 1.95, 1.94 (17s, 51 H, 17 CH3CO) ppm. 13C NMR (125 MHz,
CDCl3): δ = 170.3, 170.2, 170.1, 170.0, 169.9, 169.5, 169.2, 168.6
(–COCH3), 142.8, 132.7 (C-triazole), 101.1, 101.0 (2� C-1�L), 91.3
(C-1), 83.3, 83.1 (2� C-1L), 76.7 (2� C-5L), 76.2, 76.0 (2 � C-
4L), 73.7 (2� C-3L), 70.9, 70.6, 70.5, 70.4, 70.1, 70.0, 69.7, 69.1,
68.5 (C-2, C-3, C-4, C-2L, C-2�L, C-3�L, C-5�L, 2 � CH2O), 66.6
(2� C-4�L), 63.6, 62.1, 61.9, 60.7, 60.6, 60.3, 59.8 (C-5, 2� C-6L,
2� C-6�L, 2 � CH2-triazole), 49.0 (C-6), 29.6, 29.5 (2� CH2S),
21.0, 20.9, 20.8, 20.7, 20.6, 20.5, 20.4, 20.3, 20.2, 20.1
(CH3CO) ppm. C144H196N6O87S4 (3531.36): calcd. C 48.98, H 5.59,
N 2.38, S 3.63; found C 48.69, H 5.84, N 2.41, S 3.69. HRMS
(ESI): calcd. for C144H196N6O87S4 [M + 2Na]2+ 1787.4882; found
1788.4860.

Compound 18: Yield 45%. [α]D20 = –16.1 (c = 0.2 in CHCl3). Rf =
0.29 (EtOAc/MeOH, 9:1). 1H NMR (500 MHz, CDCl3): δ = 6.01
(d, J1,2 = 9.3 Hz, 1 H, 1-H), 5.84 (t, J1,2 = J2,3 = 9.4 Hz, 1 H, 2-
H), 5.42 (t, J2,3 = J3,4 = 9.5 Hz, 1 H, 3-H), 5.27 (t, J3,4 = J4,5 =
9.8 Hz, 1 H, 4-H), 4.82, 4.72 (2s, 4 H, 2� CH2-triazole), 4.32 (dd,
J5,6a = 4.9, J6a,6b = 12.6 Hz, 1 H, 6-Ha), 4.17 (dd, J5,6b = 2.2, J6a,6b

= 12.6 Hz, 1 H, 6-Hb), 4.02 (ddd, J5,6a = 2.2, J5,6b = 4.9, J4,5 =
10.1 Hz, 1 H, 5-H), 3.80–3.62 (m, 8 H, 2� CH2O–, 2 � CH2OH),
3.21, 2.88 (2 br. s, 2 H, 2 � OH), 2.09, 2.07, 2.03, 1.88 (4s, 12 H, 4
CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ = 170.4, 170.1,
169.3, 169.1 (–COCH3), 144.5, 132.8 (C-triazole), 85.9 (C-1), 75.0
(C-5), 72.9 (C-3), 72.9, 72.6 (2� CH2O–), 70.4 (C-2), 67.6 (C-4),
63.8, 60.4 (2� CH2-triazole), 61.6, 61.6, 61.5 (C-6, 2� CH2OH),
20.7, 20.5, 20.4, 20.3 (CH3CO) ppm. C22H33N3O13 (547.52): calcd.
C 48.26, H 6.08, N 7.67; found C 48.17, H 5.94, N 7.48. HRMS
(ESI): calcd. for C22H33N3O13 [M + H]+ 548.2086; found 548.2086.

Compound 18b: Tetrabromomethane (120 mg, 0.361 mmol) was
added to a solution of 18 (50 mg, 0.091 mmol) in dichloromethane
(1 mL) under an argon atmosphere. The reaction mixture was co-
oled to 0 °C and a solution of triphenylphosphane (95 mg,
0.362 mmol) in dichloromethane (1 mL) was added dropwise. After
stirring for 3 h, the solvent was evaporated and the residue was
purified by flash chromatography (hexane/EtOAc, 1:1.5) to obtain
pure 18b (50 mg, 81%). [α]D20 = +8.0 (c = 0.5 in CHCl3). Rf = 0.60
(hexane/EtOAc, 1:2). 1H NMR (500 MHz, CDCl3): δ = 6.05 (d,
J1,2 = 9.3 Hz, 1 H, 1-H), 5.94 (t, J1,2 = J2,3 = 9.4 Hz, 1 H, 2-H),
5.44 (t, J2,3 = J3,4 = 9.5 Hz, 1 H, 3-H), 5.31 (t, J3,4 = J4,5 = 9.8 Hz,
1 H, 4-H), 4.86, 4.75 (2s, 4 H, 2� CH2-triazole), 4.30 (dd, J5,6a =
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4.9, J6a,6b = 12.6 Hz, 1 H, 6-Ha), 4.22 (dd, J5,6b = 2.2, J6a,6b =
12.6 Hz, 1 H, 6-Hb), 4.05 (ddd, J5,6a = 2.2, J5,6b = 4.8, J4,5 =
10.1 Hz, 1 H, 5-H), 3.92–3.82 (m, 4 H, 2� CH2O–), 3.55, 3.51 (2t,
JCH2Br,CH2O = 5.8 Hz, 4 H, 2� CH2Br), 2.11, 2.09, 2.05, 1.90 (4s,
12 H, 4 CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ = 170.5,
170.2, 169.3, 168.6 (–COCH3), 143.8, 132.6 (C-triazole), 85.3 (C-
1), 74.9 (C-5), 73.2 (C-3), 70.4, 70.2 (2� CH2O–), 70.0 (C-2), 67.6
(C-4), 63.9, 60.2 (2� CH2-triazole), 61.6 (C-6), 30.7, 30.3 (2�

CH2Br), 20.8, 20.6, 20.5, 20.4 (CH3CO) ppm. C22H31Br2N3O11

(673.31): calcd. C 39.24, H 4.64, N 6.24; found C 39.17, H 6.44, N
6.28. HRMS (ESI): calcd. for C22H31Br2N3O11 [M + Na]+

694.0218; found 694.0211.

Compound 19: Compound 18b (130 mg, 0.193 mmol) and sodium
azide (50 mg, 0.769 mmol) were dissolved in DMF (4 mL), and the
mixture was stirred at 70 °C for 2 h. The solvent was evaporated
and the residue was purified by column chromatography (hexane/
EtOAc, 1.5:1) to give 19 (103 mg, 89%). [α]D20 = +5.6 (c = 0.6 in
CHCl3). Rf = 0.50 (hexane/EtOAc, 1:2). 1H NMR (500 MHz,
CDCl3): δ = 6.00 (d, J1,2 = 9.3 Hz, 1 H, 1-H), 5.93 (t, J1,2 = J2,3 =
9.3 Hz, 1 H, 2-H), 5.42 (t, J2,3 = J3,4 = 9.4 Hz, 1 H, 3-H), 5.33 (t,
J3,4 = J4,5 = 9.8 Hz, 1 H, 4-H), 4.83, 4.71 (2s, 4 H, 2� CH2-tri-
azole), 4.32 (dd, J5,6a = 4.9, J6a,6b = 12.6 Hz, 1 H, 6-Ha), 4.19 (dd,
J5,6b = 2.2, J6a,6b = 12.6 Hz, 1 H, 6-Hb), 4.01 (ddd, J5,6a = 2.3, J5,6b

= 4.9, J4,5 = 10.0 Hz, 1 H, 5-H), 3.75–3.62 (m, 4 H, 2 � CH2O–),
3.50, 3.40 (2m, 4 H, 2� CH2N3), 2.09, 2.07, 2.04, 1.88 (4s, 12 H,
4 CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ = 170.2, 170.1,
169.9, 169.8 (–COCH3), 143.9, 132.4 (C-triazole), 85.7 (C-1), 75.0
(C-5), 73.1 (C-3), 70.1 (C-2), 69.3, 69.0 (2� CH2O–), 67.6 (C-4),
63.8, 60.2 (2� CH2-triazole), 61.6 (C-6), 50.8, 50.7 (2� CH2N3),
20.8, 20.7, 20.6, 20.3 (CH3CO) ppm. C22H31N9O11 (597.54): calcd.
C 44.22, H 5.23, N 21.10; found C 44.17, H 5.44, N 21.28. HRMS
(ESI): calcd. for C22H31N9O11 [M + Na]+ 620.2035; found
620.2017.

Compound 20: The RuAAC reaction applied to 10 and 17 afforded
20. Yield 35%. [α]D20 = –30.2 (c = 0.6 in CHCl3). Rf = 0.15 (EtOAc/
MeOH, 4:1). 1H NMR (500 MHz, CDCl3 + [D6]DMSO): δ = 5.05
(t, J2,3 = J3,4 = 9.5 Hz, 1 H, 3-H), 4.70 (dd, J1,2 = 3.7, J2,3 = 9.2 Hz,
1 H, 2-H), 4.65 (t, J3,4 = J4,5 = 9.3 Hz, 1 H, 4-H), 4.30 (m, 5 H, 1-
H, 2� CH2-triazole), 4.16–4.03 (m, 3 H, 6-Ha, 6-Hb, 5-H), 3.29
(m, 4 H, 2� CH2OH), 3.16 (m, 4 H, 2� CH2O–), 2.89–2.63 (br.
s, 2 H, OH + [D6]DMSO), 1.80, 1.72, 1.64 (3s, 9 H, 3
CH3CO) ppm. 13C NMR (125 MHz, CDCl3 + [D6]DMSO): δ =
174.5, 174.4, 174.2 (–COCH3), 147.8, 136.2 (C-triazole), 95.9 (C-
1), 76.8, 76.5 (2� CH2O–), 74.9, 74.8 (C-3, C-4), 73.9 (C-5), 73.1
(C-2), 68.4, 64.8 (2� CH2-triazole), 65.8, 65.7 (2� CH2OH), 53.5
(C-6), 25.8, 25.5, 25.4 (CH3CO) ppm. C40H60N6O23 (992.94): calcd.
C 48.38, H 6.09, N 8.46; found C 48.33, H 5.91, N 8.31. HRMS
(ESI): calcd. for C40H60N6O23 [M + Na]+ 1015.3602; found
1015.3588.

Compound 21: Tetrabromomethane (254 mg, 0.766 mmol) was
added to a solution of 20 (95 mg, 0.096 mmol) in dichloromethane
(2 mL) under an argon atmosphere. The reaction mixture was co-
oled to 0 °C and a solution of triphenylphosphane (200 mg,
0.766 mmol) in dichloromethane (1 mL) was added dropwise. After
stirring for 4 h the solvent was evaporated and the residue was dis-
solved DMF (3 mL). Sodium azide (50 mg, 0.766 mmol) was added
to the solution and the reaction mixture was stirred at 70 °C for
5 h. The mixture was concentrated and the residue was purified by
flash chromatography (hexane/EtOAc, 1.5:8.5) to obtain pure 21
(72 mg, 69 %). [α]D20 = –11.4 (c = 0.8 in CHCl3). Rf = 0.32 (hexane/
EtOAc, 1:4). 1H NMR (500 MHz, CDCl3): δ = 5.42 (t, J2,3 = J3,4

= 9.7 Hz, 1 H, 3-H), 5.01 (dd, J1,2 = 2.6, J2,3 = 10.1 Hz, 1 H, 2-
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H), 4.90 (t, J3,4 = J4,5 = 9.7 Hz, 1 H, 4-H), 4.60 (m, 5 H, 1-H, 2�

CH2-triazole), 4.42 (m, 1 H, 5-H), 4.36 (m, 2 H, 6-Ha, 6-Hb), 3.75–
3.62 (m, 4 H, 2� CH2O–), 3.32 (m, 4 H, 2� CH2N3), 2.14, 2.03,
1.95 (3s, 9 H, 3 CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ =
169.9, 169.8, 169.6 (–COCH3), 143.9, 132.4 (C-triazole), 91.4 (C-
1), 70.4 (C-4), 69.9 (C-3), 69.4, 68.9 (2� CH2O), 69.1 (C-5), 68.5
(C-2), 63.8, 60.2 (2� CH2-triazole), 50.7, 50.6 (2� CH2N3), 49.2
(C-6), 20.8, 20.7, 20.6 (CH3CO) ppm. C40H56N18O19 (1092.99):
calcd. C 43.96, H 5.16, N 23.07; found C 43.87, H 5.23, N 22.88.
HRMS (ESI): calcd. for C40H56N18O19 [M + Na]+ 1115.3867;
found 1115.3870.

Compound 22: Yield 81%. [α]D20 = –22.2 (c = 0.4 in CHCl3). Rf =
0.29 (EtOAc). 1H NMR (500 MHz, CDCl3): δ = 5.80 (d, J1,2 =
9.6 Hz, 1 H, 1-H), 5.42 (m, 4 H, 4� 4-HG), 5.37 (t, J1,2 = J2,3 =
9.4 Hz, 1 H, 2-H), 5.24 (t, J2,3 = J3,4 = 9.9 Hz, 1 H, 3-H), 5.17 (4t,
J1G,2G = J2G,3G = 10.0 Hz, 4 H, 4� H-2G), 5.06 (m, 4 H, 4� H-
3G), 4.66 (m, 12 H, 6� CH2-triazole), 4.55 (m, 8 H, 4� H-1G,
2 � CH2-N), 4.28 (dd, J5,6a = 4.4, J6a,6b = 12.7 Hz, 1 H, 6-Ha),
4.16–4.04 (m, 10 H, 5-H, 6-Hb, 4� H-6aG, 4� H-6bG), 4.00–3.90
(m, 9 H, 4-H, 4� H-5G, 2� CH2O), 3.77–3.62 (m, 8 H, 4�

CH2O–), 2.95, 2.83 (2m, 8 H, 4� CH2S), 2.15 (2� ), 2.14 (2� ),
2.07, 2.05 (2� ), 2.03 (4� ), 2.02 (4� ), 1.97 (4 � ), 1.84 (8s, 60
H, 20 CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ = 170.4,
170.3 (3� ), 170.2 (2� ), 170.1 (2� ), 170.0 (2� ), 169.9, 169.6,
169.5, 169.2, 168.6 (–COCH3), 143.4, 143.2, 142.9 (3� C-4 tri-
azole), 132.3, 132.2, 132.1 (3� C-5 triazole), 84.7 (C-1), 84.0 (2�

), 83.8, 83.7 (4� C-1G), 74.5 (C-5), 74.4 (4� C-5G), 73.1 (C-2),
71.8, 71.7 (2� ), 71.6 (C-3, 4� C-3G), 69.9 (2� ), 69.8, 69.7 (2 �

), 68.6, 68.5 (C-4, 6� CH2O–), 67.5, 67.3 (2� ), 67.2 (3� ), 67.1
(4� C-2G, 4� C-4G), 63.8, 63.7, 63.5, 60.0, 59.9, 59.8 (6� CH2-
triazole), 61.4, 61.3 (2� ), 61.2, 61.1 (C-6, 4� C-6G), 48.4, 48.1
(2� CH2N), 29.6 (2� ), 29.5, 29.4 (4� CH2S), 20.8 (3 � ), 20.7
(4� ), 20.6 (3� ), 20.4, 20.3 (CH3CO) ppm. C94H131N9O51S4

(2331.34): calcd. C 48.43, H 5.66, N 5.41, S 5.50; found C 48.17,
H 5.44, N 5.28, S 5.54. HRMS (ESI): calcd. for C94H131N9O51S4

[M + H]+ 2330.6890; found 2330.6887.

Compound 24: Yield 64%. [α]D20 = –68.9 (c = 0.3 in CHCl3). Rf =
0.47 (EtOAc). 1H NMR (500 MHz, CDCl3): δ = 5.80 (d, J1,2 =
9.6 Hz, 1 H, 1-H), 5.37 (t, J1,2 = J2,3 = 9.4 Hz, 1 H, 2-H), 5.33 (m,
4 H, 4� H-4�L), 5.24 (t, J2,3 = J3,4 = 9.9 Hz, 1 H, 3-H), 5.19 (m,
4 H, 4� H-3L), 5.09 (m, 4 H, 4� H-2�L), 4.95 (m, 4 H, 4� H-
3�L), 4.87 (m, 4 H, 4� H-2L), 4.70–4.45 (m, 24 H, 4� H-1L, 4 �

H-1�L, 2 � CH2N, 6 � CH2-triazole), 4.28 (dd, J5,6a = 4.4, J6a,6b =
12.7 Hz, 1 H, 6-Ha), 4.17–4.03 (m, 18 H, 5-H, 6-Hb, 4 � H-6aL,
4� H-6bL, 4 � H-6a�L, 4 � H-6b�L), 4.00–3.90 (m, 8 H, 4-H, 4�

H-5�L, 2� CH2O), 3.80 (m, 4 H, 4� H-4L), 3.77–3.62 (m, 5 H,
4-H, 2� CH2O), 3.60 (m, 8 H, 4� H-5L, 4 � CH2O), 2.95–2.73
(m, 8 H, 4� CH2S), 2.15 (4� ), 2.14 (2 � ), 2.09, 2.08, 2.07, 2.06,
2.05 (2� ), 2.03 (4� ), 2.02 (4� ), 1.97 (4� ), 1.94, 1.84, 1.82 (13s,
96 H; 32 CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ = 171.1,
170.5, 170.4, 170.3 (3� ), 170.2 (2� ), 170.1 (2� ), 170.0 (2� ),
169.9, 169.8, 169.7, 169.6, 169.5, 169.3, 169.2, 169.1, 168.6
(–COCH3), 143.4, 143.1, 142.8 (3� C-4 triazole), 132.4, 132.3,
132.2 (3� C-5 triazole), 101.0 (4� C-1�L), 84.6 (C-1), 83.4 (2� ),
83.2, 83.1 (4 � C-1L), 76.8, 76.7 (4� C-5L), 76.1, 76.0 (4� C-4L),
74.5 (C-5), 73.7 (4� C-3L), 73.1 (C-2), 70.9, 70.8, 70.7, 70.6, 70.3,
70.2, 69.9, 69.8, 69.7, 60.6, 69.5 (C-3, 4� C-2L, 4 � C-3�L, 4� C-
5�L, 6 � CH2O–), 69.1 (4� C-2�L), 68.6 (C-4), 66.6 (4� C-4�L),
63.7, 63.6, 63.5, 62.1, 62.0, 61.4, 60.7, 60.6, 60.3, 59.9, 59.8 (C-6,
4� C-6L, 4 � C-6�L, 6 � CH2-triazole), 48.4, 48.1 (2� CH2N),
29.7 (2� ), 29.5, 29.4 (4� CH2S), 20.9, 20.8 (3� ), 20.7 (4� ), 20.6
(3� ), 20.5, 20.4, 20.3 (CH3CO) ppm. C142H195N9O83S4 (3484.35):
calcd. C 48.95, H 5.64, N 3.62, S 3.68; found C 49.27, H 5.88, N
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3.58, S 3.55. HRMS (ESI): calcd. for C142H195N9O83S4 [M + Na]+

3505.0090; found 3505.0100.

Compound 26: Yield 68%. [α]D20 = –55.7 (c = 0.4 in CHCl3). Rf =
0.46 (EtOAc/MeOH, 98:2). 1H NMR (500 MHz, CDCl3): δ = 5.40
(t, J2,3 = J3,4 = 9.6 Hz, 1 H, 3-H), 5.31 (m, 4 H, 4� H-4�L), 5.16
(m, 4 H, 4� H-3L), 5.04 (m, 4 H, 4� H-2�L), 4.95 (m, 5 H, 2-H,
4� H-3�L), 4.84 (m, 5 H, 4-H, 4� H-2L), 4.64 (d, J1,2 = 3.1 Hz,
1 H, 1-H), 4.63–4.33 (m, 25 H, 5-H, 4 � H-1L, 4 � H-1�L, 6 �

CH2-triazole, 2� CH2-N), 4.23 (m, 2 H, 6-Ha, 6-Hb), 4.12–4.00
(m, 16 H, 4� H-6aL, 4� H-6bL, 4 � H-6�aL, 4� H-6�bL), 3.87
(m, 4 H, 4� H-5�L), 3.76 (m, 4 H, 4� H-4L), 3.60 (m, 16 H, 4�

H-5L, 6 � CH2O), 2.83, 2.73 (2m, 8 H, 4 � CH2S), 2.12, 2.11, 2.07,
2.06, 2.05, 2.04, 2.03, 2.02, 2.01, 2.00, 1.99, 1.98, 1.97, 1.91 (14s,
93 H; 31 CH3CO) ppm. 13C NMR (125 MHz, CDCl3): δ = 171.1,
170.2, 170.1, 170.0, 169.9, 169.8, 169.7, 169.6, 169.5, 169.4, 169.0,
168.9 (–COCH3), 143.0, 142.8, 142.4 (3� C-4 triazole), 132.5,
132.2, 132.1 (3� C-5 triazole), 101.0 (4� C-1�L), 91.3 (C-1), 83.4
(2� ), 83.2, 83.1 (4� C-1L), 76.7 (4� C-5L), 76.1 (4� C-4L),
73.7, 73.6 (4� C-3L), 70.9, 70.6, 70.3, 70.2, 70.0, 69.7, 69.6, 69.1,
68.2 (C-2 to C-5, 4� C-2L, 4 � C-2�L, 4� C-3�L, 4� C-5�L, 6 �

CH2O), 66.6 (4� C-4�L), 63.6, 63.5, 62.1, 62.0, 60.7, 60.6, 60.3,
59.9, 59.8, 59.7 (4� C-6L, 4 � C-6�L, 6� CH2-triazole), 48.8 (C-
6), 48.3, 48.0 (2� CH2N), 29.7, 29.5 (4� CH2S), 20.9, 20.8, 20.7,
20.6, 20.5, 20.4, 20.3 (CH3CO) ppm. C280H384N18O163S8 (6866.62):
calcd. C 48.98, H 5.64, N 3.67, S 3.74; found C 49.17, H 5.34, N
3.31, S 3.44. HRMS (ESI): calcd. for C280H384N18O163S8 [M +
2Na]2+ 3453.9931; found 3453.9995.

General Procedure for O-Deacetylation: Exemplified for the synthe-
sis of compound 9. Compound 8 (0.10 mmol) was suspended in a
mixture of MeOH/Et3N/H2O (4:1:5; 10 mL) and stirred at room
temperature. The solid was progressively dissolved and after 4–6 h
TLC (EtOAc or EtOAc/MeOH, 9:1) showed complete consump-
tion of the starting material. The solution was concentrated and
the residue was dissolved in water (1 mL) and then passed through
a column filled with Dowex MR3̄C mixed bed ion-exchange resin.
The eluant was concentrated and purified by filtration through an
octadecyl C18 minicolumn. Evaporation of the solvent afforded the
free product, which showed a single spot by TLC (n-BuOH/EtOH/
H2O, 2.5:1:1).

Compound 9: Yield 95%. [α]D20 = –50.6 (c = 0.5 in H2O). Rf = 0.31
(nBuOH/EtOH/H2O, 2.5:1:1). 1H NMR (500 MHz, D2O): δ = 5.63
(d, J1,2 = 9.2 Hz, 1 H, 1-H), 4.70, 4.60 (2s, 4 H, CH2-triazole), 4.34
(d, J1�,2� = J1��,2�� = 9.7 Hz, 2 H, 1�-H, 1��-H), 4.13 (t, J1,2 = J2,3 =
9.3 Hz, 1 H, 2-H), 3.81 (m, 2 H, 4�-H, 4��-H), 3.77 (dd, J5,6a = 1.0,
J6a,6b = 11.7 Hz, 1 H, 6-Ha), 3.69–3.46 (m, 16 H, 3-H, 4-H, 5-H,
6-Hb, 3�-H, 3��-H, 5�-H, 5��-H, 6�-Ha, 6�-Hb, 6��-Ha, 6��-Hb, 2 �

CH2O), 3.40 (2t, J1�,2� = J2�,3� = J2��,3�� = 9.6 Hz, 2 H, 2�-H, 2��-H),
2.91–2.75 (m, 4 H, 2� CH2S) ppm. 13C NMR (125 MHz, D2O): δ
= 143.0, 134.1 (C-triazole), 85.7 (2� ) (C-1�, C-1��), 85.6 (C-1),
79.0 (2� ) (C-5�, C-5��), 78.9 (C-5), 76.0 (C-3), 73.9 (2 � ) (C-3�,
C-3��), 71.6 (C-2), 69.6 (2� ) (C-2�, C-2��), 69.8, 69.5, 69.0 (C-4,
2� CH2O), 67.2 (� 2) (C-4�, C-4��), 62.0, 58.8 (2� CH2–C�C),
61.0 (2� ) (C-6�, C-6��), 60.5 (C-6), 29.4, 29.3 (2� CH2S) ppm.
C26H45N3O17S2 (735.77): calcd. C 42.44, H 6.16, N 5.71, S 8.72;
found C 42.66, H 6.24, N 5.61, S 8.44. HRMS (ESI): calcd. for
C26H45N3O17S2 [M + H]+ 736.2263; found 736.2266.

Compound 12: Yield 88%. [α]D20 = +33.6 (c = 0.5 in H2O). Rf = 0.10
(nBuOH/EtOH/H2O, 2.5:1:1, after two successive developments).
1H NMR (500 MHz, D2O): δ = 4.73 (dd, J5,6a = 2.1, J6a,6b =
14.8 Hz, 1 H, 6-Ha), 4.63, 4.57 (2s, 4 H, 2� CH2-triazole), 4.47
(dd, J5,6b = 8.5, J6a,6b = 14.8 Hz, 1 H, 6-Hb), 4.34, 4.32 (2d, J1G,2G

= 9.8 Hz, 2 H, 2� H-1G), 4.27 (d, J1,2 = 3.7 Hz, 1 H, 1-H), 3.88
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(ddd, J5,6a = 2.0, J5,6b = 8.5, J4,5 = 10.0 Hz, 1 H, 5-H), 3.82 (m, 2
H, 2� H-4G), 3.65–3.45 (m, 13 H, 3-H, 2� H-3G, 2� H-5G, 2 �

H-6aG, 2� H-6bG, 2 � CH2O), 3.41 (2t, J1G,2G = J2G,3G = 9.6 Hz,
2 H, 2� H-2G), 3.32 (dd, J1,2 = 3.8, J2,3 = 9.9 Hz, 1 H, 2-H), 3.19
(t, J3,4 = J4,5 = 9.5 Hz, 1 H, 4-H), 2.85, 2.76 (2m, 4 H, 2�

CH2S) ppm. 13C NMR (125 MHz, D2O): δ = 143.7, 132.2 (C-tri-
azole), 92.8 (C-1), 85.9, 85.8 (2� C-1G), 78.9 (2� ) (2� C-5G),
73.9 (2� ) (2� C-3G), 72.6 (C-3), 71.0 (C-4), 70.7 (C-5), 70.7 (C-
2), 69.7, 69.4 (2� CH2O), 69.6 (2� ) (2 � C-2G), 68.8, 68.7 (2�

C-4G), 62.2, 59.4 (2� CH2-triazole), 61.0 (2� ) (2� C-6G), 49.5
(C-6), 29.3 (2� ) (2� CH2S) ppm. C52H88N6O33S4·0.5H2O: calcd.
C 42.70, H 6.13, N 5.75, S 8.77; found C 42.66, H 6.18, N 5.69, S
8.76. HRMS (ESI): calcd. for C52H88N6O33S4 [M + 2H]2+

727.2210; found 727.2235.

Compound 14: Yield 90%. [α]D20 = +10.6 (c = 0.5 in H2O). Rf = 0.23
(nBuOH/EtOH/H2O, 2.5:1:1, after two successive developments).
1H NMR (500 MHz, D2O): δ = 5.70 (d, J1,2 = 9.2 Hz, 1 H, 1-H),
4.79, 4.68 (2s, 4 H, CH2-triazole), 4.50 (d, J1L,2L = 9.8 Hz, 2 H,
2� H-1L), 4.37 (d, J1�L,2�L = 9.8 Hz, 2 H, 2� H-1�L), 4.20 (t, J1,2

= J2,3 = 9.2 Hz, 1 H, 2-H), 3.90–3.45 (m, 31 H, 3-H to 5-H, 6-Ha,
6-Hb, 2� H-3L to H-5L, 2� H-6aL, 2� H-6bL, 2 � H-2�L to H-
5�L, 2 � H-6�aL, 2 � H-6�bL, 2 � CH2O), 3.30 (t, J1L,2L = J2L,3L

= 9.8 Hz, 2 H, 2� H-2L), 2.99–2.83 (m, 4 H, 2� CH2S) ppm. 13C
NMR (125 MHz, D2O): δ = 143.1, 134.1 (C-triazole), 102.9 (2�

C-1�L), 85.8 (C-1), 85.3, 85.2 (2� C-1L), 79.0, 78.6 (2� ), 78.1
(2� ), 76.0, 75.8, 75.7, 75.3 (2� ), 72.5 (2� ), 72.1, 72.0, 71.7, 71.0
(2 � ), 69.7, 69.6, 69.1, 68.6 (2� ) (C-2 to C-5, 2� C-2L to C-5L,
2� C-2�L to C-5�L, 2 � CH2O), 62.1, 58.8 (2� CH2-triazole), 61.0
(2� ), 60.6, 60.2 (2� ) (C-6, 2� C-6L, 2 � C-6�L), 29.3 (2� ) (2�

CH2S) ppm. C38H65N3O27S2 (1060.06): calcd. C 43.05, H 6.18, N
3.96, S 6.05; found C 42.96, H 6.24, N 3.61, S 6.24. HRMS (ESI):
calcd. for C38H65N3O27S2 [M + Na]+ 1082.3139; found 1082.3158.

Compound 16: Yield 90%. [α]D20 = +19.0 (c = 0.2 in H2O). Rf = 0.12
(nBuOH/EtOH/H2O, 2.5:1:1, after two successive developments).
1H NMR (500 MHz, D2O): δ = 4.79 (dd, J5,6a = 2.1, J6a,6b =
14.5 Hz, 1 H, 6-Ha), 4.74, 4.66 (2s, 4 H, 2 � CH2-triazole), 4.56
(dd, J5,6b = 8.3, J6a,6b = 14.5 Hz, 1 H, 6-Hb), 4.50, 4.48 (2d, J1L,2L

= 9.9 Hz, 2 H, 2� H-1L), 4.38 (2d, J1�L,2�L = 9.9 Hz, 2 H, 2� H-
1�L), 4.34 (d, J1,2 = 3.7 Hz, 1 H, 1-H), 3.95 (ddd, J5,6a = 2.0, J5,6b

= 8.5, J4,5 = 10.0 Hz, 1 H, 5-H), 3.90–3.45 (m, 27 H, 3-H, 2� H-
3L, 2 � H-4L, 2 � H-5L, 2 � H-6aL, 2� H-6bL, 2� H-2�L, 2�

H-3�L, 2 � H-4�L, 2 � H-5�L, 2 � H-6�aL, 2 � H-6�bL, 2�

CH2O), 3.39 (dd, J1,2 = 3.7, J2,3 = 9.9 Hz, 1 H, 2-H), 3.30 (2d,
J1L,2L = J2L,3L = 9.6 Hz, 2 H, 2� H-2L), 3.25 (t, J3,4 = J4,5 =
9.5 Hz, 1 H, 4-H), 2.92, 2.85 (2m, 4 H, 2� CH2S) ppm. 13C NMR
(125 MHz, D2O): δ = 142.8, 133.8 (C-triazole), 102.9 (2� C-1�L),
92.7 (C-1), 85.3, 85.2 (2� C-1L), 78.7, 78.2, 78.1, 75.7, 75.4, 72.5,
72.0, 71.9, 71.1, 71.0, 70.7, 70.6, 69.7, 69.4, 68.6 (C-2 to C-5, 2�

C-2L to C-5L, 2� C-2�L to C-5�L, 2 � CH2O), 62.2, 59.4 (2�

CH2-triazole), 61.0, 60.2 (2� C-6L, 2 � C-6�L), 49.5 (C-6), 29.3
(2 � CH2S) ppm. C76H128N6O53S4 (2102.10): calcd. C 43.42, H
6.14, N 4.00, S 6.10; found C 43.66, H 6.18, N 3.79, S 5.96. HRMS
(ESI): calcd. for C76H128N6O53S4 [M + 2H]2+ 1051.3267; found
1051.3238.

Compound 23: Yield 100%. [α]D20 = –56.5 (c = 0.5 in H2O). Rf =
0.73 (nBuOH/EtOH/H2O, 2.5:1:1). 1H NMR (500 MHz, D2O): δ =
5.43 (d, J1,2 = 9.1 Hz, 1 H, 1-H), 4.65–4.49 (m, 16 H, 2� CH2N,
6� CH2-triazole), 4.55 (4d, J1G,2G = 9.7 Hz, 4 H, 4� H-1G), 4.08
(t, J1,2 = J2,3 = 9.2 Hz, 1 H, 2-H), 3.88 (m, 4 H, 4� H-4G), 3.69
(dd, J5,6a = 1.1, J6a,6b = 11.7 Hz, 1 H, 6ª-H-6), 3.75–3.50 (m, 32 H,
3-H, 4-H, 5-H, 6-Hb, 4� H-3G, 4� H-5G, 4� H-6aG, 4� H-
6bG, 6 � CH2O), 3.47 (m, 4 H, 4� H-2G), 2.90 (m, 8 H, 4 �
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CH2S) ppm. 13C NMR (125 MHz, D2O): δ = 142.9, 142.8, 142.7
(3� C-4 triazole), 133.9, 133.4, 133.3 (3� C-5 triazole), 85.9 (4�

C-1G), 85.8 (C-1), 78.9 (C-5, 4� C-5G), 76.0 (C-3), 73.9 (4� C-
3G), 71.6 (C-2), 69.7, 69.6, 69.5, 69.0, 68.9, 68.8, 68.7, 68.4, 68.0
(C-4, 6� CH2O–, 4� C-2G, 4� C-4G), 62.3, 62.2, 62.1, 59.2, 59.1,
59.0 (6� CH2-triazole), 61.0 (4� C-6G), 60.5 (C-6), 48.9, 48.6 (2�

CH2N), 29.3, 29.2 (4� CH2S) ppm. C54H91N9O31S4 (1490.59):
calcd. C 43.51, H 6.15, N 8.46, S 8.60; found C 43.37, H 6.44, N
8.28, S 8.94. HRMS (ESI): calcd. for C54H91N9O31S4 [M + Na]+

1512.4602; found 1512.4535.

Compound 25: Yield 90 %. [α]D20 = –45.6 (c = 0.5 in H2O). Rf = 0.10
(nBuOH/EtOH/H2O, 2.5:1:1, after three successive developments).
1H NMR (500 MHz, D2O): δ = 5.39 (d, J1,2 = 9.2 Hz, 1 H, 1-H),
4.66, 4.45 (2m, 12 H, 6� CH2-triazole), 4.52 (m, 4 H, 2� CH2N),
4.40 (m, 4 H, 4� H-1L), 4.32 (m, 4 H, 4� H-1�L), 4.04 (t, J1,2 =
J2,3 = 9.2 Hz, 1 H, 2-H), 3.85–3.40 (m, 61 H, 3-H to 5-H, 6-Ha, 6-
Hb, 4� H-3L to H-5L, 4� H-6aL, 4� H-6bL, 4 � H-2�L to H-
5�L, 4� H-6�aL, 4� H-6�bL, 6� CH2O), 3.24 (m, 4 H, 4 � H-2L),
2.99–2.83 (m, 8 H, 4� CH2S) ppm. 13C NMR (125 MHz, D2O): δ
= 143.1, 142.9 (2� ), 134.1, 133.9, 133.4 (C-triazole), 102.9 (4�

C-1�L), 85.8 (C-1), 85.3 (4� C-1L), 79.0, 78.7, 78.6 (2� ), 78.2,
78.1 (2� ), 76.0, 75.8, 75.4, 72.6 (2� ), 72.1, 71.7, 71.0 (2� ), 69.5,
69.0, 68.6 (2� ) (C-2 to C-5, 4� C-2L to C-5L, 4� C-2�L to C-
5�L, 6� CH2O), 62.4, 61.1, 60.6, 60.3, 59.2 (6 � CH2-triazole, C-
6, 4� C-6L, 4 � C-6�L), 29.4 (2� ) (4� CH2S) ppm.
C78H131N9O51S4 (2139.16): calcd. C 43.79, H 6.17, N 5.89, S 6.00;
found C 44.06, H 6.44, N 6.21, S 5.90. HRMS (ESI): calcd. for
C78H131N9O51S4 [M + Na]+ 2160.6709; found 2160.6680.

Compound 27: Yield 86%. [α]D20 = –78.6 (c = 0.5 in H2O). Rf = 0.10
(nBuOH/EtOH/H2O, 2.5:1:1, after four successive developments).
1H NMR (500 MHz, D2O): δ = 4.65–4.60 (m, 18 H, 6� CH2-
triazole, 2� CH2N, 6-Ha, 6-Hb), 4.50 (m, 5 H, 1-H, 4� H-1L),
4.40 (m, 4 H, 4� H-1�L), 3.95–3.45 (m, 31 H, 2-H, 3-H, 5-H, 4�

H-3L to H-5L, 4� H-6aL, 4 � H-6bL, 4 � H-2�L to H-5�L, 4 �

H-6�aL, 4 � H-6�bL, 6� CH2O), 3.30 (t, 5 H, 4-H, 4� H-2L),
2.96–2.70 (m, 8 H, 4� CH2S) ppm. 13C NMR (125 MHz, D2O): δ
= 142.9, 142.8, 142.5, 133.5, 133.3, 133.3 (C-triazole), 102.9 (4�

C-1�L), 93.1 (C-1), 85.3 (4� C-1L), 79.3, 78.7, 78.2, 76.0, 75.8,
75.4, 72.6, 72.1, 71.7, 71.6, 71.0, 70.6, 69.7, 69.6, 69.5, 69.3, 68.8,
68.7, 68.6, 67.9 (C-2 to C-5, 4� C-2L to C-5L, 4� C-2�L to C-
5�L, 6� CH2O), 62.5, 62.3 (2� ), 59.5, 59.2, 59.1 (6 � CH2-tri-
azole), 61.1, 60.5, 60.4, 60.3 (4� C-6L, 4 � C-6�L), 49.2, 48.9,
48.6 (2� CH2N, C-6), 29.4, 29.3, 29.2 (4� CH2S) ppm.
C156H260N18O101S8 (4260.31): calcd. C 43.98, H 6.15, N 5.92, S
6.02; found C 44.36, H 5.90, N 6.21, S 6.34. HRMS (ESI): calcd.
for C156H260N18O101S8 [M + 2Na]2+ 2151.6656; found 2151.6612.

Isothermal Titration Calorimetry: Peanut agglutinin from Arachis

hypogaea was purchased from Sigma (lyophilized powder, affinity-
purified, agglutination activity � 0.1 μg mL–1). A VP-ITC (Micro-
cal) instrument was used for the titrations at 298 K. Respective
concentrations and molar ratios in needle and cell, injection vol-
umes, and time intervals between injections were varied to obtain
(1) inflection and saturation about halfway through the experiment,
(2) sufficient heat production per injection to allow good peak inte-
gration, and (3) sufficient time between the injections to allow a
return to equilibrium. A typical titration involved 16 injections at
3-min intervals of 2.5 μL aliquots of ligand solution into the sam-
ple cell (200 μL) containing PNA (50 μm). The solutions were pre-
pared by dissolving the ligand in 20 mm phosphate buffer, pH 7.4,
and 150 mm NaCl at 298 K. The concentrations used in each ITC
experiment are given in Figures S1 and S2. The titration cell was
continuously stirred at 400 rev/min. The heats of dilution of the

www.eurjoc.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2013, 972–983982

ligands in the buffer were subtracted from the titration data. Fitting
was performed using the Origin software to determine the binding
stoichiometry (n), association constant, and the enthalpy change
(ΔH).

Supporting Information (see footnote on the first page of this arti-
cle): NMR spectra of the products and intermediates and ITC data.
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