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Synthesis of oligosaccharides related to
galactomannans from Aspergillus fumigatus and
their NMR spectral data†

V. B. Krylov,a D. A. Argunov,a A. S. Solovev,a M. I. Petruk,a A. G. Gerbst,a

A. S. Dmitrenok,a A. S. Shashkov,a J.-P. Latgéb and N. E. Nifantiev *a

The synthesis of model oligosaccharides related to antigenic galactomannans of the dangerous fungal

pathogen Aspergillus fumigatus has been performed employing pyranoside-into-furanoside (PIF) rearrange-

ment and controlled O(5) → O(6) benzoyl migration as key synthetic methods. The prepared compounds

along with some previously synthesized oligosaccharides were studied by NMR spectroscopy with the full

assignment of 1H and 13C signals and the determination of 13C NMR glycosylation effects. The obtained

NMR database on 13C NMR chemical shifts for oligosaccharides representing galactomannan fragments

forms the basis for further structural analysis of galactomannan related polysaccharides by a non-destruc-

tive approach based on the calculation of the 13C NMR spectra of polysaccharides by additive schemes.

Introduction

Aspergillus fumigatus is an opportunistic fungal pathogen that
can cause allergic bronchopulmonary aspergillosis, chronic
aspergillosis and especially invasive aspergillosis (IA) – a life
threatening disease with high morbidity and mortality rates
among immunocompromised patients.1–3 A major carbo-
hydrate antigen produced by A. fumigatus is the polysaccharide
galactomannan.4 Its identification in a patient’s serum
employing a commercial sandwich enzyme immunoassay is
used for the diagnosis of IA.5

Galactomannan is a complex heteropolysaccharide whose
samples can be highly structurally diverse depending on the
conditions of A. fumigatus cultivation. Despite numerous struc-
tural studies, some inconsistencies can be seen among the
published data. Latgé et al. proposed a structure for two
forms4,6 of galactomannan representing in both cases an
α-(1→2)- and α-(1→6)-linked poly-D-mannoside backbone
bearing β-(1→5)-linked oligogalactofuranoside side chains
attached to some of the mannose units via either β-(1→3)- or
β-(1→6)-bonds (Fig. 1A). Recently, Shibata et al.7 also revealed
the presence of the β-(1→6)-linkage within the galactofurano-

side chain8 and the β-(1→2)- but not the β-(1→3)-attachment of
the galactofuranoside side chain to the mannan backbone
(Fig. 1B). Significant variations in the polysaccharide structure
have been reported under different culture growth conditions.7

Polysaccharides structurally related to galactomannans
from A. fumigatus have been reported in other fungal species
in particular Aspergillus ochraceus,9 Malassezia furfur,10

Malassezia pachydermatis,10 Trichophyton rubrum,11

Trichophyton mentagrophytes,11 Paracoccidioides brasiliensis12

and others.13 This stimulates the development of sensitive
methods for the structural analysis of galactomannans. NMR
spectroscopy is the most potent non-destructive method used
to accomplish these tasks.

The chemical syntheses of galactofuranoside-containing
oligosaccharides, related to mycobacterial arabinogalactan14–16

or Aspergillus galactomannan17–19 and others,20 were pre-
viously reported. Surprisingly, there are well visible contradic-
tions among the published 13C NMR data for very similar Galf-
residues present in these oligosaccharides. For example, the
13C NMR chemical shifts of Galf-residues at the non-reducing
end linked via (1→5)-bonds to the next Galf-ring reported by
Lowary et al.,14 Reynolds et al.15 and Gallo-Rodriguez et al.17

(see compounds A–C in Table 1) are quite different. Similar
deviations are found in data published for the terminal unit in
Galf-(1→6)-Galf-fragments in oligosaccharides D and E. These
examples of spectral discrepancy cannot be attributed to the
differences of the used spectra recording conditions (tempera-
ture and concentration) or the remote influence of structural
fragments along the oligosaccharide chains and probably are
the results of the tentative assignment of NMR signals. Thus, a
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careful revision of the previous data is required for their
further use in the NMR analysis of fungal galactomannans.

Herein, we report an NMR spectral study of a series of syn-
thetic galactomannan related oligosaccharides 1–13 (Fig. 2).
This work is aimed towards the development of NMR database

suitable for further structural analysis of Aspergillus galacto-
mannan and structurally related oligo- and polysaccharides.
The synthesis of compounds 1–6, 8 and 13 is also reported,
while the preparation of oligosaccharides 7 and 9–12 was pre-
viously published.21,22

Results and discussion
Synthesis of oligosaccharides

The investigation of fine correlation between a galactomannan
structure and NMR chemical shift values requires a representa-
tive series of model oligosaccharides with strictly defined com-
position containing different fragments of studied polysac-
charide. Previously,21 we reported the synthesis of two galacto-
mannan related pentasaccharides 7 and 10 and oligosacchar-
ides 9, 11 and 12.22 In the present work, additionally required
models such as homo-galactofuranosides 1–4 containing both
β-(1→5)- and β-(1→6)-linked galactofuranosyl units and hetero-

Fig. 1 Proposed structure of galactomannan (A) reported by Latgé et al. and4 (B) additional structural elements reported by Shibata et al.7

Table 1 Assigned signals in the 13C NMR spectra for the previously
described oligosaccharides A–E. (δ, ppm; D2O)

# δ(C1) δ(C2) δ(C3) δ(C4) δ(C5) δ(C6)

A15 107.71 81.58 76.74 82.81 70.77 62.07
B14 108.7 82.7 77.6 85.5 76.7 61.9
C17 109.0 83.6 78.7 84.6 n.d.a 64.2
D15 108.25 81.24 77.08 83.31 71.09 63.10
E14 107.9 81.2 77.6 83.9 70.4 61.9

aNot described. A15 β-D-Galf-(1→5)-β-D-Galf-OC8H17. B
14 β-D-Galf-(1→5)-

β-D-Galf-(1→6)-β-D-Galf-(1→5)-β-D-Galf-OC8H17. C17 β-D-Galf-(1→5)-β-D-
Galf-(1→5)-β-D-Galf-STol. D15 β-D-Galf-(1→6)-β-D-Galf-OC8H17. E14 β-D-
Galf-(1→6)-β-D-Galf-(1→5)-β-D-Galf-OC8H17.

Fig. 2 Studied library of oligosaccharides related to galactomannans of A. fumigatus.
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saccharides 5, 6, 8 and 13 have been obtained (Fig. 2). For
their synthesis, glycosyl donor 16 22 was chosen as a key
galactofuranosyl building block. Its main feature was the pres-
ence of Fmoc-protection at O(6) which could be selectively
removed by deblocking either a 6-OH or 5-OH group depend-
ing on the reaction conditions.22 This made building block 16
suitable for assembling both types of linkages in the oligo-
galactofuranosyl chains.

The synthesis of glycosyl donor 16 was performed according
to the procedure using pyranoside-into-furanoside (PIF)
rearrangement,23,24 first described in 2014. Starting pyranoside
14 was initially transformed into the corresponding furanoside
15 and then subjected to subsequent per-O-benzoylation, de-
allylation and imidation (15 → 16). The glycosylation of 3-tri-
fluoroacetamidopropanol with donor 16 in the presence of
TMSOTf gave 17, a precursor to disaccharides 1 and 3 with
β-(1→6)- and β-(1→5)-bonds, respectively (Scheme 1).

The removal of Fmoc-protection in monosaccharide 17 by
treatment with morpholine in DMF gave product 18 with the
free OH-group at C-6, which was further glycosylated with
imidate 22 25 yielding β-linked disaccharide 23. The configur-
ation of the newly formed bond was confirmed by the singlet
shape of the H(1)′-signal ( JH1′,H2′ < 1.0 Hz) and the character-
istic low-field chemical shift of C(1)′ (105.86 ppm) in the

NMR spectra. One-step deblocking of the obtained disacchar-
ide 23 gave target compound 1.

Alternatively, the removal of Fmoc-protection in 17 under
conditions activating O(5) → O(6) benzoyl migration22 (pyrrol-
idine in CH2Cl2) afforded 5-OH derivative 19 in 92% yield. The
structure of product 19 was confirmed by 1H NMR chemical
shifts (4.43 ppm for H(5), and 4.51 and 4.62 ppm for H(6) in
19 vs. 5.61 ppm for H(5) and 4.05 ppm for both H(6) in 18).
The glycosylation of acceptor 19 with donors 16 and 20 22 in
the presence of TMSOTf gave β-linked di- 24 and trisaccharide
21, respectively. Following the deblocking of the obtained
oligosaccharides resulted in the formation of target com-
pounds 3 and 4.

Disaccharide 24 was also used for the preparation of tri-
saccharide 2 with alternating (1→6)- and (1→5)-linkages. For
this purpose, Fmoc-protection in 24 was removed under con-
ditions preventing benzoate migration (morpholine in DMF) to
give acceptor 25 with the free hydroxyl group at O′(6) which
was further glycosylated with imidate 22. The deblocking of
the obtained protected derivative 26 afforded target tri-
saccharide 2.

Hetero-oligosaccharides 5, 6, 8 and 13 were prepared using
mannoside acceptors 27, 30 and 32 (Scheme 2). For the prepa-
ration of the oligosaccharides with the (1→3)-linkage between

Scheme 1 Synthesis of the model oligosaccharides 1–4. Reagents and conditions: PIF: (1) Py·SO3, HSO3Cl, DMF, 20 °C, 16 h, then an excess of
NH4HCO3 aq.; (2) IR-120(H+), dioxane–DMF, 60 °C, 45 min, 66% on 2 steps; (i) (1) BzCl, Py, CH2Cl2, 20 °C, 3 h; (2) PdCl2, MeOH : CH2Cl2, 20 °C,
2.5 h; (3) CF3C(NPh)Cl, Cs2CO3, CH2Cl2, 20 °C, 1 h, 60% on 3 steps; (ii) TMSOTf, MS300 AW, CH2Cl2, −80 → −10 °C, 50 min, 87% for 17, 96% for 21,
71% for 23, 94% for 24, 76% for 26; (iii) morpholine, DMF, rt, 35 min, 86% for 18, 78% for 25; (iv) pyrrolidine, CH2Cl2, rt, 40 min, 92%; (v): MeONa,
MeOH–H2O, rt, overnight, 82% for 1, 89% for 2, 83% for 3, 89% for 4.
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galactofuranose and mannose, the glycosylations of acceptor
27 21 with either monosaccharide 22 25 or disaccharide 20 22

donors were performed. The disaccharide with the (1→6)-
linkage was prepared by the glycosylation of acceptor 30 21

with donor 22.22 The trisaccharide with the (1→2)-linkage was
prepared by the glycosylation of acceptor 32 26 with donor 16.
All the couplings proceeded with good yields and excellent
β-stereoselectivity. The deblocking of the resulting protected
precursors 28, 29, 31 and 33 gave target model oligosacchar-
ides 5, 6, 8 and 13, respectively.

NMR analysis of oligosaccharides

A complete signal assignment in the 1H and 13C NMR
spectra of oligosaccharides 1–13 was successfully performed
employing 2D NMR experiments: COSY, TOCSY, ROESY,
HSQC, and HMBC. The chemical shifts were referenced to
CH3CN (δ 1H – 2.06; 13C – 1.47 ppm) used as an internal
standard. The 13C chemical shifts of the studied compounds
are summarized in Table 2 (for 1H chemical shifts see

Table S1 in the ESI†). The 13C chemical shifts were
measured using 1H-decoupled 1D 13C NMR spectra, and the
1H chemical shifts of overlapping signals were established
from 2D 1H–13C HSQC spectra using the centres of the
corresponding correlation signals.

It can be noted that the assignment of signals summarized
in Table 2 has certain, often quite substantial deviations from
the previously reported chemical shifts (see Introduction), in
particular for the signals of C(1), C(6) and some other carbons.
Typically, in the previous papers dedicated to the synthesis of
Galf-containing oligosaccharides, NMR signal assignment pro-
cedures were described only briefly and the resulting attribu-
tion was probably tentative or based on possibly erroneous
data from older studies.

The studied series of oligosaccharides (1–13) contained 10
types of galactofuranosyl residues which differed in (1) the
type of the glycoside linkage in them and (2) the type of the
carbohydrate unit as the aglycon (Fig. 3). The variation in
chemical shifts among different compounds for the same type
of residue did not exceed ±0.1 ppm. The analysis of chemical
shifts did not reveal any chain length influence or influence
from distant residues which allowed the use of these data for
the spectral investigation of different types of oligo- and
polysaccharides.

An important feature for the analysis of the NMR spectra of
large carbohydrate chains is the determination of 13C NMR gly-
cosylation effects.27 They are the differences in chemical shifts
for the corresponding carbon atoms within a residue taken as
a part of an oligo- or polysaccharide and for the same residue
in the parent mono- or oligosaccharide, non-glycosylated at
the position under consideration. The differences in chemical
shifts for atoms involved directly in the glycosidic linkage are
called the α-effects of glycosylation.

The differences in chemical shifts for atoms bonded to the
substituted carbon are the β-effects of glycosylation. To calcu-
late the glycosylation effects, the 13C NMR chemical shifts of
β-galactofuranose (detected as minor signals in the spectrum
of D-galactose solution in D2O), α-D-Man-O(CH2)3NH2

28 and
α-D-Man-(1→2)-α-D-Man-O(CH2)3NH2

26 were used. For
example, Fig. 4 shows two monosaccharides used for the calcu-
lation of the glycosylation effects in the spectrum of disacchar-
ide 5.

The α-effects for anomeric carbon atoms are most informa-
tive for the elucidation of monosaccharide sequences in oligo-
or polysaccharide chains. They are dependent on the direction
of the linkage and the stereochemical configuration of the
anomeric center involved, and are not influenced by the type
of substitution in the glycosylating residue under consider-
ation. The exceptions to this rule are 2-O-substituted residues
due to the interference of the β-effects of the substitution with
the α-effects of glycosylation.

The C(1) glycosylation effects for differently linked β-Galf
residues are shown in Table 3. It can be seen that their
values are different for 2- (4.8 ppm, entry 1), 3- (3.4 ppm,
entry 2), 5- (6.1 ppm, entry 4) and 6-linked (6.8 ppm, entries
3 and 5) glycosylating furanoses, but the two latter disacchar-

Scheme 2 Synthesis of the model oligosaccharides 5, 6, 8 and 13.
Reagents and conditions: (i) TMSOTf, MS300 AW, CH2Cl2, −80 → −10 °C,
50 min, 95% for 28, 67% for 29, 90% for 31, 77% for 33; (ii) (1) H2, Pd/C,
EtOAc, MeOH, rt, 1 h; (2) NaOH, MeOH–H2O, rt, 1 h, 62% for 5 80% for
6, 80% for 13; (iii) NaOMe, MeOH–H2O, rt, overnight, 77%.
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ides are not distinguishable on the basis of the glycosylation
effects for C(1). Unfortunately, H(1) chemical shifts for the
glycosylating Galf residues in these two disaccharide frag-
ments are also very close (5.02–5.04 ppm, Table S1†). In this
case, more information can be given by the α-effects of sub-
stitution at C(6) of the glycosylated sugar residues, α-D-Manp
(5.8 ppm) and β-D-Galf (6.5 ppm). Additionally, the positions
and integral intensities of H(6a,b)/C(6) correlation peaks in
the HSQC spectra can also be used for the quantitative
assessment of the relative content of the two disaccharide
fragments in the polymer. However, this two-dimensional
approach requires full analysis and certain assignment of
NMR spectra.

NMR analysis of natural polysaccharides

All types of differently substituted Galf residues were character-
ized by specific 13C chemical shift patterns and 13C NMR glyco-
sylation effects which permitted their unambiguous identifi-
cation in the 13C-NMR spectra of natural polysaccharides.
These signals could be regarded as “structure reporting”
signals29,30 suitable for the identification of the characteristic
fragments of galactomannans and related polysaccharides
which are usually available in very limited amounts and thus
produce spectra with low signal intensities.

For example, the C(1) resonances of β-galactofuranoside
residues represented the highest interest as structure report-

Table 2 13C NMR chemical shifts (δ, ppm; D2O) of oligosaccharides 1–13a

# Unit C(1) C(2) C(3) C(4) C(5) C(6)

1 β-D-Galf-OH 101.57 81.92 76.35 82.58 71.27 63.33
β-D-Galf-(1→ 108.40 81.58 77.40 83.62 71.45 63.30
→6)-β-D-Galf-O(CH2)3NH2 107.68 81.30 77.17 84.04 70.23 69.58

2 β-D-Galf-(1→ 108.49 81.59 77.37 83.56 71.45 63.34
→6)-β-D-Galf-(1→ 107.51 81.83 77.28 83.67 70.16 69.89
→5)-β-D-Galf-O(CH2)3NH2 107.69 81.44 77.08 82.83 76.48 61.35

3 β-D-Galf-(1→ 107.58 81.84 77.17 83.38 71.20 63.38
→5)-β-D-Galf-O(CH2)3NH2 107.65 81.43 76.99 82.69 76.53 61.41

4 β-D-Galf-(1→ 107.69 81.96d 77.15 83.33 71.19 63.43
→5)-β-D-Galf-(1→ 107.50 81.89e 77.08d 82.29 76.23 61.70
→5)-β-D-Galf-O(CH2)3NH2 107.69 81.47 77.06e 82.75 76.66 61.39

5 β-D-Galf-(1→ 105.02 81.97 77.70 83.66 71.45 63.44
→3)-α-D-Manp-O(CH2)3NH2 100.20 67.28 76.10 65.66 73.43 61.45

6 β-D-Galf-(1→ 107.81 82.00 77.20 83.36 71.25 63.48
→5)-β-D-Galf-(1→ 105.07 81.94 77.62 82.77 76.60 61.86
→3)-α-D-Manp-O(CH2)3NH2 100.25 67.34 76.26 65.68 73.45 61.69

7 β-D-Galf-(1→ 107.74 82.02d 77.06d 83.37 71.24 63.48
→5)-β-D-Galf-(1→b 107.74 82.05e 77.12e 82.19 76.22 61.69

77.19 82.26 76.36
→5)-β-D-Galf-(1→ 105.12 81.94 77.65 82.73 76.63 61.79
→3)-α-D-Manp-O(CH2)3NH2 100.24 67.36 76.29 65.70 73.45 61.84

8 β-D-Galf-(1→ 108.41 81.50 77.31 83.56 71.44 63.28
→6)-α-D-Manp-O(CH2)3NH2 100.39 70.45 71.03 67.25 72.30 67.41

9 β-D-Galf-(1→ 107.63 81.87 77.17 83.33 71.18 63.43d

→5)-β-D-Galf-(1→ 108.37 81.65 77.23 82.49 76.50 61.55e

→6)-α-D-Manp-O(CH2)3NH2 100.47 70.52 71.13 67.27 72.39 67.45
10 β-D-Galf-(1→ 107.67 81.86d 77.10 83.26 71.11 63.40

→5)-β-D-Galf-(1→b 107.53 81.95e 76.98 82.14 76.15 61.73
107.57 81.97 77.10 76.27

→5)-β-D-Galf-(1→ 108.37 81.66 77.29 82.46 76.60 61.51
→6)-α-D-Manp-O(CH2)3NH2 100.46 70.51 71.15 67.26 72.37 67.43

11 β-D-Galf-(1→ 107.68 81.87d 77.10 83.27 71.16 63.41
→5)-β-D-Galf-(1→c 107.54 81.96e 76.98 82.15 76.25 61.70

107.58 81.98 77.04 76.22 61.73
77.11

→5)-β-D-Galf-(1→ 108.38 81.67 77.29 82.46 76.59 61.50
→6)-α-D-Manp-O(CH2)3NH2 100.47 70.51 71.13 67.25 72.38 67.44

12 β-D-Galf-(1→ 107.68 81.85 77.13 83.26 71.15 63.42
→5)-β-D-Galf-(1→ 108.43 81.69d 77.32 82.54d 76.47 61.63
→6)-β-D-Galf-(1→ 107.51 81.85 77.23 83.67 70.20 69.91
→5)-β-D-Galf-(1→ 108.43 81.63e 77.32 82.49e 76.36 61.50
→6)-α-D-Manp-O(CH2)3NH2 100.47 70.51 71.13 67.26 72.37 67.44

13 β-D-Galf-(1→ 106.40 81.64 77.17 83.49 71.29 63.36
→2)-α-D-Manp-(1→ 100.25 75.42 70.13 67.80 74.03 61.64
→2)-α-D-Manp-O(CH2)3NH2 98.81 79.43 70.79 67.59 73.51 61.60

a Aglycon signals δ (ppm): Manp-OC̲H2-CH2-CH2-NH2 – 65.68, Manp-OCH2-C̲H2-CH2-NH2 – 27.21, Manp-OCH2-CH2-C̲H2-NH2 – 38.13; Galf-OC̲H2-
CH2-CH2-NH2 – 66.31, Galf-OCH2-C̲H2-CH2-NH2 – 27.19, Galf-OCH2-CH2-C̲H2-NH2 – 38.44, (internal standard C̲H3CN – 1.47); b Two internal resi-
dues. c Four internal residues.d,e The assignment in this pair of chemical shifts may be reversed.
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ing signals because they are located in a specific
range (105–109 ppm) different from the anomeric signals
of mannopyranoside units. The chemical shifts of
β-galactofuranoside residues were strongly influenced by
the nature of monosaccharide substituents at the anomeric
site connected via β-(1→2)-, β-(1→3)-, β-(1→5)-, or β-(1→6)-
linkages as illustrated by 13C NMR data for model oligo-
saccharides (Table 4). They coincided well with the
corresponding chemical shifts in the spectrum of galacto-
mannan.7,11 A small deviation (of 0.9 ppm) was observed
only in the case of anomeric carbon in the β-galactofurano-
side unit connected via the (1→3)-linkage to the (1→2)-
mannosylated D-Man residue of the mannan backbone (see
entry 2 in Table 4) and could be attributed to 2,3-vicinal
branching.

To illustrate the applicability of the above mentioned
structure reporting signals for the investigation of fungal
galactomannans, we analysed the spectrum of galacto-
mannan reported by Latgé et al.4,6 Despite the fact that the
presence of the β-D-Galf-(1→3)-D-Man fragment was claimed
by the authors, the signal of the anomeric carbon of the
corresponding β-D-Galf-unit was not observed in the spectrum
(Fig. 1 in ref. 4). Hence, in the present study, the 13C NMR
spectrum was recorded for the galactomannan obtained
under the reported conditions4 and it contained the dis-
cussed signal. Due to its low intensity in the 1D 13C NMR
spectrum, the presence of the β-(1→3)-linked galactofurano-
side unit was detected by a 2D HSQC spectral protocol
(Fig. 5A).

The full assignment of the signals in the HSQC spectrum
(Fig. 5A) revealed the presence of all the types of carbo-
hydrate residues reported by Latgé et al.4,6 However, the
careful analysis of low intensity signals (Fig. 5B) suggested
the presence of a very minor portion of structural elements
reported by Shibata et al.:7 the (1→2)-linkage between
β-D-Galf and α-D-Man residues and O(6)-glycosylated β-D-Galf
residues (see Fig. 1B). Their presence was confirmed by
characteristic 1H and 13C chemical shifts that perfectly
matched the data obtained for the corresponding model
compounds 13 and 12.

Fig. 3 Averaged 13C NMR chemical shifts (δ, ppm; D2O) of galactofura-
nosyl residues of different fragments of galactomannan chains.

Fig. 4 Illustration of the calculation of 13C NMR glycosylation effects
(Δδ) in disaccharide 5.

Table 3 13C NMR glycosylation effects (Δδ, ppm)

# Linkage α′-Effect, C(1) α-Effect β-Effects

1 β-D-Galf-(1→2)-α-D-Man 4.8 (C2): 4.9 (C1): −2.7
(C3): −0.8

2 β-D-Galf-(1→3)-α-D-Man 3.4 (C3): 4.9 (C2): −3.3
(C4): −1.7

3 β-D-Galf-(1→6)-α-D-Man 6.8 (C6): 5.8 (C5): −1.1
4 β-D-Galf-(1→5)-β-D-Galf 6.1 (C5): 5.0 (C4): −1.0

(C6): −1.7
5 β-D-Galf-(1→6)-β-D-Galf 6.8 (C6): 6.5 (C5): −1.0

Table 4 13C NMR C(1)-shifts (δ, ppm; D2O) of β-galactofuranoside resi-
dues in oligo- and polysaccharides with different aglycons

#

Terminal β-D-Galf-units
with different aglycon
counterparts

C(1) in model
oligo-saccharide

C(1) in poly-
saccharide
(lit. data)

1 β-D-Galf-(1→2)-D-Man 106.4 106.57 a

2 β-D-Galf-(1→3)-D-Man 105.0 105.411 b

105.911 c

3 β-D-Galf-(1→5)-D-Galf 107.6 107.77 a

4 β-D-Galf-(1→6)-D-Galf/Man 108.4 108.57 a

a Each chemical shift taken from ref. 7 has been decremented by
0.20 ppm for consistency with our chemical shift reference. b (1→6)-
Mannosylated D-Man unit. c (1→2)-Mannosylated D-Man unit.
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Conclusions

A series of model oligosaccharides representing key structural
fragments of Aspergillus galactomannans was synthesised and
studied by NMR spectroscopy. The obtained NMR database on
13C NMR chemical shifts for different galactomannan frag-
ments is shown to be useful for the verification of the pre-
viously established structures and further development of a
non-destructive approach towards the structural analysis of
galactomannan related polysaccharides based on the calcu-
lation of their 13C NMR spectra by additive schemes.31–35

Experimental
General methods

All solvents were distilled and dried if necessary according to
standard procedures (CH2Cl2, MeOH, toluene, and EtOAc) or
purchased as dry (DMF and CH3CN, Sigma-Aldrich).
Commercial chemicals were used without purification unless
noted. All glycosylation reactions were carried out using dry

solvents under an Ar atmosphere. Molecular sieves for glycosy-
lation reactions were activated prior to application at 180 °C
under vacuum from an oil pump for 2 h. Analytical thin-layer
chromatography (TLC) was performed on Silica Gel 60 F254
aluminium sheets (Merck), and visualization was accom-
plished using UV light or by charring at ∼150 °C with 10%
(v/v) H3PO4 in ethanol. Column chromatography was per-
formed on Silica Gel 60, 40–63 μm (Merck). Gel-filtration was
performed on a TSK-40 HW(S) column (400 × 17 mm) by
elution with 0.1 M AcOH in water at a flow rate of 0.5
mL min−1. 1H and 13C NMR spectra were recorded on Bruker
AMX-400, Bruker DRX-500, and Bruker AV-600 spectrometers.
The spectra of compounds 1–13 were recorded in a Shigemi
NMR microtube in D2O (0.25 mL). Chemical shifts were refer-
enced to residual solvent signals. For samples in D2O, aceto-
nitrile was used as an internal standard. The average sample
concentration was 30 μmol mL−1. The signal assignment in
the 1H and 13C NMR spectra was made using COSY, TOCSY,
and 1H–13C HSQC and HMBC techniques. High-resolution
mass spectra (HR MS) were recorded on a Bruker micrOTOF II
instrument using electrospray ionization (ESI). The measure-

Fig. 5 Application of structure reporting signals for the analysis of natural galactomannan from A. fumigatus. (A) Overview of the HSQC spectrum
with the assignment of major signals: anomeric (left) and polyol (right) region. (B) Analysis of low intensity signals reporting the structural elements
as shown in Fig. 1B. The blue color indicates the positive phase signals referred to as CH or CH3, whereas the red color indicates the negative phase
signals referred to as CH2 groups.
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ments were performed in a positive ion mode (interface capil-
lary voltage −4500 V); mass range from m/z 50 to m/z 3000 Da;
external or internal calibration was made with Electrospray
Calibrant Solution (Fluka). A syringe injection was used for
solutions in a mixture of acetonitrile and water (50 : 50 v/v,
flow rate 3 μL min−1). Nitrogen was applied as a dry gas; the
interface temperature was set at 180 °C.

Preparation of the galactomannan sample. Aspergillus
galactomannan was obtained as described.4,6 The NMR
spectra of galactomannan (solution of 4 mg samples in 0.3 mL
of D2O) were recorded at 333 K.

Glycosylation with imidate donors (general procedure). A
carefully dried mixture of imidate donor and glycosyl acceptor
was dissolved in CH2Cl2 and molecular sieves MS300 AW
(100 mg per 1 mL of the reaction mixture) were added. After
10 min of stirring, the temperature was decreased to −80 °C
and TMSOTf (0.40 eq. to imidate donor) was added. The
mixture was stirred for 50 min and the temperature was
gradually raised to −10 °C and then the mixture was quenched
with one drop of Et3N. The reaction mixture was purified by
column chromatography on silica gel (toluene–EtOAc, gradient
8 : 1 → 3 : 1) to give the glycosylation product.

3-Trifluoroacetamidopropyl 2,3,5-tri-O-benzoyl-6-O-(9-fluo-
renylmethoxycarbonyl)-β-D-galactofuranoside 17. The glyco-
sylation of 3-trifluoroacetamidopropanol (22 mg, 0.13 mmol)
with donor 16 (57 mg, 0.064 mmol) in 3 mL of CH2Cl2 as
described in the general procedure gave monosaccharide 17
(49 mg, 87%) as a colourless syrup. Rf = 0.26 (toluene : EtOAc
10 : 1). 1H NMR (400 MHz, CDCl3) δ 8.10–7.13 (m, 23H, Fmoc,
Bz), 5.98–5.92 (m, 1H, H-5), 5.65 (d, J = 5.5 Hz, 1H, H-3), 5.39
(s, 1H, H-2), 5.29 (s, 1H, H-1), 4.71–4.62 (m, 3H, H-4, 2 × H-6),
4.39 (dd, J = 10.3, 7.6 Hz, 1H, Fmoc-CH2), 4.31 (dd, J = 10.3,
7.5 Hz, 1H, Fmoc-CH2), 4.21 (t, J = 7.5 Hz, 1H, Fmoc-CH),
3.98–3.94 (m, 1H, OCHH′CH2), 3.67–3.57 (m, 2H, OCHH′CH2,
CH2CHH′NH), 3.54–3.48 (m, 1H, CH2CHH′NH), 2.01–1.90 (m,
2H, CH2CH2CH2).

13C NMR (101 MHz, CDCl3) δ 133.82 (Ar),
133.75 (Ar), 133.54 (Ar), 130.18 (Ar), 130.01 (Ar), 128.64 (Ar),
128.02 (Ar), 127.31 (Ar), 125.35 (Ar), 125.30 (Ar), 120.15 (Ar),
106.53 (C-1), 82.90 (C-2), 81.22 (C-4), 77.29 (C-3), 70.42 (Fmoc-
CH2), 70.10 (C-5), 66.61 (OCH2CH2), 66.23 (C-6), 46.75 (Fmoc-
CH), 38.21 (CH2CH2NH), 28.29 (CH2CH2CH2). HRMS (ESI):
M = C47H40F3NO12. Calcd m/z for [M + Na]+ 890.2395, found
890.2386.

Removal of Fmoc-protection without O(5) → O(6) Bz-
migration (general procedure). To a solution of 6-O-Fmoc-pro-
tected saccharide (0.078 mmol) in dry DMF (0.4 mL), morpho-
line (20 μL) was added. After 35 min, the reaction mixture was
poured into 1 M HCl (aq., 50 mL) and extracted with CH2Cl2
(50 mL × 2), and the combined organic phase was concen-
trated in vacuo. The residue was purified by column chromato-
graphy on silica gel (toluene–EtOAc, gradient 6 : 1 → 3 : 1) to
afford the 6-OH product.

3-Trifluoroacetamidopropyl 2,3,5-tri-O-benzoyl-β-D-galacto-
furanoside 18. The removal of Fmoc-protection without Bz-
migration in monosaccharide 17 (68 mg, 0.078 mmol) as
described in the general procedure gave the product 18

(43 mg, 86%) as a colorless syrup. Rf = 0.44 (toluene : EtOAc
5 : 1). 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.3 Hz, 2H,
o-Ph), 8.03 (d, J = 7.3 Hz, 2H, o-Ph), 7.95 (d, J = 7.2 Hz, 2H,
o-Ph), 7.61–7.28 (m, 9H, Ph), 5.66–5.58 (m, 2H, H-3, H-5), 5.41
(d, J = 1.5 Hz, 1H, H-2), 5.30 (s, 1H, H-1), 4.72 (dd, J = 5.5,
3.7 Hz, 1H, H-4), 4.10–3.99 (m, 2H, H-6a, H-6b), 3.95 (dt, J =
10.5, 5.2 Hz, 1H, OCH2), 3.70–3.47 (m, 3H, OCH2, CH2N), 2.69
(br. s, 1H, OH), 2.02–1.86 (m, 2H, OCH2CH2CH2N).

13C NMR
(100 MHz, CDCl3) δ = 166.23 (PhC(O)), 165.88 (PhC(O)), 133.69,
133.64, 133.34, 129.91, 129.88, 129.85, 129.48, 128.82, 128.74,
128.53, 128.43 (Ar), 106.24 (C-1), 82.78 (C-2), 81.41 (C-4), 77.26
(C-3), 73.06 (C-5), 66.19 (OCH2), 61.87 (C-6), 37.90 (CH2N),
28.30 (OCH2CH2CH2N). HRMS (ESI): M = C32H30F3NO10. Calcd
m/z for [M + Na]+ 668.1714, found 668.1707.

Removal of Fmoc-protection with O(5) → O(6) Bz-migration:
preparation of 3-trifluoroacetamidopropyl 2,3,6-tri-O-benzoyl-
β-D-galactofuranoside 19. To a solution of 17 (49 mg,
0.057 mmol) in dry CH2Cl2 (0.5 mL), pyrrolidine (24 μL) was
added. After 40 min, the reaction mixture was diluted with
CH2Cl2 and washed with 1 M HCl (aq.). The organic phase was
concentrated in vacuo. The residue was purified by column
chromatography (toluene : EtOAc 5 : 1) to afford the compound
19 (33 mg, 92%). Rf = 0.17 (toluene : EtOAc 5 : 1). 1H NMR
(600 MHz, CDCl3) δ 8.12–8.00 (m, 6H, arom.), 7.63–7.39 (m,
9H, arom.), 7.30–7.20 (m, 2H, arom.), 5.72 (dd, J = 5.6, 2.2 Hz,
1H, H-3), 5.43 (d, J = 2.3 Hz, 1H, H-2), 5.22 (s, 1H, H-1), 4.62
(dd, J = 11.6, 6.3 Hz, 1H, H-6), 4.51 (dd, J = 11.6, 4.7 Hz, 1H,
H-6′), 4.44–4.42 (m, 1H, H-5), 4.40 (dd, J = 5.6, 2.4 Hz, 1H,
H-4), 3.89 (m, 1H, OCHH′CH2), 3.63–3.53 (m, 2H, OCHH′CH2,
CH2CHH′NH), 3.47–3.45 (m, 1H, CH2CHH′NH), 2.82 (d, J = 8.4
Hz, 1H, 5-OH), 1.95–1.84 (m, 2H, CH2CH2CH2).

13C NMR
(150 MHz, CDCl3) δ 165.79 (arom.), 133.74 (arom.), 133.23
(arom.), 129.90 (arom.), 129.83 (arom.), 129.64 (arom.), 128.61
(arom.), 128.56 (arom.), 128.42 (arom.), 106.27 (C-1), 82.71
(C-4), 82.25 (C-2), 77.49 (C-3), 68.81 (C-5), 66.33 (OCH2CH2),
65.97 (C-6), 38.04 (CH2CH2NH), 28.19 (CH2CH2CH2). HRMS
(ESI): M = C32H30F3NO10. Calcd m/z for [M + Na]+ 668.1714,
found 668.1714.

3-Trifluoroacetamidopropyl 2,3,5-tri-O-benzoyl-6-O-(9-fluo-
renylmethoxycarbonyl)-β-D-galactofuranosyl-(1→5)-2,3,6-tri-O-
benzoyl-β-D-galactofuranosyl-(1→5)-2,3,6-tri-O-benzoyl-β-D-
galactofuranoside (21). The glycosylation of acceptor 19
(8 mg, 0.0125 mmol) with disaccharide donor 20 (19 mg,
0.014 mmol) in 1 mL of CH2Cl2 as described in the general
procedure gave trisaccharide 21 (22 mg, 96%) as a colorless
syrup. Rf = 0.55 (toluene : EtOAc 5 : 1). 1H NMR (400 MHz,
CDCl3) δ 8.08–7.09 (m, 53H, Ph), 6.00–5.95 (m, 1H, H-5III), 5.87
(dd, J = 5.5, 1.8 Hz, 1H, H-3I), 5.84 (d, J = 5.0 Hz, 1H, H-3II),
5.79 (s, 1H, H-1III), 5.70 (s, 1H, H-1II), 5.67–5.64 (m, 2H, H-2II,
H-2III), 5.56 (d, J = 4.1 Hz, 1H, H-3III), 5.35 (d, J = 1.7 Hz, 1H,
H-2I), 5.17 (s, 1H, H-1I), 4.95 (dd, J = 5.1, 3.4 Hz, 1H, H-4III),
4.82 (dd, J = 4.9, 3.2 Hz, 1H, H-4II), 4.80–4.58 (m, 7H, H-6a

II,
H-6a

I, H-6a
III, H-6b

II, H-6b
I, H-5II, H-5I), 4.55–4.47 (m, 2H, H-4I,

H-6b
III), 4.23 (dd, J = 10.0, 7.3 Hz, 1H, Fmoc-CH2), 4.17–4.05

(m, 2H, Fmoc-CH2, Fmoc-CH), 3.86 (dt, J = 10.3, 5.3 Hz, 1H,
OCH2), 3.61–3.49 (m, 2H, CH2N, OCH2), 3.47–3.38 (m, 1H,
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CH2N), 1.90–1.79 (m, 2H, OCH2CH2CH2N).
13C NMR

(100 MHz, CDCl3) δ = 166.19, 165.84, 165.68, 165.54, 165.29,
165.20, 154.76, 143.41, 143.25, 141.15 (quat. Ph), 133.63,
133.52, 133.44, 133.30, 133.25, 133.17, 133.11, 133.05, 132.99,
130.03, 129.81, 129.76, 129.70, 129.66, 129.61, 129.38, 128.85,
128.63, 128.54, 128.44, 128.30, 128.10, 127.74, 127.10, 126.35,
125.26, 125.20, 120.45, 119.88 (Ph), 106.00 (C-1I), 105.53
(C-1II), 105.47 (C-1III), 83.42 (C-4II), 82.48 (C-2I), 82.26 (C-4I),
82.02 (C-2III), 81.90 (C-2II), 81.74 (C-4III), 77.66 (C-3III), 77.22
(C-3II), 76.57 (C-3I), 73.69 (C-5I), 73.17 (C-5II), 70.17 (C-5III),
70.10 (Fmoc-CH2), 66.71 (C-6III), 66.30 (OCH2), 65.35 (C-6II),
63.98 (C-6I), 46.54 (Fmoc-CH), 38.15 (CH2N), 28.14
(OCH2CH2CH2N). HRMS (ESI): M = C101H88F3NO26. Calcd m/z
for [M + Na]+ 1810.5439, found 1810.5402.

Deblocking (general procedure). A solution of MeONa
(0.1 M) in MeOH (1 mL) was added to the protected oligosac-
charide (0.014 mmol) and the mixture was stirred for 1 h.
Then, 1 drop of water was added and the reaction mixture was
left overnight. Base was neutralized with AcOH (10 μL), and
the reaction mixture was diluted with water and concentrated
in vacuo. Gel chromatography on TSK-40 HW(S) followed by
lyophilization afforded the unprotected compound as a white
foam.

3-Aminopropyl β-D-galactofuranosyl-(1→5)-β-D-galactofura-
nosyl-(1→5)-β-D-galactofuranoside 4. The deblocking of com-
pound 21 (22 mg, 0.012 mmol) as described in the general pro-
cedure afforded trisaccharide 4 (6 mg, 89%) as a white foam.
HRMS (ESI): M = C21H39NO16. Calcd m/z for [M + H]+ 562.2342,
found 562.2350.

3-Trifluoroacetamidopropyl 2,3,5,6-tetra-O-benzoyl-β-D-galacto-
furanosyl-(1→6)-2,3,5-tri-O-benzoyl-β-D-galactofuranoside 23.
The glycosylation of acceptor 18 (13 mg, 0.020 mmol) with
donor 22 (19 mg, 0.025 mmol) in 1 mL of CH2Cl2 as described
in the general procedure gave disaccharide 23 (17 mg, 71%) as
a colorless syrup. Rf = 0.45 (toluene : EtOAc 5 : 1). 1H NMR
(600 MHz, CDCl3) δ 8.07–7.75 (m, 14H, o-Ph), 7.56–7.21 (m,
21H, Ph), 6.09 (dt, J = 7.4, 3.8 Hz, 1H, H-5), 5.87 (td, J = 6.3,
3.7 Hz, 1H, H-5), 5.66 (dd, J = 5.4, 1.5 Hz, 1H, H-3), 5.60 (d, J =
5.0 Hz, 1H, H-3), 5.44 (d, J = 0.9 Hz, 1H, H-2), 5.40 (s, 1H, H-1),
5.34 (d, J = 1.6 Hz, 1H, H-2), 5.24 (s, 1H, H-1), 4.81–4.70 (m,
4H, 2 × H-4, H-6a

II, H-6b
II), 4.18 (dd, J = 10.3, 6.7 Hz, 1H,

H-6a
I), 4.01 (dd, J = 10.3, 6.1 Hz, 1H, H-6b

I), 3.90 (dt, J = 10.4,
5.2 Hz, 1H, OCH2), 3.62–3.49 (m, 2H, OCH2, CH2N), 3.45–3.38
(m, 1H, CH2N), 1.86–1.73 (m, 2H, OCH2CH2CH2N).

13C NMR
(150 MHz, CDCl3) δ = 166.22, 165.97, 165.72, 165.70, 165.67,
165.63, 165.34 (PhC(O)), 133.58, 133.54, 133.48, 133.34, 133.24,
133.07, 129.96, 129.92, 129.85, 129.80, 129.73, 129.56, 129.51,
129.42, 128.87, 128.75, 128.70, 128.51, 128.46, 128.44, 128.41,
128.36, 128.32 (Ph), 106.56 (C-1), 105.86 (C-1), 83.06 (C-4),
81.96 (C-2), 81.78 (C-2), 81.34 (C-4), 77.51 (C-3), 77.12 (C-3),
70.78 (C-5), 70.18 (C-5), 66.64 (C-6), 65.28 (OCH2), 63.67 (C-6×),
37.97 (CH2N), 27.99 (OCH2CH2CH2N). HRMS (ESI): M =
C66H56F3NO19. Calcd m/z for [M + Na]+ 1246.3291, found
1246.3265.

3-Aminopropyl β-D-galactofuranosyl-(1→6)-β-D-galactofura-
noside 1. The deblocking of compound 23 (17 mg,

0.014 mmol) as described in the general procedure afforded
disaccharide 1 (4.5 mg, 82%) as a white foam. HRMS (ESI):
M = C15H29NO11. Calcd m/z for [M + H]+ 400.1813, found
400.1813.

3-Trifluoroacetamidopropyl 2,3,5-tri-O-benzoyl-6-O-(9-fluore-
nylmethoxycarbonyl)-β-D-galactofuranosyl-(1→5)-2,3,6-tri-O-
benzoyl-β-D-galactofuranoside 24. The glycosylation of acceptor
19 (27 mg, 0.042 mmol) with donor 16 (45 mg, 0.051 mmol) in
1 mL of CH2Cl2 as described in the general procedure gave dis-
accharide 24 (52 mg, 94%) as a colorless syrup. Rf = 0.54
(toluene : EtOAc 5 : 1). 1H NMR (500 MHz, CDCl3) δ 8.07–7.68
(m, 12H, arom.), 7.56–7.14 (m, 26H, arom.), 6.07–6.00 (m, 1H,
H-5II), 5.88 (d, J = 5.7 Hz, 1H, H-3), 5.76 (s, 1H, H-1), 5.64 (s,
1H, H-2), 5.58 (d, J = 4.7 Hz, 1H, H-3), 5.37 (s, 1H, H-2), 5.20 (s,
1H. H-1), 4.98 (t, J = 3.9 Hz, 1H, H-4), 4.76 (dd, J = 11.7, 4.1 Hz,
1H, H-6a), 4.71–4.52 (m, 5H, 3 × H-6, H-5I, H-4), 4.28 (dd, J =
10.1, 7.9 Hz, 1H, Fmoc-CH2), 4.23–4.17 (m, 1H, Fmoc-CH2),
4.11 (t, J = 7.5 Hz, 1H, Fmoc-CH), 3.88 (dt, J = 10.0, 5.1 Hz, 1H,
OCH2), 3.60–3.42 (m, 3H, OCH2, CH2N), 1.91–1.77 (m, 2H,
OCH2CH2CH2N).

13C NMR (125 MHz, CDCl3) δ = 166.18,
165.96, 165.72, 165.59, 165.52, 165.25 (PhC(O)), 154.83, 143.34,
143.17, 141.17, 133.63, 133.34, 133.22, 133.13, 130.02, 129.82,
129.78, 129.66, 129.57, 129.39, 128.74, 128.61, 128.52, 128.39,
128.35, 128.22, 127.79, 127.77, 127.12, 127.06, 125.22, 125.16,
119.92 (Ph), 106.14 (C-1), 105.54 (C-1), 82.81 (C-4), 82.19 (C-2),
81.97 (C-2), 81.77 (C-4), 77.72 (C-3), 77.23 (C-3), 76.53 (C-5),
73.39 (C-5), 70.17 (Fmoc-CH2), 66.58 (C-6), 66.47 (OCH2), 64.23
(C-6), 46.53 (Fmoc-CH), 38.08 (CH2N), 28.04 (OCH2CH2CH2N).
HRMS (ESI): M = C74H62F3NO20. Calcd m/z for [M + Na]+

1364.3709, found 1364.3705.
3-Aminopropyl β-D-galactofuranosyl-(1→5)-β-D-galactofura-

noside 3. The deblocking of compound 24 (19 mg,
0.014 mmol) as described in the general procedure afforded
disaccharide 3 (4.7 mg, 83%) as a white foam. HRMS (ESI):
M = C15H29NO11. Calcd m/z for [M + H]+ 400.1813, found
400.1817.

3-Trifluoroacetamidopropyl 2,3,5-tri-O-benzoyl-β-D-galacto-
furanosyl-(1→5)-2,3,5-tri-O-benzoyl-β-D-galactofuranoside 25.
The removal of Fmoc-protection without Bz-migration in disac-
charide 24 (38 mg, 0.028 mmol) as described in the general
procedure gave the product 25 (25 mg, 78%) as a colorless
syrup. Rf = 0.58 (toluene : EtOAc 3 : 1). 1H NMR (600 MHz,
CDCl3) δ 8.06–7.81 (m, 12H, o-Ph), 7.60–7.19 (m, 18H, Ph),
5.89 (dd, J = 5.7, 2.3 Hz, 1H, H-3), 5.76 (s, 1H, H-1), 5.66 (d, J =
1.4 Hz, 1H, H-2), 5.64–5.60 (m, 1H, H-5II), 5.60–5.57 (m, 1H,
H-3), 5.37 (d, J = 2.3 Hz, 1H, H-2), 5.21 (s, 1H, H-1), 5.05 (dd,
J = 5.3, 2.8 Hz, 1H, H-4), 4.78 (dd, J = 11.8, 4.3 Hz, 1H, H-6a

I),
4.71 (dd, J = 11.8, 6.8 Hz, 1H, H-6b

I), 4.62–4.57 (m, 2H, H-4,
H-5I), 4.05–3.88 (m, 3H, H-6a

II, H-6b
II, OCH2), 3.62–3.45 (m,

3H, OCH2, CH2N), 3.23 (br. s, 1H, OH), 1.97–1.81 (m, 2H,
OCH2CH2CH2N).

13C NMR (150 MHz, CDCl3) δ = 166.29,
166.23, 166.03, 165.63, 165.31 (PhC(O)), 133.88, 133.67, 133.35,
133.17, 129.91, 129.89, 129.84, 129.79, 129.65, 128.85, 128.76,
128.61, 128.41, 128.38, 128.35, 128.22 (Ph), 106.24 (C-1),
105.86 (C-1), 82.74 (C-4), 82.35 (C-2), 82.02 (C-2), 81.63 (C-4),
77.69 (C-3), 73.66 (C-3), 72.97 (C-5), 66.42 (OCH2), 64.43 (C-6),
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61.34 (C-6), 38.08 (CH2N), 28.11 (OCH2CH2CH2N). HRMS (ESI):
M = C59H52F3NO18. Calcd m/z for [M + Na]+ 1142.3029, found
1142.3030.

3-Trifluoroacetamidopropyl 2,3,5,6-tetra-O-benzoyl-β-D-galacto-
furanosyl-(1→6)-2,3,5-tri-O-benzoyl-β-D-galactofuranosyl-(1→5)-
2,3,6-tri-O-benzoyl-β-D-galactofuranoside 26. The glycosylation
of acceptor 25 (25 mg, 0.022 mmol) with donor 22
(21 mg, 0.028 mmol) in 1 mL of CH2Cl2 as described in the
general procedure gave trisaccharide 26 (28 mg, 76%) as a
colorless syrup. Rf = 0.55 (toluene : EtOAc 5 : 1). 1H NMR
(400 MHz, CDCl3) δ 8.04–7.72 (m, 20H, o-Ph), 7.53–7.13 (m,
30H, Ph), 6.10–6.02 (m, 1H, H-5), 5.99 (dt, J = 7.7, 4.0 Hz, 1H,
H-5), 5.87 (dd, J = 5.8, 2.3 Hz, 1H, H-3), 5.75 (s, 1H, H-2),
5.64–5.61 (m, 2H, H-2, H-3), 5.54 (d, J = 5.0 Hz, 1H, H-3),
5.35–5.34 (m, 2H, 2 × H-2), 5.24 (s, 1H, H-1), 5.18 (s, 1H, H-1),
4.94 (t, J = 4.1 Hz, 1H, H-4), 4.79–4.56 (m, 6H, H-4, 4 × H-6,
H-5I), 4.53 (dd, J = 5.7, 3.9 Hz, 1H, H-4), 4.19–4.10 (m, 1H,
H-6a

II), 4.01 (dd, J = 11.2, 7.4 Hz, 1H, H-6b
II), 3.87 (dt, J = 10.1,

5.0 Hz, 1H, OCH2), 3.61–3.36 (m, 4H, OCH2, CH2N), 1.89–1.66
(m, 2H, OCH2CH2CH2N).

13C NMR (100 MHz, CDCl3) δ =
166.17, 166.09, 165.88, 165.75, 165.62, 165.54, 165.25, 165.13
(PhC(O)), 133.61, 133.54, 133.27, 133.22, 133.11, 132.96,
129.89, 129.78, 129.74, 129.69, 129.66, 129.60, 129.50, 128.88,
128.86, 128.84, 128.79, 128.77, 128.66, 128.57, 128.48, 128.37,
128.32, 128.28, 128.16 (Ph), 106.61 (C-1), 106.09 (C-1), 105.46
(C-1), 82.84 (C-4), 82.74 (C-2), 81.95 (2 × C-4), 81.88 (2 × C-2),
77.77 (C-3), 77.48 (C-3), 76.48 (C-3), 73.17 (C-4), 71.75 (C-5),
70.42 (C-5), 67.43 (C-6II), 66.41 (OCH2), 64.25 (C-6), 63.82 (C-6),
38.08 (CH2N), 28.05 (OCH2CH2CH2N). HRMS (ESI): M =
C93H78F3NO27. Calcd m/z for [M + Na]+ 1720.4606, found
1720.4585.

3-Aminopropyl β-D-galactofuranosyl-(1→6)-β-D-galactofura-
nosyl-(1→5)-β-D-galactofuranoside 2. The deblocking of com-
pound 26 (28 mg, 0.016 mmol) as described in the general pro-
cedure afforded disaccharide 2 (8 mg, 89%) as a white foam.
HRMS (ESI): M = C15H29NO11. Calcd m/z for [M + Na]+

422.1633, found 422.1639.
3-Trifluoroacetamidopropyl 2,3,5,6-tetra-O-benzoyl-β-D-galac-

tofuranosyl-(1→3)-2-O-benzoyl-4,6-di-O-benzyl-α-D-mannopyra-
noside 28. The glycosylation of acceptor 27 (19 mg,
0.031 mmol) with donor 22 (23 mg, 0.031 mmol) in 1 mL of
CH2Cl2 as described in the general procedure gave disacchar-
ide 28 (36 mg, 95%) as a colorless syrup. Rf = 0.38
(toluene : EtOAc 10 : 1). 1H NMR (600 MHz, CDCl3) δ 8.11–7.07
(m, 35H), 6.05 (ddd, 1H, H-5II), 5.72 (s, 1H, H-1II), 5.67 (dd, J1,2
< 2 Hz, J2,3 = 3.0 Hz, 1H, H-2I), 5.58 (dd, J2,3 = 1.4 Hz, J3,4 =
5.8 Hz, 1H, H-3II), 5.55 (d, 1H, H-2II), 5.01 (d, 1H, H-1I), 4.93
(d, J = 11.3 Hz, 1H, PhCHH′), 4.73 (dd, J4,5 = 2.8 Hz, 1H, H-4II),
4.72(dd, J5,6 = 7.65 Hz, J6,6′ = 11.5 Hz, 1H, H-6aII), 4.69 (d, J =
11.9 Hz, 1H, PhCHH′), 4.66 (dd, J5,6′ = 5.15 Hz, 1H, H-6bII),
4.57 (d, 1H, PhCHH′), 4.53 (d, 1H, PhCHH′), 4.50 (dd, J3,4 = 9.5
Hz, 1H, H-3I), 4.11 (t, J = 9.3 Hz, 1H, H-4I), 3.85 (m, 1H, OCHH′

CH2), 3.78–3.77 (m, 2H, H-5I, H-6aI), 3.72 (d, J = 8.5 Hz, 1H,
H-6bI), 3.56 (m, 2H, OCHH′CH2, CHH′N), 3.44 (m, 1H, CHH′
N), 1.90 (m, 2H, OCH2CH2CH2N).

13C NMR (151 MHz, CDCl3)
δ 133.37, 133.28, 133.23, 133.16, 130.03, 129.93, 129.86,

129.80, 128.44, 128.37, 128.33, 128.27, 127.61, 127.57, 127.51,
127.47 (Ph), 102.28 (C-1II), 97.76 (C-1I), 82.36 (C-2II), 81.52
(C-4II), 78.04 (C-3II), 75.22 (PhCH2), 73.60 (C-3I), 73.45 (PhCH2),
73.36 (C-4I), 72.08 (C-5I), 69.69 (C-5II), 68.96 (C-6I), 67.99 (C-2I),
65.51 (OCH2), 63.55 (C-6II), 37.85 (CH2N), 28.45 (CH2CH2CH2).
HRMS (ESI): M = C66H60F3NO17. Calcd m/z for [M + Na]+

1218.3706, found 1218.370313.
3-Aminopropyl β-D-galactofuranosyl-(1→3)-α-D-mannopyra-

noside 5. To a solution of compound 28 (35 mg, 0.029 mmol)
in EtOAc–MeOH 1 : 1 (1 mL), Pd(OH)2 was added and the
mixture was vigorously stirred overnight under a H2 atmo-
sphere. Then it was filtered through a Celite layer and concen-
trated in vacuo. To the residue, a solution of MeONa (0.1 M) in
MeOH (0.6 mL) was added and the mixture was stirred for 1 h.
Then, 1 drop of water was added and the reaction mixture was
left overnight. Base was neutralized with AcOH (6 μL), and the
reaction mixture was diluted with water and concentrated
in vacuo. Gel chromatography on TSK-40 HW(S) followed by
lyophilization afforded 5 (7.2 mg, 62%) as a white foam. HRMS
(ESI): M = C15H29NO11. Calcd m/z for [M + H]+ 400.1813, found
400.1816.

3-Trifluoroacetamidopropyl 2,3,5-tri-O-benzoyl-6-O-(9-fluore-
nylmethoxycarbonyl)-β-D-galactofuranosyl-(1→5)-2,3,6-tri-O-
benzoyl-β-D-galactofuranosyl-(1→3)-2-O-benzoyl-4,6-di-O-benzyl-
α-D-mannopyranoside 29. The glycosylation of acceptor 27
(6 mg, 0.01 mmol) with donor 20 (14 mg, 0.01 mmol) in
0.5 mL of CH2Cl2 as described in the general procedure gave
trisaccharide 29 (12 mg, 67%) as a colorless syrup. Rf = 0.54
(toluene : EtOAc 5 : 1). 1H NMR (600 MHz, CDCl3) δ 8.07–7.12
(m, 53H, arom.), 5.99–5.95 (m, 1H, H-5III), 5.74 (s, 1H, H-1III),
5.72 (dd, J3,4 = 6.3 Hz, 1.9 Hz, 1H, H-3II), 5.65 (d, J = 1.5 Hz,
1H, H-2III), 5.64–5.61 (m, 2H, H-2I, H-1II), 5.57 (dd, J = 5.5,
1.2 Hz, 1H, H-3III), 5.53 (d, J = 2.0 Hz, 1H, H-2II), 4.97 (dd, J = 5.4,
3.4 Hz, 1H, H-4III), 4.91–4.87 (m, 2H, H-1I, PhCH2), 4.67 (dd, J =
12.4, 4.1 Hz, 2H, H-6a

III), 4.65–4.58 (m, 3H, PhCH2, H-5II, H-6a
II),

4.56 (dd, J = 6.2, 3.9 Hz, 1H, H-4II), 4.55–4.49 (m, 3H, H-6b
II,

H-6b
III, PhCH2), 4.45 (d, J = 11.9 Hz, 1H, PhCH2), 4.37 (dd, J = 9.5,

3.1 Hz, 1H, H-3I), 4.29 (dd, J = 10.5, 7.4 Hz, 1H, Fmoc-CH2), 4.24
(dd, J = 10.5, 7.6 Hz, 1H, Fmoc-CH2), 4.11 (t, J = 7.4 Hz, 1H,
Fmoc-CH), 4.04 (t, J = 9.5 Hz, 1H, H-4I), 3.73–3.68 (m, 1H, OCH2),
3.59 (dd, J = 10.7, 3.9 Hz, 1H, H-6a

I), 3.56–3.50 (m, 2H, H-6b
I,

H-5I), 3.48–3.41 (m, 2H, OCH2, NCH2), 3.37–3.30 (m, 1H, CH2N),
1.92–1.81 (m, 2H, OCH2CH2CH2N).

13C NMR (150 MHz, CDCl3)
δ = 166.40, 165.85, 165.67, 165.54, 165.53, 165.20, 165.04 (quat.
Ph), 133.30, 133.14, 133.05, 130.03, 129.86, 129.82, 129.65,
128.43, 128.35, 128.33, 128.29, 128.25, 127.72, 127.52, 127.44,
127.08, 125.18, 119.89 (Ph), 105.36 (C-1III), 102.11 (C-1II), 97.78
(C-1I), 82.43 (C-2II), 82.27 (C-2III), 82.10 (C-4II), 81.75 (C-4III), 77.73
(C-3II), 77.56 (C-3III), 75.11 (PhCH2), 73.74 (C-3I), 73.58 (C-5II),
73.44 (PhCH2), 73.18 (C-4I), 71.84 (C-5I), 70.25 (C-5III), 70.05
(Fmoc-CH2), 68.83 (C-6I), 67.79 (C-2I), 66.87 (C-6III), 65.45 (OCH2),
64.83 (C-6II), 46.61 (Fmoc-CH), 37.75 (CH2N), 28.45
(OCH2CH2CH2N). HRMS (ESI): M = C101H88NF3NO26. Calcd m/z
for [M + Na]+ 1810.5439, found 1810.5402.

3-Aminopropyl β-D-galactofuranosyl-(1→5)-β-D-galactofura-
nosyl-(1→3)-α-D-mannopyranoside 6. The removal of all protec-
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tive groups in compound 29 (12 mg, 0.0067 mmol) as
described for the preparation of disaccharide 5 gave 6 (3 mg,
80%) as a white foam. HRMS (ESI): M = C21H39NO16. Calcd m/z
for [M + Na]+ 584.2161, found 584.2158.

3-Trifluoroacetamidopropyl 2,3,5,6-tetra-O-benzoyl-β-D-galacto-
furanosyl-(1→6)-2,3,4-tri-O-benzoyl-α-D-mannopyranoside 31.
The glycosylation of acceptor 30 (25 mg, 0.039 mmol) with
donor 22 (32 mg, 0.043 mmol) in 1.5 mL of CH2Cl2 as
described in the general procedure gave disaccharide 31
(43 mg, 90%) as a colorless syrup. Rf = 0.38 (toluene : EtOAc
10 : 1). 1H NMR (600 MHz, CDCl3) δ 8.14–7.15 (m, 35H), 6.06
(ddd, J4,5 = 3.4 Hz, J5,6 = 4.5 Hz, J5,6′ = 7.8 Hz, 1H, H-5II), 5.88
(dd, J2,3 = 3.1 Hz, J3,4 = 9.9 Hz, 1H, H-3I), 5.84 (m, 1H, H-4I),
5.68 (dd, J1,2 = 1.7 Hz, 1H, H-2I), 5.63 (dd, J2,3 = 1.0 Hz, 1H,
H-3II), 5.56 (s, 1H, H-1II), 5.53 (d, 1H, H-2II), 5.08 (d, 1H, H-1I),
4.77–4.74 (m, 2H, H-6II, H-6′II), 4.69 (dd, 1H, H-4II), 4.35 (m,
1H, H-5I), 4.12–3.91 (m, 3H, H-6aI, H-6b′I, OCHH′), 3.74–3.49
(m, 3H, OCHH′, CH2N), 2.04 (m, 2H, CH2CH2CH2).

13C NMR
(151 MHz, CDCl3) δ 133.65, 133.58, 133.54, 133.52, 133.31,
133.24, 133.13, 130.00, 129.91, 129.89, 129.79, 129.74, 128.65,
128.49, 128.44, 128.38, 128.32 (PhC(O)), 106.49 (C-1II), 97.52
(C-1I), 82.06 (C-2II), 81.26 (C-4II), 77.63 (C-3II), 71.34 (C-5I),
70.39 (C-2I), 70.19 (C-5II), 69.83 (C-3I), 67.15 (C-4I), 66.27
(OCH2), 66.07 (C-6I), 63.66 (C-6II), 37.61 (CH2N), 28.52
(CH2CH2CH2). HRMS (ESI): M = C66H56F3NO19. Calcd m/z for
[M + Na]+ 1246.3291, found 1246.3255.

3-Aminopropyl β-D-galactofuranosyl-(1→6)-α-D-manno-
pyranoside 8. The deblocking of compound 31 (35 mg,
0.029 mmol) as described in the general procedure afforded
disaccharide 8 (8.8 mg, 77%) as a white foam. HRMS (ESI):
M = C15H29NO11. Calcd m/z for [M + H]+ 400.1813, found
400.1816.

3-Trifluoroacetamidopropyl 2,3,5-tri-O-benzoyl-6-O-(9-fluo-
renylmethoxycarbonyl)-β-D-galactofuranosyl-(1→2)-3,4,6-tri-O-
benzyl-α-D-mannopyranosyl-(1→2)-3,4,6-tri-O-benzyl-α-D-manno-
pyranoside 33. The glycosylation of acceptor 32 (28 mg,
0.027 mmol) with donor 16 (20 mg, 0.023 mmol) in 2.0 mL of
CH2Cl2 as described in the general procedure gave tri-
saccharide 33 (30 mg, 77%) as a colorless syrup. Rf = 0.38
(toluene : EtOAc 5 : 1). 1H NMR (600 MHz, CDCl3) δ 8.12 (d, J =
7.2 Hz, 2H, o-Ph), 8.02 (d, J = 7.3 Hz, 2H, o-Ph), 7.81 (d, J =
7.3 Hz, 2H, o-Ph), 7.71 (dd, J = 7.6, 3.0 Hz, 2H, Ph), 7.52–7.06
(m, 44H, arom.), 6.97 (t, J = 7.4 Hz, 1H, Ph), 6.89 (br s, 1H,
NH), 5.97–5.93 (m, 1H, H-5III), 5.50 (d, J = 4.1 Hz, 1H, H-3III),
5.48 (s, 1H, H-2III), 5.20 (s, 1H, H-1III), 5.10 (d, J = 1.5 Hz, 1H,
H-1II), 4.88 (d, J = 1.6 Hz, 1H, H-1I), 4.82 (d, J = 10.8 Hz, 1H,
PhCHH′), 4.74–4.44 (m, 11H, 10 × PhCHH′, H-6aIII), 4.34 (d, J =
10.9 Hz, 1H, PhCHH′), 4.29–4.15 (m, 4H, H-2II, Fmoc-CH2,
H-6bIII), 4.09 (t, J = 7.6 Hz, 1H, Fmoc-CH), 4.03–4.00 (m, 1H,
H-2I), 3.95–3.61 (m, 11H, H-3I, H-4I, H-5I, H-6aI, H-6bI, H-3II,
H-4II, H-5II, H-6aII, H-6bII, OCHH′CH2), 3.43–3.17 (m, 3H,
OCHH′CH2CH2NH), 1.77–1.66 (m, 2H, CH2CH2CH2).

13C NMR
(151 MHz, CDCl3) δ 165.69, 165.29, 154.93, 143.43, 141.33,
138.44, 138.38, 133.54, 133.42, 133.26, 130.15, 129.98,
128.61–128.36, 128.09, 127.90, 127.71, 127.39, 127.27, 125.40,
125.36, 120.05 (arom.), 103.75 (C-1III), 99.40 (C-1II), 99.24

(C-1I), 82.50 (C-4III), 81.43 (C-2III), 79.90 (C-3I), 78.18 (C-3II),
77.91 (C-3III), 75.74, 75.34, 75.14, 75.06, 74.89, 73.70, 73.55,
72.69, 72.37 (6 × PhCH2, C-2I, C-4I, C-5I, C-2II, C-4II, C-5II),
70.57 (C-5III), 70.25 (Fmoc-CH2), 69.99 (C-6II), 69.59 (C-6I),
66.88 (C-6III), 66.02 (OCH2CH2), 46.72 (Fmoc-CH), 38.15
(CH2NH), 28.26 (OCH2CH2CH2NH). HRMS (ESI): M =
C101H96F3NO22. Calcd m/z for [M + Na]+ 1754.6268, found
1754.6258.

3-Aminopropyl β-D-galactofuranosyl-(1→2)-α-D-mannopyra-
nosyl-(1→2)-α-D-mannopyranoside 13. The removal of all pro-
tective groups in compound 33 (25 mg, 0.014 mmol) as
described for the preparation of disaccharide 5 gave 13
(6.5 mg, 80%) as a white foam. HRMS (ESI): M = C21H39NO16.
Calcd m/z for [M + H]+ 562.2342, found 562.2342.
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