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Mixtures of partially O-methylated alditol acetate standards of galactofuranose were synthesized rapidly.
Methyl galactofuranosides were obtained with a yield of 79.9% within 4 h under optimized reaction con-
ditions. Methylation of methyl glycosides was carried out in the presence of BaO/Ba(OH)2�8H2O, giving
rise to mixtures of partially methylated glycosides. The batch containing the most diverse structures of
methyl ethers was converted into partially O-methylated alditol acetates (PMAAs) and then subjected
to GC–MS. These PMAAs could be used as GC–MS standards for simultaneous identification of galactofu-
ranose units with diverse linkages in complex carbohydrates.

� 2013 Elsevier Ltd. All rights reserved.
Galactofuranose (Galf)-containing structures are widespread in
bacteria, fungi and protozoans. Their function as the structural
determinants of the cell walls of bacteria and fungi, and their role
as a broad range of storage polymers have been well verified.1

Although they appear to play different roles, the Galf-containing
molecules that occur in organisms pathogenic or allergenic to
man are frequently antigentic and immunodominant. Enzyme
linked immunosorbent assay and immunofluorescence microscopy
indicated that the immunodominant epitopes were present in the
terminal Galf residues, and the linkage type of each Galf was clo-
sely correlated with their roles in cell recognition.2 Methylation
analysis is the most facile method for the determination of the sub-
stitution patterns of monosaccharide units in oligo- and polysac-
charides or carbohydrate moieties of glycoconjugates.3 Thus,
rapid and facile synthesis of partially O-methylated alditol acetate
standards of galactofuranose for methylation analysis is necessary.

Methyl glycosides are usually used as start materials for the
synthesis of partially O-methylated alditol acetate standards. Un-
der the experimental conditions described previously3,4 methyl
glycopyranosides were the main products while only small
amounts of methyl glycofuranoside were formed. Sassaki et al.5
prepared methyl galactofuranoside using galactose stirred in 0.5%
w/w MeOH–HCl or 0.5% w/w MeOH–H2SO4 at 25 �C for 16 h. We
attempted to develop an alternative set of reaction conditions to
prepare methyl glycofuranosides and used them as start materials
for the synthesis of their partially O-methylated alditol acetates
(PMAAs).

Several methods have been described for the methylation of
methyl glycosides, such as those developed by Hakomori,6 Purdie5

and Kuhn7. Taking into account the disadvantage of Purdie proce-
dure, Wang3 has developed a BaO/Ba(OH)2�8H2O system to prepare
partially methylated glycosides (PMGs), and almost all the substi-
tution patterns necessary for the analysis of galactopyranose sub-
stitutions in the nature have been obtained. We applied this
approach to the methyl galactofuranosides, and almost all possible
variously O-methylated methyl galactofuranosides were synthe-
sized. The products were then converted into PMAAs for GC–MS
analysis. Now, we report on the synthesis of PMAA standards of
galactofuranose and their characterization.

For the synthesis of methyl galactosides, galactose was treated
with a reflux of 2% hydrogen chloride in methanol at 70 �C for
12 h.3,4 Under above reaction conditions, the mother liquor con-
tained a mixture of methyl a/b-pyranosides (78%) and methyl a/
b-furanosides (28%). To obtain higher yields of galactofuranosides,
the methanolyses of galactose have been carefully studied by mon-
itoring (by GC and GC–MS examination of derived volatile TMS-
ethers) the loss of galactose, the formation of galactofuranosides,
and the formation of galactopyranosides.
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The TMS methyl glycoside derivatives of galactose were ana-
lyzed by GC, and six peaks were observed. The relative percentages
were calculated on the basis of their peak areas in the GC spectra
(Fig. S1 in Supplementary data). The acquired GC data of the TMS
methyl glycoside derivatives were informative but disallowed
unambiguous identification of the components. Complementary
information, however, was obtained via MS analysis of the individ-
ual components, preferably performed as combined GC–MS. The
major peaks were identified using their retention times and EIMS
profiles, referring to previous reports8.

Figure 1A shows the effect of variation of hydrogen chloride
concentration ranging from 0.001 to 0.1 mol/L on the formation
of Me Gal at 70 �C for 2 h. As presented in Figure 1A, 0.004 mol/L
was the optimum HCl concentration for the formation of galacto-
furanosides. Figure 1B shows the effect of reaction time on the
treatment result of galactose with methanol containing hydrogen
Figure 1. (A) Effect of hydrogen chloride concentration on the formation of Me Galf.
(B) Effect of reaction time on the formation of Me Galf. (C) Effect of reaction
temperature on the formation of Me Galf.
chloride (0.004 mol/L) at 70 �C. With the reaction time prolonged,
the yield of Me Galp increased, and the concentration of galactose
decreased. The percentage of Me Galf was found to increase before
4 h. However, after 4 h, the formation of Me Galf decreased. The ef-
fect of reaction temperature (i.e., 0–95 �C) on the galactoside for-
mation in methanolic hydrogen chloride (0.004 mol/L) for 2 h is
shown in Figure 1C. It was observed that the formation of galacto-
sides increased as the reaction temperature increased. Galactose
could not be converted into galactosides at the reaction tempera-
ture below 20 �C. When the reaction temperature was over 70 �C,
the concentration of galactosides did not increase any more. The
results suggested that galactose was converted into pyranosides
via the intermediate furanosides and mild reaction conditions
should be used for the preparation of methyl galactofuranosides.
When galactose was treated at 70 �C using reflux of methanolic
hydrogen chloride (0.004 mol/L) for 4 h, 79.9% galactofuranosides
were obtained.

Methylation of methyl galactosides was carried out in the pres-
ence of BaO/Ba(OH)2�8H2O. The methylation proceeded gradually.
After 30 min, domination of mono-O-methyl ethers was noticed,
and another 30 min later, di-O-methyl derivatives were formed.
The derivatives with higher degrees of methylation were obtained
at later stages. As the reaction time exceeded 4 h, the reaction solu-
tion contained unsubstituted, mono-, di-, tri-, and tetra-O-methyl
derivatives, which were subsequently converted into PMAAs via
successive hydrolysis, reduction with NaBH4, and acetylation in
pyridine. The resulting PMAAs were identified via GC–MS analysis,
using their retention times and EIMS profiles referring to previous
reports.4 Almost all possible PMAA structures were obtained in the
rapid synthesis, except 2,5-Me2Gal. They are tabulated in Table 1,
with their relative proportion calculated on the basis of their peak
areas in GC spectra. As shown in Figure 2, PMAAs of methyl Galf
were well separated by GC–MS using an Rtx-5ms capillary column
and a temperature programing of 140 �C (3 min) �250 �C (40 min)
at 5 �C/min. Some pairs of methylated derivatives (e.g., 2- and 5-O-
methylhexitol, 3- and 4-O-methylhexitol, 2,4- and 3,5-di-O-meth-
ylhexitol), for symmetry reasons, gave alditols with the same sub-
stitution pattern. To distinguish them, we used NaBD4 instead of
NaBH4 as the reducing agent, which can introduce deuterium at
the C-1 position (Fig. S2 in Supplementary data).

Thus, a simple, efficient, and very useful procedure for the
simultaneous synthesis of partially O-methylated alditol acetate
standards (PMAAs) of galactofuranose was developed. It is of par-
ticular importance for the structural analysis of complex galactofu-
ranose-containing carbohydrates.
Table 1
Partially O-methylated alditol acetates obtained of methyl galactosides which were
synthesized with methanolic hydrogen chloride (0.004 mol/L) at 70 �C for 4 h

O-methylated altitol acetates Rt (min) Relative percentage (%)

2,3,5,6-Me4-Galf 12.93 1.14
2,3,4,6-Me4-Galp 13.20 1.49
2,5,6-Me3-Galf 14.66 6.16
2,3,6-Me3-Galf/p 14.79 3.29
3,5,6-Me3-Galf 14.97 1.62
2,3,5-Me3-Galf 15.84 3.50
5,6-Me2-Galf 15.92 6.34
2,6-Me2-Galf/p 16.25 10.30
3,6-Me2-Galf/p 16.64 2.70
2,3-Me2-Galf/p 17.31 16.12
6-Me-Galf/p 17.56 2.41
3,5-Me2-Galf 17.83 4.88
2-Me-Galf/p 5-Me-Galf 18.54 28.46
3-Me-Galf/p 19.14 5.90
Gal hexaacetate 19.81 5.70



Figure 2. Total ion chromatogram from GC–MS analysis of PMAAs of galactose: (1) 2,3,4,6-Me4-Gal, (2) 2,3,5,6-Me4-Gal, (3) 2,5,6-Me3-Gal, (4) 2,3,6-Me3-Gal, (5) 3,5,6-Me3-
Gal, (6) 2,3,5-Me3-Gal, (7) 5,6-Me2-Gal, (8) 2,6-Me2-Gal, (9) 3,6-Me2-Gal, (10) 2,3-Me2-Gal, (11) 6-Me-Gal, (12) 3,5-Me2-Gal, (13) 2-/5-Me-Gal, (14) 3-Me-Gal, (15) Gal
hexaacetate.
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1. Experimental

1.1. Preparation of methyl galactosides

Galactose (50 mg) was dissolved in methanolic hydrogen chlo-
ride and heated for some time. The solution was subsequently neu-
tralized with excess powdered NaHCO3, filtrated, and evaporated
to dryness. Me ab-Galp and Me ab-Galf were obtained.

1.2. The silylation reaction of methyl galactoside mixtures

Silylation was performed by treating galactosides (10 mg) dis-
solved in pyridine (1 mL) with 0.4 mL of hexamethyldisilazane
(HMDS) and 0.2 mL of trimethylchlorosilane (TMS-Cl). After stir-
ring for 5 min at room temperature, the mixture was concentrated
to dryness using a rotary evaporator in vacuo at 50 �C and the res-
idue was dissolved in dichloromethane (5 mL). The sample solu-
tion was centrifugated, and the obtained supernatant was used
for the analysis by GC and GC–MS.

1.3. GC and GC–MS analysis

GC: The TMS ethers of methyl galactosides were applied to a
rtx-50 fused-silica capillary column (30 m � 0.25 mm � 0.25 lm),
using a temperature program of 180 �C (2 min) �250 �C (10 min)
at 6 �C/min; the temperatures of injector and flame ionization
detector (FID) were set at 270 and 280 �C, respectively; the carrier
gas was nitrogen at a flow rate of 0.88 mL/min.

GC–MS: GC–MS analysis of the TMS-ethers of galactosides was
carried out on a Shimadzu QP2010 GC–MS, equipped with a capil-
lary column of rtx-5ms (30.0 m � 0.25 mm � 0.25 lm), with the
same programed temperature as that for GC; the temperature of
injector was 270 �C; electron impact (EI) mass spectra were ob-
tained from m/z 43 to 800 every 0.5 s in the total ion-monitoring
mode using an ion source temperature of 200 �C; helium
(1.24 mL/min) was used as the carrier gas.

1.4. Methylation of methyl galactosides

The methyl galactoside mixtures (53 mg) were dissolved in
DMF (2 mL), and then BaO (200 mg), Ba(OH)2�8H2O (10 mg), and
CH3I (1 mL) were added. The suspension was vigorously stirred
using a vibrational shaker in the dark to give PMGs. An aliquot
(300 lL) of the sample solution was taken out as often as once
every 30 min, poured into MeOH, filtered, and assayed by thin
layer chromatography (10:1 CH2Cl2/MeOH) to monitor the degree
of methylation using the orcinol-sulfuric acid staining reagent.

1.5. Preparation of PMAAs

The batch giving a maximum number of spots on the silica gel
plate was evaporated, and the obtained residue was used to pre-
pare mixtures of partially O-methylated alditol acetates (PMAAs).
The procedure was carried out according to the methods described
previously by Wang et al.3

1.6. GC–MS analysis of PMAAs

The PMAAs were applied to GC–MS equipped with a capillary
column of rtx-5ms (30.0 m � 0.25 mm � 0.25 lm), using a temper-
ature program of 140 �C (3 min) �250 �C (40 min) at 5 �C/min; rou-
tine analysis was performed with a scan range from m/z 43 to 500
in the electron impact mode.
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