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Versatile building blocks from disaccharides: glycosylated
5-hydroxymethylfurfuralsI
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Abstract—A practical protocol for the elaboration of O-glycosyl-HMF’s from glycosyl-(1!6)-glucoses is reported, the two steps
involving aluminate-promoted isomerization to the respective 6-O-glycosyl-fructoses and subsequent selective dehydration of the
fructose portion. Accordingly, melibiose, gentiobiose, and primeverose are converted into the corresponding 2-uloses and, then, into
a-GalMF 11, b-GMF 12, and b-XylMF 13. Pt/C-catalyzed oxidation with oxygen in NaOH at 25 �C efficiently generated the respec-
tive furoic acids from a-GalMF and a-GMF, whilst Pt/O2 in water at 50 �C also oxidizes the primary OH to give the dicarboxylic
acids 15 and 17–key building blocks for the generation of novel types of polyesters and polyamides.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

As carbohydrates represent 75% of the annually renew-
able biomass, their utilization for the generation of
chemicals and materials that eventually replace those
from fossil resources is a major challenge for green
chemistry.2,3 This entails the development of efficient
methodologies for the simultaneous reduction of their
oxygen content and introduction of C@C and C@O
functionality toward industrially viable building blocks.
Furan-type heterocycles are prototypes of such chemi-
cals: furfural, already produced on an industrial scale
from biomass-derived xylose,4 5-hydroxymethylfurfural
1 (HMF),5 for which a pilot plant process for produc-
tion from DD-fructose or inulin is available,6 and
which—in the form of its oxidation product furan-2,5-
dicarboxylic acid 2—is considered to be one of the top
12 biomass-derived chemicals deserving further exploita-
tion.7

Since a hydrophilic version of HMF, 5-a-DD-glucosyl-
oxymethyl-furfural 3 (a-GMF)—accessible from sucrose-
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derived isomaltulose8—has gained interest as a building
block for a novel type of liquid crystals,9 as well as for a
variety of hydrophilic pyrroles, pyridazines, and diazepi-
nones,10 we opted to investigate the preparation of
O-glycosylated HMF’s with other sugar portions and
anomeric configurations—preferably not by glycosyla-
tion of HMF, as the yields obtainable are modest.11 This
has been attributed to the electron-withdrawing effect of
the aldehyde moiety decreasing the nucleophilicity of the
hydroxyl group,11 yet is more likely due to the substan-
tial formation of the known12 bis-HMF-ether 4 under a
variety of glycosylation conditions.13
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6 R = β- D-Glc (gentiobiose) 
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10 R = β- D-Xyl (primeverulose) 
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Hence, the approach followed for the generation of a-
GMF—selective dehydration of the fructose portion of
isomaltulose under conditions that retain the intergly-
cosidic linkage8—was applied to other glycosyl-(1!6)-
fructoses, namely melibiulose 8, gentiobiulose 9, and
primeverulose 10. Accordingly, we herein report their
efficient preparation from the respective glycosyl-
(1!6)-glucoses, their conversion into a-GalMF 11,
b-GMF 12, and b-XylMF 13, and some follow-up
reactions.
60% H+ resin,
DMSO

O

H

ORO

11 R = α- D-Gal (α-GalMF) 
12 R = β- D-Glc (β-GMF) 
13 R = β- D-Xyl (β-XylMF) 

Scheme 1. Sodium aluminate-mediated isomerization of 6-O-glycos-
ylated glucoses to their fructose analogs (5–7!8–10) and their
dehydration to the respective 5-O-glycosylated HMFs 11–13.
2. Results and discussion

2.1. Aluminate-mediated isomerizations of 6-O-glycosyl-
glucoses

Unlike a-DD-glucosyl-(1!6)-DD-fructose (isomaltulose),
which is produced on a ton scale from sucrose by bacte-
rial O-2!O-6-transglucosylation,14 other 6-O-glycosyl-
ated fructoses, such as melibiulose 8, gentiobiulose 9,
and primeverulose 10, although known,15–18 are consid-
erably less accessible.19 The better accessibility of the
respective 6-O-glycosyl-glucoses melibiose 5,20 gentio-
biose 6,21 and primeverose 7,22 meant that a procedure
had to be sought for effectively isomerizing their termi-
nal glucose unit to fructose. Of the various methods
evaluated,23 the one most suitable was found to be one
adapted from the aluminate-promoted conversion malt-
ose into maltulose24 (70% of crystalline product25), and
lactose into lactulose (85%),26 which in turn relied on
an earlier patent for a glucose!fructose conversion
(67%).27 The protocol simply involves heating of
an aqueous solution of the glycosyl-glucoses 5–7
with sodium aluminate (4 h, 45 �C) the respective
reaction mixtures comprising about 85–90% of the
desired glycosyl-fructoses 8–10 (HPLC) aside the educts,
their component sugars and DD-fructose (1–2% each),
yet—notably—only trace amounts of the respective
glycosyl-mannoses.

Compared with the large variety of reactions induced on
exposure of aldoses to alkali—C-2-epimerization,23 rear-
rangement to the ketose,23 retro-aldolization with subse-
quent recombination of the fragments,28 and formation
of saccharinic acids29—the aluminate-mediated treat-
ment of the 6-O-glycosyl-glucoses 5–7 takes a distinctly
more uniform course: rearrangement to the respective
glycosyl-fructoses 8–10 is highly preferred (85–90%),
such that the glucose!fructose conversion is the
predominant if not exclusive reaction path followed.

A mechanism capable of explaining this preference obvi-
ously has to rely on aluminate complexes of the two
sugars and/or the respective reaction intermediates as
differences in their stabilities are likely to shift the equi-
libria involved to the fructose side. Evidence toward this
end may be drawn from the fact that 1:1 complexes of
aluminate with DD-glucose and DD-fructose have been
prepared30,31 and that the association constant of the
DD-fructose–aluminate complex is 5–10 times higher than
the one formed from DD-glucose.31 The higher affinity of
DD-fructose to aluminate was also inferred from its pro-
nouncedly larger retentivity on columns with resins in
the aluminate form, such that glucose/fructose mixtures
can be readily separated due to fast elution of the less
strongly complexed glucose part.30,31

As of now, structural characterizations of these reducing
sugar/aluminate complexes are not available. As it is
generally accepted, however, that the first step in alkali-
promoted transformation of aldoses is the formation
of a 1,2-enediolate23,28 through abstraction of H-2 from
the aldehydro form of the sugar, an enediol–aluminate
complex of type I (Scheme 2) appears to be the most
plausible intermediate in the DD-glucose!DD-fructose
conversion. The subsequent step then can be conjectured
as a cyclization analogous to the common hemiacetal-
ization, which can occur by attack of either O-6 or of
O-5 at the C-2 of the enediolate, thereby elaborating
the spiro-1,2-aluminate complexes of fructose in the
pyranose (IIa) and furanose forms (IIb), respectively.
As these transformations, in principle, are reversible, a
shift of the equilibria Ia M IIa and Ib M IIb to the fruc-
tose side must be operative to account for the high fruc-
tose yields obtained on acidification—a reasonable
assumption as aluminate stabilizes fructose distinctly
stronger than the isomeric glucose.30,32

Of the two pathways delineated in Scheme 2, there are
no arguments for a preference, as of now. That aqueous
solutions of DD-fructose mainly contain the b-pyranoid
tautomer (73% at 25 �C33) may accentuate the fructo-
pyranose complex IIa, yet its furanoid counterpart IIb
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appears equally important as conversion of the 6-O-
blocked glucoses 5–7 to their respective fructoses 8–10
can only proceed through furanose intermediates.
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Scheme 2. Conceivable mechanism for the aluminate-mediaterd rear-
rangement of glucose to fructose proceeding through pyranoid or
furanoid fructose–aluminate complexes. In the case of the 6-O-
substituted analogs 5–7 only the ‘furanoid’ pathway to the 6-O-
glycosyl-fructofuranoses 8–10 is followed.
The simplicity and consistency of this mechanistic ratio-
nalization—another via sterically unusual intermediates
has been advanced34—is tempting, and this the more, as
the favourable effect of borate in the alkaline isomeriza-
tion of a variety of aldoses to ketoses,35 most notably of
the industrially important lactose! lactulose conver-
sion,36 may readily be understood on the basis of borate
complexation intermediates of type I and IIa/b, the
aluminium atom simply being replaced by boron. Any
definite mechanistic proof, however, will have to await
the unequivocal structural characterization of aluminate
or boronate complexes. Studies towards this end are
presently being pursued.

2.2. Selective dehydration 6-O-glucosyl-fructoses

For the selective dehydratization of the fructose portion
of these glycosyl-fructoses, conditions used previously
for the conversion of isomaltulose into a-GMF 3—heat-
ing in an anhydrous DMSO solution in the presence of a
dry, strongly acidic ion exchange resin for 3 h at
120 �C8—were applied. Mixtures of the correspon-
ding glycosyl-HMF’s (ca. 70–75%), dimeric glycosyl-
fructoses (5–10%), HMF, and the respective aldose
(�5%) were obtained, which were readily separated to
give a-GalMF 11, b-GMF 12, and b-XylMF 13 in crys-
talline form and in yields of around 60% (Scheme 1).
From a practical point of view though, these glycosyl-
HMF’s are more readily prepared from the respective
glycosyl-(1!6)-glucoses 5–7, as the two steps
involved—base-promoted glucose!fructose isomeriza-
tion and acid-induced dehydration of the crude
glycosyl-fructoses 8–10—can be readily combined into
a continuous operation with overall yields also in the
60% range.

2.3. Catalytic oxidation of glycosyl-HMFs

a-GMF 3 and a-GalMF 11 being the most readily acces-
sible ‘hydrophilic’ HMF’s—the former from bulk-scale
available isomaltulose,8 the latter from raffinose-de-
rived20 melibiose—their oxidative conversion into
dicarboxylic acids was evaluated, as these were deemed
to have industrial potential as building blocks for poly-
esters and polyamides.

As in the case of a-GMF,8 the aldehyde function of a-
GalMF 11 was readily oxidized on exposure to slightly
acid-buffered aqueous sodium chlorite to provide the
galactosyloxymethyl-furoic acid 15 (83%). The same
conversion could also be effected in a more benign
way by adapting conditions used previously37 for the
oxidation of HMF 1 into its 2-furoic acid: Pt/C-cata-
lyzed oxidation with oxygen (1–2 h, 25 �C in 1 M
NaOH), affording 15 in 85% yield (Scheme 3). Similarly,
a-GMF 3 cleanly gave the respective glucosylated furoic
acid 14 when subjected to these conditions.

In non-reducing mono- and disaccharides, the Pt-cata-
lyzed oxidation with oxygen takes place at the primary
hydroxyl group with high selectivity;38 hence, when
employing somewhat more vigorous conditions—
Adams catalyst, freshly prepared by hydrogenation of
PtO2, higher temperature (70 �C), and slightly longer
reaction times (3–5 h)—not only was the aldehyde group
in a-GMF and a-GalMF oxidized, but the 6 0-OH as
well, to smoothly provide the respective dicarboxylic
acids 16 and 17 in yields of 79% and 84%. Studies on
their utilization toward the generation of di- and poly-
amides by aminolysis of their dimethyl esters with fatty
amines and diamines of the hexamethylenediamine type
are currently being implemented.
3. Conclusion

With 5-hydroxymethylfurfural 1 (HMF) being a key
intermediate in the quest to utilize carbohydrates as or-
ganic raw materials,2 this account provides an indication
of the potential ease of access to a number of O-glycos-
ylated, hence, hydrophilic HMF analogues, that is, a-
GalMF, b-GMF, and b-XylMF. Their generation, each
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in crystalline form, from the respective glycosyl-(1!6)-
glucoses melibiose, gentiobiose, and primeverose com-
prise a simple two-step process, which can be combined
into one continuous operation: base-promoted isomeri-
zation of their glucose portion to fructose and subse-
quent acid-induced dehydration of the fructose unit.
The utility of these glycosylated HMF’s as versatile
building blocks toward products with industrial applica-
tion profiles was demonstrated by the high-yielding con-
version of a-GalMF and a-GMF into dicarboxylic
acids, deemed of relevance for the generation of novel
types of polyesters and polyamides.
4. Experimental

4.1. General

Melting points were determined with a Bock hot-stage
microscope and are uncorrected. Optical rotations were
measured on a Perkin–Elmer 241 polarimeter at 20 �C
using a cell of 1 dm path length; concentration (c) in
g/100 mL and solvent are given in parantheses. 1H and
13C NMR spectra were recorded on a Bruker ARX-
300 spectrometer in the solvents given. Mass spectra
were acquired on Varian MAT 311 and MAT 212 spec-
trometers. Microanalyses were determined on a Perkin–
Elmer 240 elemental analyzer. Analytical thin layer
chromatography (TLC) was performed on precoated
Merck plastic sheets (0.2 mm silica gel 60 F254) with
detection by UV (254 nm) and/or spraying with H2SO4

(50%) and heating. Column and flash chromatography
was carried out on Fluka silica gel 60 (70–230 mesh)
using the specified eluents.

4.2. 6-O-(b-DD-Galactopyranosyl)-DD-fructofuranose
(melibiulose, syn planteobiose), 8

Melibiose monohydrate (5ÆH2O, 10.5 g, 29 mmol) was
added to a sodium aluminate solution, freshly prepared
by gradual dissolution of aluminium granulate (3.5 g) in
30 mL of 20% aqueous NaOH (H2 evolution), filtration
after cessation of gas evolution, and addition of water to
35 mL. The mixture was then kept at 45 �C for 4.5 h,
whereby it had attained a red color and TLC indicated
an approximate 90% conversion39 (Rf = 0.20 in n-
PrOH/water/EtOAc for educt, 0.31 for product). Subse-
quent dilution with water (200 mL) was followed by
dropwise addition of 10 M H2SO4 (!pH 4) and addi-
tion of CaCO3 until CO2 evolution ceased (!pH 6.7).
Filtration of the Al(OH)3 precipitate, thorough wash-
ings with water, and evaporation of the combined fil-
trates to dryness in vacuo left a syrup, which was fully
deionized by passing through a mixed-bed column
(10 mL each of Amberlite IRA-410, OH� form and IR
120, H+ form) and elution with water. In vacuo removal
of the solvent from the eluate and drying over P2O5 left
8.6 g (82%) of 8 as a colorless syrup with ½a�20

D ¼ þ127 (c
1.0, water, after equilibration for 2 h) {lit.16 [a]D = +125
(c 1.8, water)}.

Another specific rotation value given for 8 (½a�25
D ¼

þ55:2 in H2O15) is obviously due to the impure product.

4.3. 1 0,2 0,3 0,4 0-Tetra-O-acetyl-6 0-O-(2,3,4,6-tetra-O-acet-
yl-a-DD-galactopyranosyl)-b-DD-fructofuranose (octa-O-
acetyl-b-melibiulose)

A solution of 1.0 g (2.9 mmol) of melibiulose 8 in pyri-
dine (50 mL) was cooled to 0 �C, followed by dropwise
addition of Ac2O (20 mL) and stirring overnight at
ambient temperature. Ice was then added to the reaction
mixture, which after stirring for 2 h was evaporated to
dryness in vacuo. The residual syrup was dissolved in
CHCl3 (100 mL) and the solution successively washed
with H2SO4 (50 mL), aqueous satd NaHCO3, and water,
dried over MgSO4 and taken to dryness. Elution of the
residue from a silica gel column (2 · 25 cm) with tolu-
ene-acetone (3:1), concentration of the eluates of Rf

0.44 (toluene/acetone, 3:1), and trituration of the syrup
left with ether/n-hexane gave 1.60 g (81%) of octaace-
tate; mp 119 �C; ½a�20

D ¼ þ105 (c 0.8, CHCl3); 1H
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NMR (300 MHz, CDCl3; Me4Si): d 1.9–2.1 (8s, 3H
each, 8CH3CO), 3.62 (dd, 1H, J5,6a 3.5, J6,6 12.0, 6-
Ha), 3.87 (dd, 1H, J5,6b 5.1, J6,6 10.8, 6-Hb), 4.07 (m,
2H, 6 0-H2), 4.25 (t, 1H, 5 0-H), 4.32 and 4.57 (2d, 1H
each, J1,1 12.0, 1-H2), 4.40 (m, 1H, 5-H), 5.06–5.14
(3H-m, 1-H, 3-H, 4-H), 5.30 (dd, 1H, J 10;20 3.5, J 20 ;30

10.3, 2 0-H), 5.43 (m, 1H, 4 0-H), 5.81 (d, 1H, J 30;40 3.8,
3-H). Anal. Calcd for C28H38O19 (678.6): C, 49.56; H,
5.64. Found: C, 49.48; H, 5.62.

4.4. 6-O-(b-DD-Glucopyranosyl)-DD-fructofuranose (gentio-
biulose), 9

A 1.70 g (5 mmol) portion of gentiobiose 6 was sub-
jected to sodium aluminate-mediated isomerization as
described for 5!8. Analogous workup afforded a color-
less syrup, which was further purified by elution from a
sephadex column (2 · 15 cm) with water. In vacuo re-
moval of the solvent from the product-containing elu-
ates (Rf 0.31 in n-PrOH/water/EtOAc, 7:2:1 vs Rf 0.21
for educt) gave 1.28 g (75%) of 9 as a colorless syrup;
½a�20

D ¼ þ9:1 (c 1.0, H2O after equilibration for 3 h).
13C NMR data (75.5 MHz, D2O) correlated well with
those described previously.17

4.5. 6-O-(b-DD-Xylopyranosyl)-DD-fructofuranose (prime-
verulose), 10

Following the procedure given for 5!8, 3.0 g
(9.6 mmol) of primeverose 722 (Rf 0.32 in n-PrOH/
water/EtOAc, 7:2:1) was nearly quantitatively converted
into 10 (Rf 0.40). The resulting colorless syrup was puri-
fied by elution from a silica gel column (2 · 25 cm) with
7:2:1 n-PrOH/water/EtOAc: 2.30 g (77%) of 10 as a col-
orless foam; ½a�20

D ¼ �28:9 (c 1.0, H2O, after 3 h) {lit.18

½a�20
D ¼ �27:5 (c 2.6, H2O)}.

4.6. 5-[(a-DD-Galactopyranosyloxy)methyl]-2-furancarbox-
aldehyde (‘a-GalMF’), 11

A solution of 3.4 g (10 mmol) melibiulose 8 in anhy-
drous DMSO (35 mL) was heated to 120 �C, 0.4 g of
Dowex 50 WX4 (H+ form) and freshly desiccated
molecular sieve (4 Å, 2.0 g)40 were added, and stirring
was continued for 3 h at 120 �C, whereafter TLC indi-
cated absence of educt in favor of a-GalMF (Rf 0.48
in acetonitrile/water, 4:1) and some HMF. Filtration,
removal of the solvent in vacuo, dissolution of the
remaining dark-brown syrup in water (30 mL), extrac-
tion with CH2Cl2 (2 · 30 mL) for removal of traces of
DMSO and HMF, and evaporation of the aqueous
phase in vacuo provided a syrup, which was purified
by elution from a silica gel column with acetone. Con-
centration of the product-containing eluates resulted in
crystallization: 1.85 g (65%) of 11 as colorless needles;
mp 143 �C; ½a�20

D ¼ þ158 (c 1, MeOH); 1H NMR
(300 MHz, [D6]DMSO): d 3.5–3.7 (6H-m, 2 0-H, 3 0-H,
4 0-H, 5 0-H, 6 0-H2), 4.54 and 4.66 (d, 1H each, Jgem

13.1, 5-CH2), 4.78 (d, 1H, J 10;20 3.6, 1 0-H), 6.76 and
7.52 (2d, 1H each, J3,4 3.5, 3-H, 4-H), 9.57 (s, 1,
CHO); dC (75.5 MHz; [D6]DMSO) 60.6 (C-6 0), 60.7 (5-
CH2), 68.3 (C-2 0), 68.9 (C-4 0), 69.6 (C-3 0), 71.8 (C-5 0),
98.8 (C-1 0), 112.0 (C-4), 124.2 (C-3), 152.3 (C-5), 158.2
(C-2), 178.4 (CHO). Anal. Calcd for C12H16O8

(288.25): C, 50.00; H, 5.60. Found: C, 49.89; H, 5.56.

4.7. 5-[(b-DD-Glucopyranosyloxy)methyl]-2-furancarbox-
aldehyde (‘b-GMF’), 12

Gentiobiose (6, 5.0 g, 14.6 mmol) was subjected to alu-
minate-mediated isomerization to gentiobiulose 9, as de-
scribed for 5!8, and worked up analogously. The
resulting syrupy 9 (3.95 g) contained small amounts of
educt (<3%, Rf 0.21 vs 0.31 for 9 in 7:2:1 n-PrOH/
water/EtOAc), and was used without further purifica-
tion for dehydratization by dissolving in 40 mL of
DMSO and heating in the presence of Dowex 50 (H+

form) for 2.5 h at 120 �C. Processing of the mixture as
described for a-GalMF gave 2.14 g (51% based on gen-
tiobiose) of 12; mp 144 �C; ½a�20

D ¼ �159 (c 1, MeOH);
1H NMR (300 MHz, [D6]DMSO): d 2.9–3.7 (several
m, 6H, glucosyl 2 0-H, 3 0-H, 4 0-H, 5 0-H, 6 0-H2), 4.28 (d,
1H, J 10 ;20 7.7, 1 0-H), 4.66 and 4.85 (2d, 1H each, Jgem

13.3, 5-CH2), 6.78 and 7.51 (2d, 1H each, J3,4 3.5, 3-H
and 4-H), 9.58 (s, 1H, CHO); dC (75.5 MHz;
[D6]DMSO) 60.8 (C-6 0), 61.6 (5-CH2), 69.2 (C-4 0), 73.1
(C-2 0), 76.4 (C-3 0), 76.7 (C-5 0), 101.9 (C-1 0), 111.4 (C-
4), 123.6 (C-3), 151.9 (C-5), 157.5 (C-2), 177.9 (CHO);
MS (FD) m/z 288 (M+). Anal. Calcd for C12H16O8

(288.25): C, 50.00; H, 5.60. Found: C, 49.90; H, 5.55.

Performing the acid-promoted dehydration on gentio-
biulose 9 as described above for the melibiulose !a-
GalMF conversion gave b-GMF 12 in 57% yield.

4.8. 5-[(2,3,4,6-Tetra-O-acetyl-b-DD-glucopyranosyl)-
methyl]-2-furancarboxaldehyde (b-GMF tetraacetate)

To a cooled (0 �C) solution of b-GMF 12 (290 mg,
1 mmol) in pyridine (15 mL) was added, with stirring,
acetic anhydride (5 mL) and the mixture was then kept
at ambient temperature overnight, followed by pouring
into ice water (10 mL). Concentration in vacuo gave a
syrup, which was dissolved in CH2Cl2 (40 mL) and the
solution washed successively with 2 M H2SO4, a satd
aqueous NaHCO3 solution, and water, followed by dry-
ing over MgSO4 and removal of the solvent in vacuo.
Purification of the residue by elution from a silica gel
column (2 · 20 cm) with 3:1 toluene/acetone, evapora-
tion of the solvent from the eluates, and trituration of
the residue with ether gave 370 mg (81%) of b-GMF
tetraacetate; mp 130 �C; ½a�20

D ¼ �36 (c 1, CHCl3)
{lit.11 mp 130 �C; ½a�20

D ¼ �39 (c 1, CH2Cl2) for a prod-
uct obtained by low-yield glycosylation of HMF with
acetobromoglucose}. 1H and 13C NMR data (CDCl3)
correlated well with those reported.11

4.9. 5-[(b-DD-Xylopyranosyloxy)methyl]-2-furancarbox-
aldehyde (‘b-XylMF’), 13

A solution of primeverulose 10 (1.55 g, 5 mmol) in anhy-
drous DMSO (15 mL) containing 80 mg of dry Dowex
50 (H+ form) and freshly desiccated molecular sieve
(4 Å, 1.5 g)40 was kept for 3 h at 120 �C, whereafter
TLC indicated the absence of educt in favor of b-XylMF
(Rf 0.65 in 4:1 acetonitrile/water) and traces of HMF
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and xylose. Workup of the mixture as described for
a-GalMF 11 afforded a syrup, which crystallized from
acetone/EtOAc: 1.18 g (58%) of 13; mp 124 �C; ½a�20

D ¼
�35 (c 1, MeOH) {lit.41 mp 124–126 �C; ½a�20

D ¼ �23
(c 1, CHCl3) for a product obtained in 11 steps from
glucose and xylose as educts}; 1H NMR (300 MHz,
[D6]DMSO): d 3.05 (m, 3H, 2 0-H, 3 0-H, 4-H), 3.26 (m,
1H, 5 0-Ha), 3.73 (dd, 1H, J 40 ;50 3.1, J 50 ;50 11.2, 5 0-Hb),
4.25 (d, 1H, J 10 ;20 3.5, 1 0-H), 4.62 and 4.76 (2d, 1H each,
5-CH2), 5.0–5.2 (m, 3H, 3 OH), 6.76 and 7.50 (2d, 1H
each, 3-H, 4-H), 9.58 (s, 1H, CHO); MS (FD) m/z 258
[M+]. Anal. Calcd for C11H14O7 (258.2): C, 51.16; H,
5.47. Found: C, 51.05; H, 5.43.

4.10. 5-[(a-DD-Glucopyranosyloxy)methyl]-2-furoic acid,
14

At room temperature, oxygen was passed through a vig-
ourously stirred solution of a-GMF 3 (2.90 g, 10 mmol)
in 25 mL of 1 M NaOH containing 1.0 g of 5% Pt on
carbon. Monitoring the progress of the oxidation
(TLC in 4:1 acetonitrile/water) indicated the consump-
tion of the educt after �1.5 h, whereafter the mixture
was filtered, followed by deionization with Dowex 50
(H+ form) and evaporation in vacuo to dryness. Purifi-
cation of the residue by fast elution from a silicagel col-
umn with 2:1 MeOH/CHCl3 and in vacuo removal of
the solvents from the product-containing eluates gave
2.70 g (85%) of 14 as a uniform, amorphous solid;
½a�20

D ¼ þ104 (c 0.7, MeOH); 1H and 13C NMR data in
[D6]DMSO matched those obtained previously.8

4.11. 5-[(a-DD-Galactopyranosyloxy)methyl]-2-furoic acid,
15

To a solution of a-GalMF 9 in NaOH (575 mg, 2 mmol,
in 5 mL) was added 250 mg of 5% Pt/C, and oxygen was
passed through with vigorous agitation for about 1.5 h
as described for the conversion 3!14 (cf. above). Anal-
ogous workup afforded 460 mg (76%) of 15 as a uni-
form, amorphous solid; ½a�20

D ¼ þ147 (c 0.8, MeOH);
1H NMR (300 MHz, [D6]DMSO): d 3.5–3.7 (6H-m, 2 0-
H through 6 0-H2), 4.53 and 4.67 (2d, 1H each, Jgem

13.0, 5-CH2), 4.74 (d, 1H, J 10 ;20 3.5, 1 0-H), 6.38 and
6.65 (2d, 1H each, J3,4 3.5, 3-H and 4-H); MS (FD)
m/z 305 (M++1), 327 (M++Na). Anal. Calcd for
C12H16O9 (304.3): C, 47.37; H, 5.30. Found: C, 47.29;
H, 5.25.

4.12. 5-[(a-DD-Glucopyranuronosyloxy)methyl]-2-furoic
acid, 16

Freshly prepared Adams catalyst (1.0 g) was added to
an aqueous solution of a-GMF 3 (2.9 g, 10 mmol, in
50 mL) and O2 passed through the suspension with vig-
orous stirring for 3 h at 50 �C, maintaining pH 8 by
gradual addition of solid NaHCO3. After filtration,
the solution was taken to dryness in vacuo, the residue
was suspended in methanolic HCl (40 mL of saturated
solution), and stirred for 1 h at ambient temperature.
Filtration of insolubles, removal of the solvent from
the filtrate, purification of the resulting syrup by elution
from a silica gel column (2 · 20 cm) with 5:1 CH2Cl2/
MeOH, and evaporation of the eluates containing 16
gave 2.70 g (84%) of a colorless syrup, uniform by
TLC (CHCl3/MeOH, 4:1). ½a�20

D ¼ þ97 (c 0.9, MeOH);
1H NMR (300 MHz, CD3OD): d 3.50 (dd, 1H, J 30;40

9.6, J 40 ;50 10.3, 4 0-H), 3.60 (dd, 1H, J 10 ;20 3.9, J 20;30 9.9,
2 0-H), 3.78 (dd, 1H, J 20;30 9.9, J 30;40 9.6, 3 0-H), 4.31 (d,
1H, J 40 ;50 10.3, 5 0-H), 4.43 and 4.71 (2d, 1H each, 5-
CH2), 5.43 (d, 1H, J1,2 3.9, 1 0-H), 6.40 and 6.64 (2d,
1H each, 3-H and 4-H). Anal. Calcd for C12H14O10

(318.23): C, 45.29; H, 4.43. Found: C, 45.14; H, 4.37.
4.13. 5-[(a-DD-Galactopyranuronosyloxy)methyl]-2-furoic
acid, 17

An aqueous solution of a-GalMF 11 (865 mg, 3 mmol,
in 20 mL) containing 500 mg of Adams catalyst was stir-
red vigorously at 50 �C while bubbling oxygen into the
flask and keeping the pH 8 by the addition of small por-
tions of NaHCO3 as the oxidation proceeded. After 5 h,
the mixture was worked up as described for 16 (cf.
above) to afford 755 mg (79%) of 17 as a colorless, chro-
matographically uniform syrup; ½a�20

D ¼ þ108 (c 0.7,
MeOH); 1H NMR (300 MHz, CD3OD): d 3.80 (dd,
1H, J 10;20 3.7, J 20;30 10.0, 2 0-H), 3.92 (dd, 1H, J 20 ;30 10.0,
J 30 ;40 3.5, 3 0-H), 4.32 (dd, 1H, J 30 ;40 3.5, J 40;50 1.5, 4 0-H),
4.41 and 4.72 (2d, 1H each, Jgem 13.1, 5-CH2), 5.31 (d,
1H, J 10;20 3.7, 1 0-H), 6.38 and 6.65 (2d, 1H each, J3,4

3.5, 3-H and 4-H). Anal. Calcd for C12H14O10 (318.2):
C, 45.29; H,4.43. Found: C, 45.19; H 4.33.
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