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Oxidation of Carbohydrate Derivatives with Silver Carbonate

on Celite.

VI. 2-Ketoses

SVEIN MORGENLIE

Department of Chemistry, Agricultural University, N-1432 As-NLH, Norway

D-Fructose is oxidized by silver carbonate on Celite in methanol
to give a glycolic ester of D-erythrose. Derivatives of D-glyceraldehyde
and D-erythronic acid are also formed by further oxidation of the
primary product.

The five other 2-ketoses examined are also oxidized. The products
after hydrolysis and removal of acidic compounds were the aldoses
resulting from cleavage of the ketoses between C-2 and C-3, and
varying amounts of the aldoses produced by one further step of
degradation.

D-manno-Heptulose and D-glycero-D-manno-octulose are found to
be oxidized with greater difficulty than the hexuloses and D-altro-
heptulose.

Silver carbonate on Celite, the oxidant introduced by Fetizon and co-
workers,! has shown similarities to periodate and lead tetraacetate in its
ability to cleave the diol group between C-1 and C-2 in reducing aldose deriva-
tives.2,3 Lead tetraacetate is known to cleave fructose and other 2-ketoses in
furanose form between C-2 and C-3.4,% From D-fructose is formed 3-O-glycolyl-
D-erythrose, which in turn is rapidly degraded to 3-O-formyl-2-O-glycolyl-D-
glyceraldehyde. Acid hydrolysis liberates D-glyceraldehyde from this com-
pound, and the method thus offers a convenient way to the triose. In addition
to its synthetic applicability, this reaction has been widely used in identifica-
tion of heptuloses, octuloses, and nonuloses isolated from plants.%? Periodate
has been reported to give a more complex oxidation pattern in the case of 2-
ketoses because of its greater tendency to cause cleavage between C-1 and
C-2.89

An investigation of the effect of silver carbonate on Celite on 2-ketoses
seemed in light of these facts to be of interest, and has now been undertaken.
In a previous paper in this series, the application of the oxidant in the synthesis
of 1-threose from 1r-sorbose has already been described.!
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RESULTS AND DISCUSSIONS

D-Fructose (I) gave in analogy to L-sorbose on oxidation in methanol as
major product a glycolic ester of D-erythrose (II) from which the tetrose (III)
was liberated on acid hydrolysis. D-Erythrose (III) was characterized by
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acetonation to 2,3-O-isopropylidene-D-erythrose (IV), which was subsequently
oxidized to 2,3-O-isopropylidene-D-erythrono-1,4-lactone (V) by silver car-
bonate on Celite in benzene.

Glycolic acid (VI), formed on hydrolysis of the primary oxidation product,
was isolated after conversion to its methyl ester (VII). The methyl ester was
identified by chromatography and infrared spectroscopy.

The primary oxidation product, the glycolic ester of D-erythrose (II),
shows that the oxidation occurs in cyclic form (or forms) of fructose. In order
to obtain information about the ring form, the glycolic ester was subjected to
oxidation with lead tetraacetate. The main product resulting from this treat-
ment was a derivative (VIII) of D-glyceraldehyde with chromatographic mobi-
lity corresponding to that of 3-O-formyl-2-O-glycolyl-D-glyceraldehyde. This
compound was also formed on prolonged oxidation of D-fructose with an excess
silver carbonate on Celite. D-Glyceraldehyde (IX) was formed from this
derivative on acid hydrolysis. The formation of a diester of glyceraldehyde
from fructose by two steps of degradation, as well as with lead tetraacetate
from the primary degradation product, is consistent with an initial oxidation
of fructose mainly in furanose form.
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Infrared spectroscopy of the reaction mixture after oxidation of D-fructose
indicated the presence of small amounts of a y-lactone. This was confirmed by
the isolation of D-erythrono-1,4-lactone (XI) after acid hydrolysis. The 3-O-
glycolyl derivative (X) is presumably the precursor of this compound, and
its formation is in agreement with the assumption that D-fructose initially is
cleaved between C-2 and C-3 in furanose form. It is in this connection worth
to mention that the formation of aldonolactones has been observed in this
laboratory to be a competing reaction to degradation when aldopentoses are
treated with silver carbonate on Celite in methanol,! and recently the forma-
tion of Dp-galactono-1,4-lactone and D-lyxose was reported by Fetizon and
Moreau when D-galactose was oxidized with the same oxidant in ethanol.!?

One octulose, two heptuloses, and two hexuloses, in addition to D-fructose,
have also been oxidized. The main products obtained after hydrolysis and
removal of acidic compounds were the aldoses resulting from glycol cleavage
between C-2 and C-3 of the ketoses, as shown by chromatography and electro-
phoresis. Varying amounts of the aldoses, formed by one subsequent degrada-
tion, were also detected (Table 1).

Table 1. Products obtained from the ketoses with silver carbonate on Celite in methanol
after hydrolysis and removal of acidic compounds, detected by electrophoresis and chro-

matography.
2-Ketose Major product Minor product
D-Tagatose Threose Glyceraldehyde
D-Psicose Erythrose Glyceraldehyde
D-altro-Heptulose Ribose Erythrose
D-manno-Heptulose Arabinose Erythrose
D-glycero-D-manno-Octulose Altrose Ribose ¢

4 The yield of the minor product in this case was relatively high.

The product mixture after oxidation of the hexuloses did not contain
detectable amounts of pentonolactones. Since the pentonolactones seem to
be relatively stable to the oxidant under the reaction conditions employed,!
the possibility of significant initial cleavage between C-1 and C-2 is excluded.
The oxidant thus seems to be nearer related to lead tetraacetate than to
periodate in degradation of ketoses. In the case of manno-heptulose, however,
traces of a compound with chromatographic behaviour corresponding to that
of mannonolactone were detected. This compound is the product expected
after initial cleavage of the heptulose between C-1 and C-2.
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The approximate minimum reaction temperatures at which detectable
degradation of the ketoses occurred within 15 min are shown in Table 2. It is
seen that three of the hexuloses and D-altro-heptulose (XII) are oxidized at
about 20°C, whereas D-manno-heptulose (XIII) and its homomorphous sugar
D-glycero-D-manno-octulose (XIV) need considerably higher temperatures.

Table 2. Approximate temperatures below which no degradation product could be de-
tected within 15 min on treatment of the ketoses with silver carbonate on Celite in

methanol.
Approximate minimum Initial cleavage

2-Ketose reaction temperature between C-2 and C-3

(°C) with periodate ® (%)
D-Fructose 20 53
L-Sorbose 22 31
D-Tagatose 20 20
D-Psicose 27 -
D-altro-Heptulose 22 -
D-manno-Heptulose 35 0
D-glycero-D-manno-Octulose 40 -

p-Tagatose 13 and especially D-fructose are known to exist in solution as a
mixture of different forms, and L-sorbose has been reported to exhibit small,
complex mutarotation.!4 p-manno-Heptulose, however, does not show mutaro-
tation,® and it is assumed to be very stable in «-pyranose form in the CI (D)
conformation having the two hydroxy-methyl groups, as well as two of the
secondary hydroxyl groups, equatorially attached.The trans diaxial arrangement
of the hydroxyl groups at C-2 and C-3 is a favorable situation as a result of
the anomeric and the 42 effect. The same must be supposed for the homomor-
phous sugar D-glycero-D-manno-octulose (XIV). For p-altro-heptulose (XII)
on the other hand, the steric situation is less favorable in the pyranose form,
because of the diaxial interaction between the hydroxyl groups at C-2 and C-4.

The explanation of the low reactivity to the oxidant of the sugars with
manno-configuration is possibly that relatively much energy is required to
bring these sugars from their stable form into a ring form and conformation
suitable for cleavage between C-2 and C-3. It is in this connection worth to
recognize that initial cleavage with periodate does not occur between C-2 and
C-3 in the heptuloses and octuloses which on steric grounds must be assumed
to be most stable in chair conformation in pyranose form, notably those with
manno- and gluco-configurations, and their homomorphous sugars. D-Fructose,
L-sorbose, and D-tagatose, on the other hand, are cleaved initially also between
C-2 and C-3 by this reagent ® (Table 2). It seems by inspection of the table
that some correlation exists between the degree of initial C-2—C-3 cleavage
with periodate and the reactivity with silver carbonate on Celite for three of
the ketoses investigated with both oxidants. p-Tagatose, however, is oxidized
at a lower temperature than r-sorbose with silver carbonate on Celite, whereas
the degree of cleavage between C-2 and C-3 of this sugar with periodate is less
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than for 1.-sorbose. It seemed desirable to examine nearer the rate of oxidation
of the hexuloses with silver carbonate on Celite, and the oxidation of these
sugars at 30°C was followed using a colorimetric method. The results (Fig. 1)
support the observation that p-tagatose is easily oxidized. At this temperature,
D-tagatose is oxidized with the highest initial rate of the hexuloses.

% Ketose oxidized

Fig. 1. Oxidation of the hexuloses at 30°C

with silver carbonate on Celite in methanol.

1, p-Tagatose; 2, D-fructose; 3, L-sorbose; NS Y U I (N S -
4, D-psicose. 30 60 80 min

In addition to its applicability in synthesis of r-threose from L-sorbose,®
silver carbonate on Celite may be an alternative to lead tetraacetate in identi-
fication of heptuloses and octuloses. The latter oxidant seems to cleave the
primary degradation product more rapidly than it reacts with the ketoses.
Silver carbonate on Celite, on the other hand, gives mainly one degradation
under the conditions employed. Information about the configuration at one
carbon atom more (C-4 of the ketoses) is thus obtained with this oxidant.

EXPERIMENTAL

Paper chromatography was performed on Whatman No. 1 and 3 MM papers in the
solvent systems (v/v): (A) butanol-pyridine-water 5:3:2, (B) butanol-ethanol-water
'40:11:19, and (C) butanone-acetone-formic acid-water 40:2:1:6. Thin-layer chromato-
graphy (TLC) was run on Silica gel G in (D) benzene-ethanol 3:1, (E) benzene-ethanol 5:1,
(F) chloroform-methanol 15:1, and (G) chloroform-methanol 30:1. Paper electrophoresis
was performed on Whatman No. 1 paper in borate buffer, pH 10. As spray reagents were
used hydroxylamine-ferric chloride * for esters and lactones, diphenylamine-aniline-
phosphoric acid '* and aniline hydrogenphthalate for reducing sugars, and sulphanilamide-
B-naphthol-sodium nitrite ** for acids.

Ouxidation of D-fructose (I). D-Fructose (I) (500 mg) in methanol (100 ml) was stirred
with silver carbonate on Celite *® (11 g) at 35°C for 35 min. The solution was filtered and
the solvent evaporated under reduced pressure. The syrupy residue showed strong infrared
absorption at 1735 cm™ and a shoulder at 1770 —1780 em™. The syryp contained as
major component a compound which was detectable with hydroxylamine-ferric chloride
as well as with diphenylamine-aniline-phosphoric acid after TLC (solvent D). At least
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three faster moving compounds were also present in small amounts. The syrup was treated
with sulphuric acid, 0.2 M, for 48 h at room temperature, the solution was then neutralized
with Dowex 1 (bicarbonate) ion exchanger, filtered and the solvent evaporated. The re-
sulting syrup (192 mg) contained as major component a compound with electrophoretic,
paper- (solvent A), and thin-layer (solvent D) chromatographic mobilities corresponding
to those of erythrose. TLC and electrophoresis showed in addition the presence of a com-
pound with mobilities and colours after spraying corresponding to those of glyceraldehyde.
Traces of two compounds with higher mobility (TLC) were also present.

2,3-O-Isopropylidene-D-erythrose (IV ). The syrup obtained as described above was
shaken with acetone (20 ml) containing sulphuric acid (0.15 ml) for 3 h. The solution was
then neutralized with solid sodium bicarbonate, filtered and the solvent evaporated.
The residue was dissolved in benzene (50 ml), the benzene solution extracted with water
(3 x 20 ml) and the water evaporated to give syrupy 2,3-O-isopropylidene-D-erythrose
(IV); the yield was 165 mg (37 9, based on fructose). The product was indistinguishable
from authentic 2,3-O-isopropylidene-L-erythrose * by TLC (solvent F), [alp —72° (¢ 1,
water) {lit.?* —78°}.

2,3-0-Isopropylidene-D-erythrono-1,4-lactone (V). 2,3-0-Isopropylidene-D-erythrose
(IV), obtained as described above, (125 mg) in benzene (30 ml), was refluxed with silver
carbonate on Celite (3.5 g) for 2 h. The solution was filtered and the solvent evaporated.
Crystallization of the residue from petroleum ether (b.p. 40—65°C) afforded 2,3-O-
isopropylidene-D-erythrono-1,4-lactone (V), 101 mg (82 9,). After recrystallization from
the same solvent it had m.p. 67—69°C (lit.?* 65— 67.5°C), and [a]p — 114° (¢ 1, water)
{lit.2® —116°}. The compound was indistinguishable by TLC (solvent G) from a sample of
the L-enantiomeric compound.?

Identification of glycolic acid (VI). D-Fructose (I) (500 mg) was oxidized as described
above, and the product mixture was hydrolyzed in trifluoroacetic acid, 0.2 M, at 75°C
overnight. The solvent was evaporated, and the residue stirred with Dowex 50 W (H*
form) ion exchanger in methanol (50 ml) for 4 h. After filtration and evaporation of the
solvent, the residue was extracted with benzene (5 x 15 ml). The benzene extracts were
combined, and the solvent removed to give a syrup (67 mg), containing mainly methyl
glycolate (VII). The chromatographic mobility (TLC solvents E and F) corresponded to
that of authentic methyl glycolate, and the infrared spectrum was identical with that of
the authentic sample, except for one small additional absorption band, presumably re-
sulting from impurity.

The syrup was hydrolyzed overnight in 0.5 M trifluoroacetic acid (5 ml) at 60°C. The
trifluoroacetic acid and the water were removed under reduced pressure, and the residue
subjected to paper chromatography (solvent C). The major component was indistinguish-
able from glycolic acid; small amounts of a compound with lower mobility were also
present.

Prolonged oxidation of D-fructose (I), identification of D-glyceraldehyde (IX). D-
Fructose (I) (250 mg) was stirred at 35°C with silver carbonate on Celite (10 g) in methanol
(80 ml) for 50 min. After filtration of the solution, a few drops of acetic acid were added
(to prevent cleavage of formic ester during work up), and the solvent was removed under
reduced pressure. The residue contained a major component with chromatographic
mobility (TLC solvent E) corresponding to that of 3-O-glycolyl-2-O-formyl-D-glyceral-
dehyde, prepared from D-fructose by oxidation with lead tetraacetate.?* The residue was
hydrolyzed in 0.2 M sulphuric acid (5 ml) for 48 h at room temperature. The solution
was neutralized with Dowex 1 (bicarbonate) ion exchanger, and the water removed under
reduced pressure to give a syrupy residue (54 mg). The syrup contained mainly a com-
pound with chromatographic (TLC solvent D) and electrophoretic mobilities corre-
sponding to those of glyceraldehyde. The compound was purified by preparative TLC
(solvent D), the resulting product (34 mg) gave a dimedone derivative (3 mg after re-
crystallization from ethanol-water) m.p. 194 —198°C, (lit.?? 196 —198°), [«]p + 175°+ 25°
(¢ 0.2 ethanol) {lit.2* 4 210°}.

Identification of D-erythrono-1,4-lactone (XI). D-Fructose (I) (250 mg) was oxidized
with silver carbonate on Celite (6 g) in methanol (50 ml) at 38 —39°C for 40 min. After
filtration of the solution, the solvent was removed and the residue hydrolyzed in tri-
fluoroacetic acid, 0.5 M (5 ml), overnight at 60°C. After removal of water and trifluoro-
acetic acid under reduced pressure, the resulting residue was subjected to preparative
paper chromatography (solvent A). The fraction with mobility corresponding to that of
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erythrono-1,4-lactone was purified further by TLC (solvent D), affording D-erythrono-
1,4-lactone (XI) as a chromatographically homogeneous syrup (18 mg). Treatment of
the syrup with acetone-anhydrous cupric sulphate overnight, filtration and evaporation
of the solvent gave a partially crystalline residue. Extraction of the residue with petroleum
ether (b.p. 40 — 65°), evaporation of the solvent and recrystallization from the same solvent
afforded 2,3-O-isopropylidene-D-erythrono-1,4-lactone (V) (2—3 mg), m.p. 68°C (lit.?°
65—67.5°), [a]lp —90° +15° (¢ 0.2, water) {lit.2? —116°}. The compound was chromato-
graphically indistinguishable (TLC solvent G) from authentic 2,3-O-isopropylidene-D-
erythrono-1,4-lactone.

Ozidation of the primary oxidation product from D-fructose with lead tetraacetate. D-
Fructose (I) (250 mg) was oxidized at 35°C with silver carbonate on Celite in methanol
(50 ml) for 35 min. The solution was filtered and the solvent evaporated after addition of a
few drops of acetic acid. The reaction mixture did not contain any unreacted fructose as
shown by TLC (solvent D). The residue was dissolved in acetic acid (12 ml) and stirred
with lead tetraacetate (1 g) for 10 min at 16 — 18°C and further 10 min at room tempera-
ture. A solution of anhydrous oxalic acid (0.2 g) in acetic acid (2 ml) was then added,
the solution was filtered and the solvent evaporated. The residue was by TLC (solvent
E) shown to contain as main component a compound with mobility corresponding to
that of 3-O-formyl-2-O-glycolyl-D-glyceraldehyde. The residue was hydrolyzed in 0.2 M
sulphuric acid at room temperature for 48 h, the solution was then neutralized with
Dowex 1 (bicarbonate) resin. Electrophoresis of, the solution indicated the presence of
exclusively one component, TLC (solvent D) showed the presence of a major product;
the mobilities corresponded to those of glyceraldehyde. The colours with the spray
reagent were identical with those given by authentic glyceraldehyde. TLC showed in
addition the presence of minor amounts of a faster moving component.

Oxidation of the other 2-ketoses. The ketoses were oxidized in the same manner as
described for D-fructose. The temperatures employed were from 35 to 45°C. After hy-
drolysis in 0.2 M sulphuric acid at room temperature for 48 h and neutralization with
Dowex 1 (bicarbonate) resin, the products were detected by electrophoresis, paper chro-
matography (solvent A) and in part by TLC (solvent D); the results are shown in Table 1.

For determination of the approximate minimum reaction temperatures, TLC was
used to detect the presence of degradation products. The results are shown in Table 2.

Oxidation rate of the hexuloses. The hexuloses (50 mg) in methanol (10 ml) were oxidized
after completion of mutarotation with silver carbonate on Celite (1.2 g) at 30°C. Aliquots
(10 ul) were withdrawn at intervals, diluted with water (to 1 ml) and the amount of
unreacted hexulose present determined colorimetrically with the thiobarbituric acid
reagent.?? The results are shown in Fig. 1.
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