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973. The Properties of Some Sulphated Derivatives of D-Qlucose
and D-Galactose.

By D. GranT and A. Hort.

The properties of some sulphated derivatives of D-glucose and p-galactose
have been investigated, including their behaviour on paper chromatography
and ionophoresis. The sulphate group can be removed by reduction with
lithium aluminium hydride, the parent sugar being regenerated with no trace
of deoxy-sugar. The sulphate group in 1,2:5,6-di-O-isopropylidene-bp-gluco-
furanose 3-(barium sulphate) resists the action of aqueous sodium or potass-
ium borohydride at temperatures up to 100°. On periodate oxidation of
D-glucose 3-(sodium sulphate) and D-galactose 6-(sodium sulphate) the
sulphate group does not behave as a simple blocking group.

STRUCTURAL studies on sulphated polysaccharides are complicated by the presence of the
sulphate group which makes purification as well as complete acetylation or methylation
difficult. Acidic hydrolysis usually leads to simultaneous removal of the sulphate groups
and hydrolysis of the glycosidic links, whilst alkali often degrades the molecule severely.
In the present work on monosaccharide sulphates we sought information likely to be of
value in structural studies on sulphated polysaccharides.

Lithium aluminium hydride has already been used for the reductive fission of carbo-
hydrate nitrates,! toluene-p-sulphonates,? and methanesulphonates,® with the regeneration
in most cases of the parent alcohol group. The parent alcohol is also regenerated by the
action of lithium aluminium hydride on a secondary toluene-p-sulphonate, but a deoxy-
group is produced by the reduction of a primary toluene-p-sulphonate. It has already
been reported ¢ that the sulphate group is removed from a variety of monosaccharide
sulphates by lithium aluminium hydride in refluxing dioxan, and this has now been applied
to the barium salts of 1,2:5,6-di-O-isopropylidene-D-glucofuranose 3-sulphate, «B-methyl
D-glucofuranoside 3-sulphate, 1,2:3,4-di-O-isopropylidene-D-galactopyranose 6-sulphate,
aB-methyl D-galactoside 6-sulphate, and B-methyl D-galactoside 2-sulphate: in all cases
the parent alcohol was obtained, yields being 43—60%,, and no deoxy-sugar could be
detected in the product. The retention of isopropylidene and methyl glycosidic groups

1 Ansell and Honeyman, J., 1952, 2778.

2 Schmid and Karrer, Helv. Chim. Acta, 1949, 32, 1371.

3 Smith, J., 1957, 2690.
4 Grant and Holt, Chem. and Ind., 1959, 1942.
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during these reductions is in agreement with the results of other workers. Endres and
Oppelt 5 found that a-methyl D-glucoside and salicin were not reduced by lithium alumin-
ium hydride, and Abdel-Akher and Smith 8 reduced 2,3:5,6-di-O-isopropylidene-Db-mannose
to 2,3:5,6-di-O-isopropylidene-D-mannitol. The sulphate group in 1,2:5,6-di-O-isopropyl-
idene-p-glucofuranose 3-(barium sulphate) was not reduced by the action ‘of aqueous
sodium or potassium borohydride at temperatures up to 100°: examination by paper
chromatography indicated that there had been some removal of the 5,6-O-isopropylidene
residue.

The action of periodate on D-glucose 3-(sodium sulphate) and on p-galactose 6-(sodium
sulphate) was studied. In both cases the results indicated that the sulphate group does
not behave as a simple blocking group, as may be seen by comparison with oxidations of
the corresponding O-methyl sugars. D-Glucose 3-(sodium sulphate) consumed 1 mol. of
0-1M-sodium periodate at room temperature in the first 3 hr. and a second mol. in 26 hr.;
acid was produced, 0-8 equiv. having been formed after 30 hr. These results may be
compared with the reaction of 3-0O-methyl-D-glucose with periodate 7 which, under similar
conditions, consumed one mol. of periodate without the liberation of acid. D-Galactose
6-(sodium sulphate) consumed 2-9 mols. of 0-1M-sodium periodate at room temper-
ature within a few minutes and even after 30 hr. this value had not increased; after 20
hr. 2-8 equiv. of acid had been liberated. This may be compared with the reaction
of 6-0-methyl-D-galactose with periodate & which destroyed 4 mols. of periodate. When
these periodate oxidations were carried out at 5° the consumption of periodate and the
liberation of acid were both slower. When D-glucose 3-(sodium sulphate) was treated with
0-35M-periodate for seven days in the dark no sulphate ions could be detected in the solu-
tion, but the reaction of D-galactose 6-(sodium sulphate) with 0-35M-periodate under the
same conditions led to the liberation of all the sulphate as sulphate ions. Even with 0-1m-
periodate D-galactose 6-(sodium sulphate) liberated 579, of the sulphate in an ionised form
in 48 hr.

The application of paper and column chromatography %1% and of paper ionophoresis 10
to sugar sulphates has already been described, but only in qualitative terms. We have
measured the chromatographic and ionophoretic mobilities of a number of sulphated
derivatives of D-glucose and D-galactose, the results being given in Tables 1 and 2. Each
Rg value is the average of at least four determinations; the maximum variation was

TABLE 1. Rg values of sulphated derivatives of D-glucose and D-galactose (acid solvent).

Derivative Rq
1,2:5,6-Di-O-isopropylidene-p-glucofuranose 3-(barium sulphate) ............... 3-69
1,2-O-Isopropylidene-p-glucofuranose 3-(barium sulphate) .......... .. L1.75
D-Glucose 3-(barium sulphate) ... 0-37
1,2:3,4-Di-O-isopropylidene-p-galactopyranose 6-(barium sulphate) e 347
D-Galactose 6-(barium sulphate) ........ccoiiieiiiiiiiiiiiiiiiiiiiiii i iiinaeenenaes 0-20
D-Galactose 2-(barium sulphate)........cccooiiiiiiiiiiiiiiiiiiii 0-18

about 69%,. The reducing sugar sulphates gave well-defined circular spots. The spots
from the monoisopropylidene derivative were long ellipses, and those from the di-iso-
propylidene derivatives were long ill-defined streaks.

Tonophoresis was investigated in borate (pH 10), phosphate (pH 10), and acetate
(pH 4) buffers. With phosphate and acetate buffers sodium D-glucuronate was used as a
reference standard, and the mobilities obtained are referred to as Maueuronate values. Each
value quoted is the average of at least four determinations, except for two cases marked.
The maximum variation was about 29,. The reducing sugars gave well-defined spots in

5 Endres and Oppelt, Chem. Ber., 1958, 91, 478.

¢ Abdel-Akher and Smith, Nafure, 1950, 166, 1037.

7 Barker and Smith, Chem. and Ind., 1952, 1035.

8 Pascu and Trister, J. Amer. Chem. Soc., 1940, 82, 2301.

9
0

Lloyd, Nature, 1959, 183, 109.
10 Turvey and Clancy, Nature, 1959, 183, 537.
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TABLE 2. Ionophoretic mobilities of sulphated derivatives of D-glucose and D-galactose.

MG M, Glucuronate

Borate Phosphate Acetate
Derivative buffer buffer buffer
1,2:5,6-Di-O-isopropylidene-p-glucofuranose 3-(barium sulphate) ...  0-84 0-88 * 0-75
D-Glucose 3-(barium sulphate) .........cocoiiviiiiiiiiiiiiii 1-20 0-95 0-82
1,2:3,4-Di-O-isopropylidene-p-galactopyranose 6-(barium sulphate)  0-80 0-86 * 0-78
p-Galactose 6-(barium sulphate) ........c.coeiiiiiiiiiiiiiiiiiiiiiiniiiinena. 1-29 0-90 0-80
p-Galactose 2-(barium sulphate) ...........ccciiviiiiiiiinn 1-32

* Average of two determinations.

borate and phosphate buffers, but in acetate buffer there was a tendency to streak. The
isopropylidene derivatives gave diffused spots or streaks in all three buffers.

EXPERIMENTAL

Paper-partition chromatography was done on Whatman No. 1 filter paper by the descending
front technique with upper layers of the following (v/v) solvent systems: (1) butan-l-ol-
ethanol-water (4:1:5), (2) butan-1-ol-glacial acetic acid—water (4:1:5). Solvent (2) was
boiled under reflux for 1 hr. before use.!’? The chromatograms were developed by spraying
with (A) benzidine trichloroacetate or (B) aniline hydrogen phthalate. Isopropylidene
derivatives were detected by spraying first with trichloroacetic acid in methanol 12 and then
with spray (B).

Paper ionophoresis was carried out on Whatman No. 1 filter paper under potential gradients
of 25—40 v/cm., with the following buffer solutions: (1) borate buffer (pH 10) [boric acid
(7-44 g.) dissolved in 0-1x-sodium hydroxide (1 1.)], (2) phosphate buffer (pH 10) [disodium
hydrogen phosphate (8-905 g.) and sodium hydroxide (0-33 g.) dissolved in water (1 1.)], and
(8) acetate buffer (pH 4) [0-2N-acetic acid (800 ml.) mixed with 0-2N-sodium acetate (200 ml.)].
The papers were developed in the same manner as for chromatography.

Action of Lithium Aluminium Hydride on 1,2:5,6-Di-O-isopropylidene-p-glucose 3-(Bavium
Sulphate).—To 1,2:5,6-di-O-isopropylidene-p-glucose 3-(barium sulphate)!?® (1-87 g.) in dry
dioxan (90 ml.) was added lithium aluminium hydride (1-87 g.), and the solution was boiled
under reflux for 25 hr. More lithium aluminium hydride (0-50 g.) was added and the solution
was boiled under reflux for a further 23 hr. Excess of lithium aluminium hydride was
decomposed by water, and the solution was acidified with sulphuric acid and then neutralised
with barium carbonate. The filtered solution was extracted three times with ether. Evapor-
ation of the combined and dried extracts gave a syrup (0-65 g., 55%), which solidified in two
days at room temperature. Paper chromatography revealed only one component, with a
mobility corresponding to that of 1,2:5,6-di-O-isopropylidene-p-glucose. Recrystallisation
from light petroleum (b. p. 60-—80°) gave material (0-48 g.) of m. p. 104°. The mother-liquor
from this recrystallisation was evaporated to dryness to give a gum, which was hydrolysed
with 2n-sulphuric acid. Examination of this hydrolysate by paper chromatography indicated
the presence of D-glucose only. It appears therefore that no deoxy-sugar had been formed.
The crystalline product was recrystallised once more to give material with m. p. 107°, mixed
m. p. 108° with 1,2:5,6-di-O-isopropylidene-p-glucose (Found: C, 55-75; H, 7-5. Calc. for
Cy.H30O4: C, 55-4; H, 7-7%).

Action of Lithium Aluminium Hydvide on 1,2:3,4-Di-O-isopropylidene-D-galactose 6-(Barium
Sulphate)—This sulphate 1¢ (1-59 g.) in dry dioxan (80 ml.) was treated with two portions of
lithium aluminium hydride (1-59 g. + 0-74 g.) as before. The product, extracted from the
aqueous solution with chloroform, was obtained as a gum (0-58 g.) that contained no sulphate.
A small portion of it was hydrolysed and the hydrolysate examined by paper chromatography.
Only one compound, with a mobility corresponding to that of galactose, was detected. The

11 Edington and E. E. Percival, J., 1955, 3554.
12 Foster and Hancock, J., 1957, 968.

13 E. G. V. Percival, J., 1945, 119.

14 E. G. V. Percival and Soutar, J., 1940, 1477.
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gum was characterised as 1,2:3,4-di-O-isopropylidene-p-galactose by conversion into 1,2:3,4-di-
O-isopropylidene-p-galactose 6-acetate,’® m. p. 106—108° (m. p. given ** 109—110°) (Found:
C, 55-5; H, 7-3. Calc. for C,,H,,0,: C, 55:6; H, 7-3%).

Action of Lithium Aluminiuwm Hydride on ap-Methyl D-Glucofuranoside 3-(Bavium Sulphate).
—This sulphate 13 (0-59 g.) in dry dioxan (80 ml.) was treated with two portions of lithium
aluminium hydride (0-57 g. 4 0-28 g.) as before. After destruction of the excess of hydride
the solution was de-ionised with ion-exchange resins. The solvent was evaporated under
reduced pressure to leave a gum (0-15 g.), which did not solidify. A small portion of it was
hydrolysed and the hydrolysate examined by paper chromatography. Only one compound,
with a mobility corresponding to that of glucose, was detected, and no sulphate was detected
in the hydrolysate. The gum was characterised as a-methyl p-glucofuranoside by the prepar-
ation from it of the crystalline tetracarbanilate, m. p. 218—221° (Found: C, 63-1; H, 5-0;
N, 84. Calc. for C43H,,N,O,4: C, 62:6; H, 5:2; N, 8:359%). A tetracarbanilate prepared from
a-methyl D-glucofuranoside had the same m. p. and mixed m. p. as this product.

Preparation of B-Methyl D-Galactopyranoside 2-(Bavium Sulphate).—Crude B-methyl 3,4-O-
isopropylidene-6-trityl-p-galactopyranoside (1-75 g.), m. p. 135—142°, [a], —16-2° (¢ 3'4 in
CHCL,), was dissolved in dry pyridine (15 ml.), and pyridine-sulphur trioxide complex (2-5 g.)
added. The mixture was kept at room temperature for 2 days, heated to 50—55° for 3% hr.,
and poured into water; a white precipitate was formed. The suspension was neutralised with
barium carbonate, filtered, and evaporated to dryness under reduced pressure to give a white
solid (0-25 g.). This product gave a white precipitate with dilute sulphuric acid and also with
hot dilute hydrochloric acid, showing the presence of both barium and sulphate. It was
hydrolysed to B-methyl p-galactopyranoside 2-(barium sulphate) by leaving it in water (25 ml.)
and 2n-sulphuric acid (5 ml.) at room temperature for 48 hr.; the solution was then neutralised
with barium carbonate, filtered, and evaporated to dryness under reduced pressure to give a
white solid (0-18 g.).

Action of Lithium Aluminium Hydride on B-Methyl D-Galactopyvanoside 2-(Bavium Sulphate).
—-This sulphate (60 mg.) in dry dioxan (25 ml.) was treated with two portions of lithium
aluminium hydride (50 mg. + 50 mg.) as before. After destruction of the excess of hydride, the
solution was de-ionised and evaporated to dryness under reduced pressure to give a solid
(15 mg.). After recrystallisation from ethanol this had m. p. 170—172° (Found: C, 43-1; H,
7-1. Calc. for C;H,,O4: C, 43-4; H, 7-29,), showing it to be B-methyl p-galactoside. The
mother-liquor from the recrystallisation was evaporated to dryness, the residue hydrolysed with
dilute mineral acid, and the hydrolysate examined by paper chromatography. Only one com-
pound, with a mobility corresponding to that of galactose, could be detected.

Action of Lithium Aluminium Hydvide on «-Methyl D-Galactoside 6-(Bavium Sulphate).—This
sulphate (0-39 g.) in dry dioxan (70 ml.) was treated with two portions of lithium aluminium
hydride (0-40 g. 4 0-19 g.) as before. After destruction of the excess of hydride the solution was
de-ionised and evaporated to dryness under reduced pressure to give a gum (0-10 g.). This
contained no barium and gave no sulphate on hydrolysis. The hydrolysate was examined by
paper chromatography and the presence of one compound only, with a mobility corresponding
to that of galactose, was indicated. Attempts to prepare the acetate were unsuccessful.

Action of Potassium and Sodium Bovohydrvide on 1,2:5,6-Di-O-isopropylidene-pD-glucose 3-
(Barium Sulphate).—A solution of 1,2:5,6-di-O-isopropylidene-p-glucose (0-5 g.) in water (3 ml.)
was added dropwise to an 8% aqueous solution (3 ml.) of potassium borohydride and the
mixture was kept at room temperature for 24 hr. The excess of hydride was decomposed with
2N-sulphuric acid, and the resulting solution neutralised with barium carbonate and evaporated
to dryness under reduced pressure. The residue was extracted with acetone, and the extract
was filtered and evaporated to dryness. The product was examined by paper chromatography
(acid solvent), two well-defined spots being obtained, whose mobilities corresponded one to that
of the starting material and the other to that of 1,2-O-isopropylidene-p-glucose 3-(barium
sulphate). This product gave sulphate ions on hydrolysis. The use of larger amounts of
potassium borohydride at temperatures up to 100° gave similar results. When sodium boro-
hydride was used at 100° paper chromatography of the product indicated the presence of
1,2-O-isopropylidene-D-glucose 3-(barium sulphate) but no starting material.

General Conditions for Perviodate Oxidations.—All periodate oxidations were carried out in

15 Hockett, Fletcher, and Ames, J. Amer. Chem. Soc., 1941, 68, 2516.
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the dark. Samples (5 ml.) were removed at intervals for analysis. The periodate remaining
in the solution was destroyed with sodium arsenite and the excess of arsenite back-titrated with
iodine. The acid liberated was titrated with 0-0l1N-sodium hydroxide, to Methyl Red as
indicator.

Sugar sulphates are most conveniently prepared and isolated as barium salts but, since
barium periodate is insoluble, it is necessary to remove barium ions before carrying out periodate
oxidations. Two methods of doing this were tried. The first was to add a slight excess of
sodium sulphate to the carbohydrate barium sulphate and carry out the oxidation in the
presence of the barium sulphate precipitated. The second was to obtain the sodium salt of the
sugar sulphate by treating the barium salt with a cation-exchange resin and exactly neutralising
the resulting acid solution with sodium hydroxide. Both methods gave satisfactorily
reproducible results. Working with the sodium salts is complicated by the fact that they are
very deliquescent.

Periodate Oxidations at Room Temperature.—Oxidation of D-glucose 3-(sodum sulphate). (a)
To a solution of p-glucose 3-(barium sulphate (0-19 g.) in water (5 ml.) was added a slight excess
of sodium sulphate followed by 0-IM-sodium metaperiodate (45 ml.).

Time (hr.) ..o.oovviiiiiiiii 0-5 1

2- 4 6 24 30
Periodate consumed (mol.) ......... 0-68 0-80 0-

5 1-07 1-25 1-94 2-02

© <t

(b) To a solution of p-glucose 3-(barium sulphate) (0-06 g.) in water (2 ml.) was added a
slight excess of sodium sulphate followed by 0-1M-sodium metaperiodate (28 ml.).

Time (hr.) .ooovciiiiiiiiiiiiiiiiiinens 0-5 1-5
Acid liberated (equiv.) .................. 0-09 0-24 0-39 0-43 0-74

Ozidation of D-galactose 6-(sodium sulphate). (a) To a solution of the sulphate (0-14 g.) in
water (5 ml.) was added a slight excess of sodium sulphate followed by 0-1M-sodium meta-
periodate (45 ml.).

Time (hr.) ..oooovviviiiiinnn, 0-5 1 2 4 6 24 30
Periodate consumed (mol.) ......... 2-83 2-84 2-86 2-87 2-87 2-95 3-02

(b) To a solution of the sulphate (0-04 g.) in water (2 ml.) was added a slight excess of sodium
sulphate followed by 0-IM-sodium metaperiodate (23 ml.).

Time (hr.) ..oooiiiiiiiii 0-5 2 5 24
Acid liberated (equiv.) .......ccoiiiiiiiiiiiiiiiiii 1-74 2-34 2-59 2:79

Periodate Oxidations at 5°.—Oxidation of D-glucose 3-(sodium sulphate). This sulphate
(0-19 g.) was dissolved in 0-1M-sodium metaperiodate solution (80 ml.):

Time (hr.)) ..oocvviivininiinnn, 0-5 1-5 2-5 4 6 24 30 48
Periodate consumed (mol.)  0-64 0-76 0-81 0-95 0-99 1-36 1-57 1.95
Acid liberated (equiv.) ...... 0-06 0-13 0-17 0-24 0-29 0-55 0-65 0-78

Oxidation of D-galactose 6-(sodium sulphate). This sulphate (0-16 g.) was dissolved in 0-1M-
sodium metaperiodate solution (85 ml.):

Time (hr.) .cococvvcviiininnins 0-5 1 2 4 6 24 30 48
Periodate consumed (mol.)  2-17 2-46 2-55 2-65 2-80 2-88 2-91 3-04
Acid liberated (equiv.) ...... 1-25 1-58 1-85 2-14 2-24 2-47 2-55

Estimation of sulphate liberated duving oxidation of D-glucose 3-(sodium sulphate) and D-
galactose 6-(sodium sulphate). Sulphate ions produced during the oxidation were estimated by
precipitation as barium sulphate. Iodate and periodate ions were first removed by addition of
dilute nitric acid followed by a slight excess of potassium iodide. The iodine produced was
removed by extraction with chloroform.

D-Glucose 3-(sodium sulphate (0-15 g.) was dissolved in 0-35M-sodium metaperiodate solution
(45 ml.). After 7 days no sulphate ions were detected in the solution.

D-Galactose 6-(sodium sulphate) (0-15 g.) was dissolved in 0-35M-sodium metaperiodate
(45 ml.). The whole of the sulphate had been liberated as sulphate ions after 48 hr.
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D-Galactose 6-(sodium sulphate) (0-06 g.) was dissolved in 0-lM-sodium metaperiodate
(30 ml.). After 48 hr. 57%, of the sulphate had been liberated as sulphate.

The authors acknowledge with thanks the receipt of a grant towards the cost of materials
from the Institute of Seaweed Research.
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974. The Thermal Explosion of Ammonium Perchlorate.
By A. K. GALWEY and P. W. M. JACOBS.
New measurements of the induction period for the thermal explosion of
ammonium perchlorate are reported and discussed in terms of the theory of
self -heating.
THE thermal decomposition of ammonium perchlorate is probably unique in the extremely
wide temperature range over which the reaction can be studied. Pressure-time measure-
ments have been used to follow the isothermal reaction over the considerable temperature
interval of 200-440" c.I-~ The reason for this is that the salt decomposes by two distinct
mechanisms. At low temperatures, the kinetics may be interpreted in terms of an inter-
granular reaction which leaves blocks of loosely attached residue. At high temperatures
these blocks decompose according to the contracting cube law. The mechanisms of these
two reactions have been ascribed to electron-transfer 334 and proton-transfer respectively,
and the activation energies associated with these two processes found to be 32 and
40 kcal./mole respectively.
Above 4-40" the reaction is too fast to be followed manometrically, but after an induction
period (T) there is a sudden large pressure change which is often accompanied by a flash of
light. This induction period was measured as a function of temperature with the object
of determining which of the two chemical processes referred to above is responsible for the
explosion and of adding generally to our knowledge of the perchlorate decomposition.
The only previous published measurements of T appear to be from a few runs by Glasner
and Makovky in the course of a study of the decomposition of guanidine perchlorate.
Induction periods were measured by dropping 50 mg. fragments of pellets of ammonium
perchlorate into a glass reaction vessel embedded in a heavy copper block surrounded by a
furnace. Pellets were outgassed before decomposition, but the reaction was carried out
under 1 atm. of air to suppress sublimation. The reaction has been shown previously not
to be affected by gaseous oxygen up to at least 400". The results are depicted in Fig. 1 in
the form of a plot of log T against 1/T (OK). The points appear to lie on two straight lines.
However, at 490" (the point of inflection) the induction period is reduced to about 30 sec.,
so that the time required to heat the sample to the temperature of the reaction vessel must
be exerting a considerable effect on the results. It being assumed that heat is transferred
to the pellet by conduction through the glass, a rough calculation shows that the heat-up
time (T~) will be of the order of 10 sec. The value of T~ required to linearise the plot of
log (7 - -r0) against 1/T (OK) was found empirically to be 15 sec., and this was therefore
taken as the heat-up time. The slope of this plot (line b) corresponds to an energy of
activation of 41-5 kcal./mole.
Logarithmic plots of the rate-constants for the low-temperature and high-temperature
1 Bircumshaw and Newman, Proc. Roy. Soc., 1954, A , 227, 115; 1955, A, 227, 228.
Galwey and Jacobs, J., 1959, 837.
Galwey and Jacobs, Proc. Roy. Soc., 1960, A, 254, 455.
Galwey and Jacobs, Trans. Furuda~ Soc., 1959, 55, 1165.
Glasner and Makovky, J., 1954, 1606.


