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Synthesis and Behaviour under Acidic Conditions of 2-Deoxy-p-arabino-
hexopyranose and 3-Deoxy-2-ketoaldonic Acids Bearing O-Phosphono
or O-Glucosyl Substituents at Position B to the Carbonyl Function

By Alain Danan, Michelle Mondange, S. Robert Sarfati, and Patricia Szabé,* Equipe de Recherche No. 55
du C.N.R.S., Centre d'Etudes Pharmaceutiques, Université de Paris-Sud, 92290 Chétenay-Malabry, France

Methyl 4-0-phosphono- and 4-0-(§3-D-glucopyranosyl) -3-deoxy-3-D-erythro-2-hexulopyranosidonic acids, and
3-0-phosphono-, and 3-0-(B-D-glucopyranosyl)-2-deoxy-a-D-arabino-hexopyranoses have been synthesised and
their behaviour in acidic media examined. At 100 °C, release of inorganic phosphate frcm the 4-0-phosphono-
hexulopyranosidonic acid is faster at pH 3—6 than at pH 0—1 and occurs thrcugh an elimination initiated by
proton transfer. Phosphate release from the 3-0O-phosphono-2-deoxy-hexopyranose occurs by a similar
mechanism, but is much slower. Treatment at 100 °C with acetic acid of pH 3.4 causes release of glucose from the
4-0-glucosylated-3-deoxy-hexulopyranosidonic acid but not from the 3-0-glucosylated-2-deoxy-hexopyranose.

STUDIES in this laboratory have shown that the Borde-
tella pertussis endotoxin is made up of two lipopolysacchar-
ides, LPSI and LPS2,! in which lipid and polysaccharide
regions are linked through the glycosidic bond of a 3-
deoxy-D-manno-2-octulopyranosonic acid (KDO). While
LPS1 was rapidly hydrolysed by 0.01M acetic acid (pH
3.4) at 100 °C—conditions used for the cleavage of the
Salmonellae endotoxins into polysaccharides and lipid A2
—LPS2 required treatment with 0.25M mineral acid to
cleave the glycosidic bond of KDO which was shown to be
phosphorylated at position 53 The fact that KDO 5-
phosphate was isolated after acidic hydrolysis of LPS2
does not prove unequivocally that the phosphate group
originally occupied position 5 in the intact macromolecule,
as it is well known that, under acidic conditions, phos-
phate groups can migrate. Asit has been demonstrated 3
that, in the intact endotoxin, positions 7 and 8 are free,
the phosphate group must necessarily have been in
position 4 or 5. It appeared necessary, therefore, to
investigate 4- and 5-O-phosphorylated 3-deoxy-2-keto-
aldonic acids with respect to their behaviour in acidic
medium.

In the present work the behaviour in acidic medium of
3-deoxy-D-manno-2-octulopyranosonic acid 5-phosphate
(KDO 5-phosphate) 4 (19), 3-deoxy-D-arabino-2-hept-
ulopyranosonic acid 4-phosphate (4), methyl 3-deoxy-g-
D-erythro-2-hexulopyranosidonic acid 4-phosphate (17)
and its methyl ester (18), and the barium salt of 2-deoxy-
a-D-arabino-hexopyranose 3-phosphate (2) were ex-
amined; the last-named compound was included in the
study with the aim of comparing the behaviour of a
phosphate group in position « to a CH,CHO group with
that of a phosphate group in position « to a CH,CO-CO,H
group.

For reasons that will be discussed later, the rates of
glucose release from 3-deoxy-5-0-B-D-glucopyranosyl-2-
octulopyranosonic acid (a mixture of the D-gluco- and
D-manno-isomers %) (20), from methyl 3-deoxy-4-O-g-p-
glucopyranosyl-8-p-erythro-2-hexulopyranosidonic  acid
ammonium salt (15), and from 2-deoxy-3-O-B-D-gluco-
pyranosyl-a-D-arabino-hexopyranose (8) were also de-

ermined.

The compounds required for these studies were pre-
pared as follows. Benzyl 4,6-O-benzylidene-2-deoxy-
a-D-arabino-hexopyranoside (1) was the starting material
for the syntheses of the 3-phosphate (2), the disaccharide
{8), and the heptulopyranosonic acid 4-phosphate (4).
Phosphorylation of compound (1) with pyridinium 2-
cyanoethyl phosphate® followed by acidic hydrolysis,
gave the free phosphate (2). That no phosphate migra-
tion had occurred during the acidic hydrolysis step was
ascertained by periodate oxidation of the corresponding
2-deoxy-hexitol phosphate which reduced 2 mol equiv.
of periodate, 1 mol equiv. of formaldehyde being formed.
Cyanohydrin formation from compound (2), followed by
selective oxidation of the hydroxy-group at position 2
of the resulting C,-acid by Sprinson’s method 7 yielded,
after purification by ion-exchange chromatography, the
3-deoxy-D-arabino-2-heptulopyranosonic acid 4-phos-
phate (4), isolated as its trilithium salt. The presence of
an o-keto-acid grouping was demonstrated both by the
o-phenylenediamine 8 and by the semicarbazide ? reac-
tions. In the latter test, the compound gave the typical
molar absorption coefficient of € ca. 10 000, although this
value was reached only after an incubation period of 105
min at 37 °C; it had been observed previously 1 that
long incubation periods may be required in this test in
order to attain the maximum e-value. Again, the
position of the phosphate group was ascertained by
periodate oxidation: 2 mol equiv. of periodate were
reduced and 1 mol equiv. of formaldehyde was formed.
The crystalline disaccharide (8) was synthesised by
condensation of compound (1) with 2,34,6-tetra-O-
acetyl-a-D-glucopyranosyl bromide to give the fully
protected disaccharide (5), characterised by its 3C n.m.r.
spectrum, from which, successively, the acetate groups
were removed by saponification, the benzylidene group by
acidic hydrolysis, and the benzyl group by hydrogenoly-
sis.

Methyl (methyl 5-O-benzyl-3-deoxy-8-p-erythro-2-hex-
ulopyranosid)onate (13), the starting material for the
synthesis of the disaccharide (15) and of the phosphate
(17), was prepared in five steps from 1,2-O-isopropyl-
idene-3-0-methyl-D-glucofuranose 1! which was tritylated
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at position 6 and benzylated in position 5. Acidic
hydrolysis removed the trityl and isopropylidene groups
to give 5-O-benzyl-3-O-methyl-p-glucofuranose (11) to-
gether with some of the corresponding 1,6-anhydro-
compound. The formation of a similar anhydride was
shown to occur upon acidic hydrolysis of 1,2-O-iso-
propylidene-3,5-di-O-methyl-6-O-trityl-p-glucofuranose

with mineralacid,}but it could in that instance be avoided
by performing the hydrolysis with aqueous benzoic acid.
The insolubility of 5-O-benzyl-1,2-O-isopropylidene-3-
O-methyl-p-glucofuranose did not allow us to obtain
better yields of the free sugar using benzoic acid. Alka-
line degradation of compound (11) afforded 5-O-benzyl-

3-deoxy-D-erythro-hexonic acid (12), isolated as its
cyclohexylammonium salt, which was oxidised by
Sprinson’s method 7 to give the corresponding keto-acid,
isolated as its methyl ester methyl glycoside (13). This
was first condensed with 2,3,4,6-tetra-O-acetyl-a-D-
glucopyranosyl bromide to give the fully protected B-
disaccharide (14), obtained pure by h.p.l.c., and charac-
terised by 1H- and 3C-n.m.r. spectroscopy. Hydrogen-
olysis of the benzyl group followed by saponification of
the acetate and methyl ester groups gave the free
disaccharide isolated as its crystalline ammonium salt
(15) which liberated 1 mol equiv. of glucose upon acidic
hydrolysis. Phosphorylation of compound (13) with
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pyridinium 2-cyanoethyl phosphate ¢ gave the 4-phos-
phate (16), isolated as its barium salt. This compound
was used for acidic hydrolysis after catalytic removal of
the benzyl group to give compound (17) [tris(cyclo-
hexylammonium) salt].

In 1M hydrochloric acid at 100 °C the rate of release of
inorganic phosphate from the heptulopyranosonic acid
4-phosphate (4) was twice as rapid as that from 3-deoxy-
D-manno-2-octulopyranosonic acid 5-phosphate (19)

(Figure 1). After 1 h the compound (4) had released 509,
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FiGURE 1 Rates of release of inorganic phosphate (P;) from A
3-deoxy-D-arabino-2-heptulopyranosonic acid 4-phosphate (4)
and B 3-deoxy-D-manno-2-octulopyranosonic acid 5-phosphate
(19) in 1M hydrochloric acid at 100 °C

of its phosphate and compound (19) 25%. Under the
same conditions, 3-deoxy-D-erythro-2-hexulofuranosonic
acid 6-phosphate 13 also released 259, of phosphate
whereas only 2—39, was liberated from p-glucose 6-
phosphate.14

It is known that, in acidic medium, 3-deoxy-2-keto-
aldonic acids are more easily degraded than are free
sugars.’® It is thus probable that the greater acid
lability of ketoaldonate phosphates compared with that
of aldose phosphates is due more to the hydrolysis of the
phosphate esters of their degradation products than to the
hydrolysis of the starting materials. That the heptulo-
pyranosonate 4-phosphate is more labile than the other
two ketoaldonate phosphates is probably because in
acidic medium, as for all of the 3-deoxy-2-ketoaldonic
acids, it is in equilibrium with its enol form in which the
phosphate group is allylic: it is known that allyl phos-
phates are very rapidly hydrolysed in acidic medium.16
A similar case is that of D-ribose 3-phosphate which is
hydrolysed to the extent of 909 in 30 min in 0.5M
sulphuric acid at 100 °C.1?

As has already been mentioned, the glycosidic bond of
3-deoxy-D-manno-2-octulopyranosonic acid, which links
the polysaccharide moiety of lipopolysaccharides to the
lipid region, is usually cleaved i 1-—2 h with 0.01m
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acetic acid (pH 3.4) at 100 °C. We therefore examined
the release of phosphate from the ketoaldonates under
these conditions. With a decrease in acidity the rate of
phosphate release from the octulopyranosonate 5-phos-
phate (19) is considerably diminished whereas that from
the heptulopyranosonate 4-phosphate (4) is increased;
the rate of release from the hexulopyranosidonate 4-
phosphate (17) is even more rapid (Figure 2).
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Ficure 2 Rates of release of inorganic phosphate (P;) from A
3-deoxy-p-arabino-2-heptulopyranosonic acid 4-phosphate (4),
B methyl 3-deoxy-b-erythro-2-hexulopyranosidonic acid 4-phos-
phate (17), and C 3-deoxy-D-manno-2-octulopyranosonic acid
5-phosphate (19) in 0.01M acetic acid (pH 3.4) at 100 °C

In view of these results, compound (4) was incubated
at different pH values for 30 min at 100 °C and the rate
of release of phosphate was examined. The results
obtained (Figure 3) suggested that release of inorganic
phosphate was not entirely due to hydrolysis but to a
B-elimination. There are at least three possible mechan-
isms (Scheme 1) which could explain the elimination of
inorganic phosphate, each of which gives rise to the same
compound: a 3,4-dideoxy-D-erythro-2-hept-3-enulosonic
acid (21). At pH 2.6 the concentration of phosphate
mono-anion is probably at its highest as are the rates
of elimination (mechanisms I and II) at this concen-
tration (Figure 3). With increasing pH the concentra-
tion of this mono-anion diminishes as does the liberation
of inorganic phosphate. At pH ca. 4 the equilibrium
enol-enolate (mechanism III) starts to play a role,
creating a negative charge which induces elimination of
inorganic phosphate. Circumstantial evidence in favour
of the above hypothesis is as follows. The hypothesis,
based on proton transfer, requires that the rate of
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elimination should be pH-dependent. As is apparent
from Figure 2, this is indeed the case: release of inorganic
phosphate is slower at lower pH values where the phos-
phate mono-anion concentration is lower. As a corol-
lary, a substituent that is not a good proton acceptor or

100}

75F

25t

Release ot inorganic phosphate (Pi) (%)

0 1 2 3 4 5 6 7
pH

FIGURE 3 Percentage of inorganic phosphate (P;) formed from
3-deoxy-D-arabino-2-heptulopyranosonic acid 4-phosphate (4)
at different pH values after 30 min at 100 °C

donor would be eliminated at a vastly reduced rate and

perhaps by an unrelated mechanism. Thus the half-life

of methyl 3-deoxy-4-O-(B-D-glucopyranosyl)-B-D-erythro-
2-hexulopyranosidonic acid (15; R = Me) in 0.01m
acetic acid (pH 3.4) at 100 °C [under these conditions the
glycosidic bond of the hexulosidonic acid (15; R = Me)
is completely hydrolysed within 10 min] is ca. 3 h,
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whereas that of the corresponding 4-phosphate (17)
is 2—3 min.

When compound (4) was heated at 100 °C in a pH 6.5
buffer and the reaction was stopped after 15 min, prac-
tically all of the phosphate had been eliminated. Paper
electrophoresis showed the presence of a non-phosphoryl-
ated, acidic substance which could be visualised with the
periodate-benzidine spray (test for vicinal diols).!®
The acid was treated with diazomethane and then acetyl-
ated, and the mass spectrum of the product suggested it
had structure (22). The mass spectrum showed peaks of

1 e

HCOACO

H,COAC
(22)

high intensity (m/e 123 and 87) derived by a well known
fragmentation pattern of furanoid rings.?® This furoic
acid derivative is postulated tobe formed from the olefinic
a-keto-acid (21) via the elimination reaction shown in
Scheme 2. This mechanism is similar to that proposed
by Charon 13 for the acidic degradation of the unsubsti-
tuted 3-deoxy-D-arabino-2-heptulosonic acid and in both
cases the same 5-substituted 2-furoic acid is formed. In
the case of the acyclic form of compound (4) the formation
of the acid (23) is much faster than with the unsubstituted
heptulosonate. In the latter case, the enolic 1,4-lactone
is the first intermediate: the rate-limiting step for the
degradation of the unsubstituted heptulosonate appears
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to be the formation of compound (21) from this lac-
tone.

As expected, the same type of elimination is observed
with 2-deoxyaldose 3-phosphates. In 0.01M acetic acid
(pH 3.4) at 100 °C, 2-deoxy-«-D-arabino-hexopyranose
3-phosphate (2) has a half-life of 10—15 min, whereas
under the same conditions there is no release of glucose
from 2-deoxy-3-0-p-D-glucopyranosyl-«-D-arabino-
hexopyranose (8). It appears from these experiments

(1) = HE \’(‘OH —_— I > > (22)
HCOH ©7 “co,H HCOH 0 ~CO,H

H,COH H,COH

(23)
SCHEME 2

that the carboxy-group present in the 3-deoxy ketoaldon-
ic acid derivatives is not an absolute requirement for the
elimination reaction to take place but it considerably
enhances its rate. However, the presence of a free
carbonyl group in the molecule s necessary for the
elimination to occur. When the methyl ester (18) was
treated with acetic acid under the usual conditions, less
than 25%, of inorganic phosphate was formed aftér 150
min, whereas with the free acid (17) the reaction was
complete within 15 min. In the case of the methyl
ester the rate of phosphate release reflects the rate of
hydrolysis of the glycosidic bond. Charon % has shown
that esterification of the carboxy-group stabilises the
glycosidic bond of methyl 3-deoxy-D-manno-2-octulo-
pyranosidonic acid.

The aforementioned release of glucose from compound
(15; R = Me) under conditions in which glucosides are
not readily hydrolysed could have some importance in
the analysis of bacterial endotoxins. Although 3-
deoxy-D-manno-2-octulopyranosonic acid is known to be
a characteristic constituent of these lipopolysaccharides
and is required for the accomplishment of their bio-
synthesis, endotoxins have been described which appar-
ently do not contain KDO and in which the terminal
reducing sugar of the polysaccharide chain is a heptose.
In view of the ready release of an aldose from position 4
of a 3-deoxy-2-ketoaldonic acid occurring with con-
comitant destruction of the ketoaldonic acid it is possible
that in these endotoxins position 4 of the terminal KDO
molecule is substituted by heptose, the latter being
usually the penultimate unit of the sugar chain.

EXPERIMENTAL

Evaporations wete carried out under reduced pressure at
40 °C. Products were dried in vacuo (P,0;) and phosphates
were then equilibrated in air. M.p.s were determined on a
Kofler hot-plate and are uncorrected. Optical rotations
were determined with a Perkin-Elmer model 141 polari-
meter. 'H N.m.r. spectra at 400 MHz were obtained on a
prototype I.LE.F. 400 instrument,?! using Me,Si as internal
standard. °C N.m.r. spectra were recorded on a Varian
CFT 20 spectrometer operating at 20 MHz in the Fourier-
transform mode. T.lLc. was performed on silica gel (F
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1500 LS,;,, Schleicher and Schiill) and compounds were
located by spraying with sulphuric acid (10%) in ethanol
and heating with an infrared lamp. Preparative t.l.c. was
performed on glass plates coated with a 1.5 mm layer of
silica gel (Merck 60 PF,;) and h.p.l.c. on a stainless steel
column (20 in X 1in) packed with the same silica gel at a
pressure of 40 bar.* Paper electrophoresis was carried out
on Whatman 3MM paper with a flat-plate electrophoresis
apparatus in pyridine-acetic acid-water buffer (25:2.5:
972.5 v[/v/v; pH 6.2) at 70 V cm™ for 45 min. Phosphate
esters were detected according to the method of Hanes and
Isherwood.2? Migrations (R) are given with respect to that
of picric acid. Periodate oxidations were performed by the
method of Avigad,? and formaldehyde was determined with
chromotropic acid.® The kinetics of hydrolysis of the
disaccharides were followed using the ‘ Gluco-Quant’
system of Boehringer for the estimation of free glucose
and those of the phosphate by using the Boehringer colori-
metric method of estimation of inorganic phosphate (am-
monium molybdate and ammonium vanadate in acidic
solution). Total phosphorus was estimated by the method
of Macheboeuf and Delsal.?®* Light petroleum refers to that
fraction boiling in the range 40—865 °C.

Benzyl 4,6-O-Benzylidene-2-deoxy-a-D-arabino-hexopy-
ranoside (1).—A mixture of benzyl 2-deoxy-a-D-arabino-
hexopyranoside ¢ (1.95 g), benzaldehyde (5 ml), and zinc
chloride (1.5 g) was vigorously shaken. After 1 h, further
benzaldehyde (5 ml) was added and the mixture was stirred
at room temperature for 48 h. The resulting solution was
poured into a mixture of water (10 ml) and light petroleum
(20 ml) and the mixture was stirred for 15 min. The pre-
cipitated title compound (2 g, 77%) was filtered off, washed
with a mixture of water (10 ml) and light petroleum (20 ml),
dried, and recrystallised from methanol; m.p. 138—139 °C;
[, +171° (¢ 0.8, acetone); 3y (CDCly) 137.31 and 137.24
(quaternary aromatics), 129.07; 128.82, 128.20, 127.74,
and 126.15 (m,p,0-aromatic), 101.89 [PhHC(-0)0O], 97.14
(C-1), 83.79 (C-4), 69.03 and 68.89 (CH,Ph and C-6), 65.69
and 62.77 (C-3 and C-5), and 37.27 p.p.m. (C-2) (Found: C,
69.9; H, 6.5. C,,H,,0; requires C, 70.2; H, 6.49%,).

2-Deoxy-a-p-arabino-kexopyranose 3-(Barium Phosphate)
(2; barium salt).—A solution of pyridinium 2-cyanoethyl
phosphate ¢ (4 ml, 4 mmole) in pyridine was added to a
solution of compound (1) (0.68 g, 2 mmol) in pyridine (20 ml)
and the solvents were removed. Anhydrous pyridine (2 X
(20 ml) was added to the product and the mixture was evapor-
ated; the residue was dried overnight. A solution of N,N’-
dicyclohexylcarbodi-imide (2.4 g, 12 mmol) in anhydrous
pyridine (20 ml) was added to the residue and the mixture
was stirred at room temperature for 4 d. Water (6 ml) was
added and after 30 min the solvent was removed. More
water (20 ml) was added and the precipitate was filtered off
and washed with water (20 ml). To the filtrate and wash-
ings was added 1M sodium hydroxide (40 ml) and the mix-
ture was heated for 40 min in a boiling-water bath, cooled,
and treated with an excess of Amberlite IR 120 (H*-form)
resin; removal of the benzylidene- and benzyl-groups was
monitored by paper electrophoresis. When hydrolysis was
complete, the pH of the mixture was adjusted to 10 with
saturated aqueous barium hydroxide and the precipitated
inorganic phosphate was removed by centrifugation. The
pH of the supernatant layer was adjusted to 7 [Amberlite
IR 120 (H*-form) resin] and the solution was concentrated

® ] bar = 10°% Pa,
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to ca. 10 ml. The barium salt (460 mg, 55%,) was precipi-
tated with ethanol and recovered by centrifugation; [a],2°
+14° (¢ 0.63, 0.1M HCI) (Found: C, 17.35; H, 3.3; P, 7.45.
C¢H,,BaO,P-2H,0 requires C, 17.34; H, 3.61; P, 7.46%,).

3-Deoxy-D-arabino-heptonic Acid 4-Phosphate, Barium
Salt (3; barium salt).—Potassium cyanide (0.97 g) was
added to a cold solution of the barium phosphate (2) (1.2 g)
in water (5 ml) and the mixture was kept at 4 °C for 18 h,
then diluted with cold water (50 ml), and passed through a
column (150 ml) of Amberlite IR 120 (H*-form) resin. The
PH of the eluant and washings was brought to 8.5 with aque-
ous barium hydroxide and the mixture was heated on a
boiling-water bath for 15 min, clarified with charcoal, and
concentrated to ca. 10 ml. The barium salt of the title
compound, precipitated by addition of ethanol and re-
covered by centrifugation, had [«],2° {6° (¢ 0.4, 0.1m HCI)
(Found: C, 15.85; H, 3.05; P, 5.8. C,H,,Ba,;0,,P:2H,0
requires C, 15.90; H, 3.03; P, 5.879%,).

3-Deoxy-D-arabino-2-heptulopyranosonic Acid  4-Phos-
phate, Trilithium Salt (4; Lithium Salt).—A suspension of the
barium salt (3) (1.05 g) in water (10 ml) was decationised
with Amberlite IR 120 (H*-form) resin and the pH of the
resulting solution was adjusted to 9 with cyclohexylamine.
To the concentrated (ca. 10 ml) solution, sodium chlorate
(0.1 g) and freshly prepared Sprinson oxidation catalyst ?
(3 ml) were added and the pH of the solution was adjusted
to 4.7 with either pyridine or dilute hydrochloric acid as
necessary. The solution was stirred in a closed tube for 24 h,
then passed through a column of Amberlite IR 120 (H*-
form) resin (50 ml). The pH of the eluant and washings
was adjusted to 6.9 with aqueous lithium hydroxide, and the
lithium salts were precipitated by addition of ethanol (120
ml) to the concentrated (ca. 5 ml) solution, then centrifuged
off, washed with ethanol until free of lithium chloride, dried,
and dissolved in water (150 ml). The solution was passed
through a column of Dowex 1—X8 resin (100—200 mesh,
Cl~-form, 10 ml) which was washed with water (100 ml),
and then eluted with 0.01M hydrochloric acid until the
fractions (8 ml) were free of phosphorus 2® and then with
0.02M hydrochloric acid. The fractions were tested for the
presence of phosphorus and a-keto acids; * those containing
the phosphorylated heptulosonic acid were pooled and the
PH of the solution was brought to 6.9 with aqueous lithium
hydroxide. The solution was concentrated to ca. 3 ml and
the pH was adjusted with aqueous lithinm hydroxide to 7.2.
The trilithium salt (115 mg, 18%,) of the title compound was
precipitated with ethanol, recovered by centrifugation,
washed free of lithium chloride with ethanol, and dried;
[y +31° (¢ 0.52, HO) (Found: C, 22.95; H, 4.7; P,
8.5. C,H,,Lig0,,P*3.5H;0 requires C, 22.76; H, 4.46; P,
8.40%,).

Benzyl 4,6-O-Benzylidene-2-deoxy-3-0-(2,3,4,6-tetra-O-
acetyl-B-p-glucopyranosyl)-a-D-arabino-hexapyranoside (5).—
A solution of compound (1) (4 g) in freshly distilled (P,Og)
chloroform (150 ml) was stirred with mercury(ir) cyanide
(4 g) and molecular sieve 3A (3 g) under reflux for 1 h, and
2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide (8 g) was
added. Refluxing and stirring were continued for 24 h,
the condensation being monitored by t.l.c. (ethyl acetate-
hexane, 2: 3 v/v). The mixture was cooled and filtered and
the filtrate was washed successively with ice-cold water,
cold saturated aqueous sodium hydrogen carbonate, and
ice—water, and dried (Na,SO,). Chloroform was removed
under reduced pressure and the residue (7 g) was crystallised
from ethyl acetate-light petroleum to afford the disaccharide
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(6), m.p. 130 °C; [o],2® +42° (¢ 1, CHCl,); 8 (CDCly)
170.89, 170.02, and 169.04 (C=0), 137.26 and 137.00 (quater-
nary aromatics) 128.85, 128.31, 127.97, and 125.85 (o, m, p
aromatic), 101.22 and 100.35 [PhCH(-O)O and C-1’], 96.78
(C-1), 81.73 (C-4), 74.48, 72.70, and 71.67 (C-2’, C-3’, C-5,
and C-3), 69.09 and 68.75 (PhCH, and C-6), 67.87 (C-4'),
63.03 (C-5), 61.45 (C-6"), 36.01 (C-2), and 20.34 p.p.m. (CH,)
(Found: C, 60.45; H, 6.05. C;,H,,0,, requires C, 60.80;
H, 5.81%,).

Benzyl  4,6-O-Benzylidene-2-deoxy-3-O-(B-D-glucopyrano-
syl)-a-D-arabino-hexopyranoside (6).—The tetra-acetate (5)
(6 g) was dissolved in anhydrous methanol (250 ml) con-
taining sodium (80 mg). The solution was cooled in ice—
water and the course of deacetylation was followed by t.l.c.
(ethyl acetate-hexane, 2: 3 v/v). During the reaction part
of the title compound crystallised out of solution. At the
end of the reaction the product was filtered off and the filtr-
ate was decationised with Amberlite IR 120 (H*-form) resin
and concentrated until the rest of the product started to
crystallise; recrystallisation from butan-2-one gave the
disaccharide (6), m.p. 177 °C; [, ?® +55° (¢ 1, butan-2-one)
(Found: C, 61.95; H, 6.3. C,H,,0,, requires C, 61.90;
H, 6.34%,).

Benzyl 2-Deoxy-3-O-(B-D-glucopyranosyl)-a-p-arabino-
hexopyranoside (7).—Compound (8) (0.4 g) was dissolved in
a mixture of water (5 ml), methanol (5 ml), and glacial
acetic’ acid (1 ml) and the mixture was heated at 60 °C.
The hydrolysis was monitored by t.l.c. (butan-1-ol-propan-
2-ol-water, 5: 3 :1v/v/v). When the reaction had finished,
the solution was neutralised with Amberlite IR 45 (HO-
form) resin and evaporated to dryness to afford the title
compound (7) which, after crystallisation from methanol-
ethyl acetate, and recrystallisation from methanol-butan-
2-one, had m.p. 98—100 °C; [«] 2 +57° (¢ 1, MeOH)
(Found: C, 52.3; H, 6.75. C,H,;0,,H,0 requires C,
52.53; H, 6.90%).

2-Deoxy-3-O-(B-D-glucopyranosyl)-a-p-arabino-hexopyran-
ose (8).—Compound (7) (150 mg) in ethanol (10 ml) was
hydrogenated over 109, palladium—charcoal for 48 h, the
reaction being monitored by t.l.c. (butan-1-ol-propan-2-ol-
water, 5:3:1v/v/v). The catalyst was filtered off and the
filtrate was evaporated to dryness to afford the disaccharide
(8), m.p. 134 °C (methanol-ethanol-acetone); (o] 2 —6°
(equilibrium, 35 min) (¢ 1, H,0) (Found: C, 43.65; H, 6.95.
C,,H,;0,4°0.25 H,0 requires C, 43.57; H, 6.80%,).

1,2-O-Isopropylidene-3-O-methyl-6-O-triphenylmethyl-p-
glucofuranose (9).—A solution of triphenylmethyl chloride
(86 g) in anhydrous pyridine (250 ml) was added dropwise
with stirring to a solution of 1,2-O-isopropylidene-3-O-
methyl-p-glucofuranose !! and the mixture was left at room
temperature for 3 d. After the usual work-up, the syrupy
residue was crystallised, contaminated with triphenyl-
methanol, from ethanol. A sample, purified by p.lc.
(benzene), gave the furanose (9) as a foam having (o],
—26.5° (¢ 1, CHCly) (Found: C, 72.9; H, 6.65. C,H;,0,
requires C, 73.11; H, 6.729,).
5-0O-Benzyl-1,2-O-isopropylidene-3-O-methyl-6-O-tri-

phenylmethyl-D-glucofuranose (10).—A solution of crude
furanose (9) (40 g) in dimethylformamide (200 ml) was
stirred for 2 h with sodium hydride (509, suspension in oil)
(20 g) previously washed with hexane, and benzyl bromide
(25 ml) was then added dropwise to the mixture which was
kept at room temperature overnight. After the usual work-
up, the residual oil crystallised slowly from ethanol. The
mother liquors were purified by column chromatography on
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alumina (chloroform-hexane, 1:1 v/v as eluant) to afford
the title compound (10), m.p. 100 °C; [a] 2! —36° (¢ 1, CHCly)
(Found: C, 76.0; H, 6.85. C;sH,;0, requires C, 76.3; H,
6.71%).

5-O-Benzyl-3-O-methyl-D-glucofuranose (11).—A solution
of the fully protected furanose (10) (5 g) in a mixture of
dioxan (80 ml), water (10 ml), and 0.5 H,SO, (10 ml) was
heated for 2.5 h in an oil-bath at 100 °C, then cooled,
neutralised with dry Amberlite IR 45 (HO -form) resin,
filtered, and the filtrate was evaporated to dryness. The
residue was purified by h.p.l.c. (ethyl acetate) to give the
title compound (11) (0.85 g, 37%,) as crystals from benzene,
m.p. 69—71 °C; [«],*® —77° (¢ 1 ,EtOH) (Found: C, 58.8;
H, 7.1. CH,,04 requires C, 59.15; H, 7.04%,).

5-O-Benzyl-3-deoxy-p-erythro-hexonic Acid (12). A solution
of the furanose (11) (2.47 g) in baryta (240 ml) was kept at
room temperature under nitrogen for 3 d, then neutralised
with Amberlite IR 120 (H*-form) resin and the mixture was
concentrated to small volume and passed through a column
(16 X 2 cm) of Amberlite IR 120 (cyclohexylammonium-
form) resin. The eluant was evaporated to dryness and the
residue was crystallised from ethanol-ether to give the
cyclohexylammonium salt of the acid (12) (1.47 g, 449%,), m.p.
150—155 °C; [« 2 —6.2° {¢ 1, H,0) (Found: C, 61.7; H,
8.65; N, 3.95. C,,H,; NO, requires C, 61.79; H, 8.40; N,
3.79%).

Methyl (Methyl-5-O-benzyl-3-deoxy-B-D-erythro-2-hexulo-
pyranosid)onate (13).—To a solution of the hexonic acid (12)
(3.16 g) in water (40 ml) containing potassium perchlorate
(0.47 g) was added freshly prepared Sprinson oxidation
catalyst 7 (12.5 ml). The pH of the mixture was adjusted to
4.7 with either pyridine or dilute hydrochloric acid as
appropriate and the mixture was then stirred at room
temperature for 24 h and passed through a column (48 X 4
cm) of Amberlite IR 120 (H*-form) resin. The eluant was
neutralised with solid calcium oxide, filtered, and the filtrate
was evaporated to dryness. The residue was dissolved in
anhydrous methanol (250 ml) and was stirred at 60 °C with
dry Amberlite IR 120 (H*-form) resin for 24 h. The resin
was filtered off and the filtrate was evaporated to dryness.
The residue was purified by h.p.l.c. (benzene—ethyl acetate,
1:1 v/v) to give the title compound (1 g, 40%), [«],2° —101°
(¢ 1, CHCly); 85 (CDCly) 1.94 (1 H, t, Jygsr3 10 Hz, 3,,-H),
2.16 (1 H, q, [30z,34 10 Hz, 3,-H), 3.23 (3 H, s, OMe), 3.62
(2 H, m, 5- and 6’-H), 3.8 (3 H, s, CO,Me), 4.0 (1 H, m,
4&H), 416 (1 H, q, Joq 13, Jos 2.5 Hz, 6-H), 4.5 and 4.8
(2 H, dd, CH,Ph), and 7.3 (6 H, m, Ph) (Found: C, 60.95;
H, 6.9. C,;H,,0, requires C, 60.81; H, 6.75%,).

The derived crystalline 4-O-p-nitrobenzoate had m.p.
78—79 °C (EtOH); [1],® —86.5° (c 0.478, CHCl,) (Found:
C, 59.30; H, 5.30; N, 3.30. C,,H,;NO, requires C, 59.32;
H, 5.17; N, 3.15%,).

Methyl  [Methyl-5-O-benzyl-3-deoxy-4-0-(2,3,4,6-tetra-O-
acetyl-B-D-glucopyranosyl)-B-p-erythro-hexulopyranosid]-
onate (14).—2,3,4,6-Tetra-O-acetyl-a-D-glucopyranosyl
bromide (1.11 g) was added to a solution of the compound
(13) (0.8 g) in dry dichloromethane (10 ml) which had pre-
viously been stirred with mercury(11) cyanide (0.8 g) and
molecular sieve 3A (1 g) at 50 °C for 2h. Heating and stir-
ring were continued and the condensation was monitored by
t.l.c. (ethyl acetate-hexane, 3:2 v/v). After 20 h, further
‘ acetobromoglucose ’ (0.5 g) and mercury/(11) cyanide (0.5 g)
were added and the reaction was allowed to proceed for a
further 24h. The mixture was cooled, diluted with dichloro-
methane, and filtered. The filtrate was washed successively
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with ice—water, cold saturated aqueous sodium hydrogen
carbonate, and ice-water, and dried (Na,SO,). The solvent
was removed under reduced pressure and the residue (2.1 g)
was purified by h.p.l.c. (ethyl acetate-hexane, 1:1 v/v) to
give the B-disaccharide (14) (0.612 g), which crystallised from
ethyl acetate-hexane, m.p. 136—137 °C; [a] 2 —63.5° (¢
1.015, CHCly); 8g (CDCl,) 20.4 (CH,CO), 34.4 (C-3), 50.9
(OCH,), 62.0 and 62.4 (C-6 and C-6’), 68.5 (C-4"), 71.4,
72.8, and 73.9 (C-2’, C-3’, C-5’, and C-4), 99.1 and 99.4 (C-2
and C-1’), 126.9, 127.5, and 128.3 (aromatic), 138.4 (quater-
nary aromatic), and 168.3, 169.0, 169.2, 170.1, and 170.5
p.p-m. (C=0O of acetates and acid); 8g (CDCl;) 1.93, 1.992,
2.02, and 2.09 (12 H, 45, CH,CO), 2.23 (1 H, q, [aqg 34 13.5,
J3eq.a 6 Hz, 3,-H), 2.30 (1 H, t, [3g,30r 13.5, Jar,4 13.5 Hz,
3uz-H), 3.21 (3 H, s, 1-OCHy), 3.62 (3 H,m, 5-, 5’-, and 6-H),
3.79 (3 H, s, CO,CHy), 4.06 (2 H, m, 6"-H, and 6-H,, J(6, -
6’y) 12, J(6%,,5") 6, J (6%,,5") 3 Hz, 6", H,), 4.22 (2 H, m, 4- and
6-H), 4.63 (1 H, d, J,,, 8 Hz, 1"-H), 4.66 (2 H, s, CH,Ph),
500 (1H, t, J, . = Jpy 8Hz 2-H), 504 (1 H, t, [, =
Jeow 10Hz, 4-H), 5.17 (1 H, t, 3’-H), and 7.35 (6 H, m, Ph)
(Found: C, 55.5; H, 6.15. C,yH3,O,; requires C, 55.58,
H, 6.07%,).

Ammonium [ Methyl-3-deoxy-4-O-(B-D-glucopyranosyl)-3-p-
erythro-2-hexulopyranosidlonate (15).—The tetra-acetate
(14) (77 mg, 0.123 mmol) in methanol (2 ml) was hydrogen-
ated over 109, palladium—charcoal. T.l.c. (ethyl acetate—
hexane, 3 :2 v/v) showed the reaction to be complete after
2 h. The catalyst was filtered off and the filtrate was
evaporated to dryness. The residue was dried (P,0;) and
dissolved in anhydrous methanol (1 ml). Freshly prepared
0.5M methanolic sodium methoxide (0.05 ml, 0.025 mmol)
was added and after 1 h the solution was evaporated to
dryness, the residue was dissolved in 0.1M aqueous sodium
hydroxide (1.1 ml, 0.11 mmol), and the mixture was left for
2 d at room temperature after which paper electrophoresis
showed the saponification to be complete (R 0.86). The
solution was passed through a small column of Amberlite
IR 120 (NH,*-form) resin and the eluant and aqueous
washings were concentrated to small volume. Upon addi-
tion of ethanol, the fitle compound crystallised out, m.p.
166—167 °C; [«] 2 —77° (¢ 0.47, H,O) (Found: C, 41.95;
H, 6.65; N, 3.8. C,3;H,;NO,, requires C, 42.05; H, 8.74;
N, 3.77%).

Methyl  5-O-Benzyl-3-deoxy-B-D-erythro-2-hexulopyrano-
sidonic Acid 4-Phosphate (16).—Compound (13) (4 mmol)
was phosphorylated with pyridinium cyanoethyl phosphate ¢
as described for compound (1). After treatment with 1M
aqueous sodium hydroxide the solution was cooled in ice and
the pH was adjusted to 7 with Amberlite IR 120 (H*-form)
resin. This solution was passed through a column of
Amberlite IR 120 (pyridinium-form) resin, the eluant was
concentrated to ca. 10 ml, and saturated aqueous barium
hydroxide was added until the mixture was at pH 10. The
precipitated inorganic phosphate was removed by centri-
fugation, the supernatant liquid was concentrated to ca. 3
ml, and acetone was added. The resulting precipitate (1.1
g) was recovered by centrifugation, then washed with ace-
tone, and dried. On electrophoresis it showed one major
phosphate-containing spot (R 1.40). A sample (150 mg)
was converted into the ammonium salt of the acid (16) with
Amberlite IR 120 (NH,*-form) resin and purified by prepar-
ative descending chromatography (propan-2-ol-ammonium
hydroxide-water, 7:1:2 v/v/v) on Whatman 3MM paper
previously washed with the solvent and then with water.
The ammonium salt (63 mg), recovered by elution of the
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appropriate area of paper with water, was transformed into
the barium salt which was precipitated from aqueous solu-
tion with ethanol, centrifuged off, washed with ethanol, and
dried. It had [«],2* —48.5° (¢ 0.57, H;0) (Found: C,
22.7; H, 3.3; P, 5.0. C,H(Ba, ;0,P3H,0 requires C,
22.63; H, 3.56; P, 5.01%).

Methy! 3-Deoxy-B-D-erythro-2-hexulopyranosidonic Acid
4-Phosphate (17).—A solution of compound (16) (215 mg) in
water (5 ml) was passed through a column of Amberlite IR
120 (cyclohexylammonium-form) resin and the eluant and
aqueous washings were evaporated to dryness; two cycles
of dissolution in ethanol, filtration, and evaporation gave a
residue which was dissolved in methanol (3 ml) and hydro-
genated over 109, palladium-charcoal. The catalyst was
filtered off and the filtrate was concentrated to small volume
whence the tris(cyclohexylammonium) salt of the title acid
crystallised out and was homogeneous by paper electro-
phoresis (R 1.76), m.p. 174—177 °C (decomp.); [o], 20 —29°
(c 0.47, H,0) (Found: C, 49.35; H, 9.0; N, 6.5; P, 5.2.
CysH ;N3O P-2H,0 requires C, 49.58; H, 9.26; N, 6.94;
P, 5.129%,).

Methyl (Methyl 3-deoxy-f-D-erythro-2-hexulopyranosid)-
onate 4- Phosphate (18).—The acid (17) (25 mg) in anhydrous
methanol (5 ml) was stirred for 24 h with dry Amberlite
IR 120 (H*-form) resin. The resin was filtered off and
washed (methanol), the filtrate and washings were neutral-
ised with ammonium hydroxide, and evaporated to dryness.
The residue was dissolved in water (1 drop) and the #itle
compound was precipitated with ethanol. The product was
homogeneous by electrophoresis (R 1.1) (Found: C, 30.2;
H, 6.3. C,H,,N,O,P requires C, 30.00; H, 6.56%,).

[1/1180 Received, 2Tth July, 1981]
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