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Data on the chemistry of saccharinic acids are examined and described systematically. The alkaline degradation of mono-,
oligo- and poly-saccharides is discussed, much attention being devoted to the conditions which influence the course of the
reaction. It is shown that the nature of the alkali metal cation, the pH of the medium, temperature, and the structure of
the carbohydrate play an important role. Data concerning the stabilisation of polysaccharides in alkali are described in
detail. The problem of the applications of saccharinic acids is examined.

The bibliography includes 254 references.
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1. INTRODUCTION

The complex and varied reactions of carbohydrates in alkali
have long attracted the attention of investigators. However,
despite vigorous research, the interconversions and degrada-
tion reactions of carbohydrates in alkaline solutions have still
been inadequately studied. The conversion of reducing
sugars under the influence of aqueous bases includes the fol-
lowing processes’” 3: mutarotation (anomerisation); epimeri-
sation (the Lobry de Bruyn—van Ekenstein transformation);
retroaldol cleavage, the products of which are capable of new
reactions; saccharinic rearrangement. The formation of car-
boeyclic compounds®*™®, the Cannizzaro reaction®, and intra-
molecular oxidation—reduction'? are also possible. The forma-
tion of polymeric compounds'! (probably via aldoxyloses at
elevated temperatures'?) has also been noted. In addition,
sugars form complexes (saccharinates) with metal hydrox-
ides*®7!°,  Under the influence of alkalies, glycosylamines
undergo the Amadori rearrangement®’, Alkaline agents cause
numerous carbohydrate derivatives to undergo intramolecular
substitutions, for example the elimination of groups such as
alkyl and arenesulphonyloxy-groups, halide ions, or nitrate
and sulphate ions with the formation of an epoxy-ring (an
intramolecular ether)?*?? and migration of acyl groups?!,
involving isomerisation via intramolecular transesterification.
However, sugars are fairly resistant to the action of a base
at 5°. Thus 85—90% of a sugar (D-glucose, D-mannose, and
D-fructose) remains unchanged after prolonged contact
(9 months) with dilute sodium hydroxide?®.

The present review is an attempt to describe the present
state of the chemistry of saccharinic acidst. Saccharinic
acids, which are formed from reducing carbohydrates under
the influence of various alkalies, include all the monobasic
hydroxy-acids (deoxyaldonic acids) with the empirical formula
CpH,,0,,, which have the same compositions as the corre-
sponding carbohydrates. The first mention of substances
of this type dates back to 1838.2%2° The first such sub-
stance investigated was erroneously assumed to be an isomer
of saccharose (sucrose)—hence the name saccharinic acids.

+ For review of earlier studies, see Refs.24-27,
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Saccharinic acids can be synthesised from non-sugar-
like compounds®® and by the oxidation of the corresponding
deoxysugars. The Grignard®' and Fischer—Kiliani (the cyano-
hydrin method) reactions®?’*® have also been used to synthe-
sise saccharinic acids and their derivatives. However, the
present review deals with the problems of the formation of
saccharinic acids from reducing carbohydrates in an alkaline
medium in the absence of oxygen. In an alkaline medium in
the presence of oxygen carbohydrates undergo both oxidation
and alkaline degradation with formation of a complex mixture
of products#. According to their carbon skeleton, saccha-
rinic acids belong to three types: 3-deoxyaldonic (metasac-
charinic) acids (I), 2-C-methylaldonic (saccharinic)
acids (II), and 2-C-(hydroxymethyl)-3-deoxyaldonic (iso-
saccharinic) acids (II1):
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The structure of saccharinic acids has been reviewed?®.
Later the configuration of o-D-glucoisosaccharinic acid®®%®
and its lactone®’ was established by X-ray diffraction; both
proved to be erythro-compounds. It has been shown by
chemical methods"*’ that o-D-glucosaccharinic acid has the
ribo-configuration. The y-lactone of a-D-glucosaccharinic
acid (2-C-methyl-D-ribonic acid) and hamamelose (2-C-hydroxy-
methyl-D-ribose), whose structure has been established by
an independent method, have the same absolute configura-
tions, which has been confirmed by the transformation of each
compound into 5-deoxy-2-C-methyl-D-ribitol*!. Branched
saccharinic acids*? and di- and tri-deoxysaccharinic acids"®**
have been detected in the conversion products of polymeric
carbohydrates in alkali. Despite the fact that saccharinic

# After the oxidation of D-glucose and cellobiose with oxy-
gen in a highly alkaline medium, 13 and 19 monobasic acids
were isolated respectively®*. The isolation of 21 organic
acids from the products of the oxidation of cellobiose by
molecular oxygen in an alkaline medium has been reported?®.
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acids are known to form in highly alkaline solutions, meta-
saccharinic acids and their sulphur-containing derivatives
have been obtained by treating carbohydrates with neu-
tral*>™® or acid sulphite solutions (pH 4.4-6.0; 135 °C)."“°75*

The saccharinic rearrangement of a carbohydrate is
undoubtedly of wider importance in nature than has been
thought hitherto. Saccharinic acids have been found in
plants®¥’5%; they are apparently formed from monosaccharides
in weakly alkaline media and probably give rise to deoxysugars
with straight and branched carbon skeletons as aresult of the
reduction of the carboxy-group. However, deoxidation of
sugars can also take place via reductive reactions of the alco-
holic groups.

The application of gas chromatography , mass spectro-
metry®*™®7, and spectrophotometry®®®®, as well as ion-
exchange’””! and thin-layer’? chromatography make it possi-
ble to determine saccharinic acids rapidly in the complex mix-
ture obtained on alkaline degradation of earbohydrates.
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li. THE MECHANISM OF THE FORMATION OF SACCHARINIC
ACIDS

Numerous mechanisms have been proposed for the formation
of saccharinic acids from reducing sugars. In order to
account for the formation of saccharinic acids, Nef*»?® proposed
schemes according to which monoses are converted initially into
biradicals in consequence of the elimination of water from an
alcoholic group; the migration of hydrogen atoms from another,
adjacent alcoholic group to a carbon atom involved in a satu-
rated bond leads to the formation of an aldehydo-ketonic or
diketonic form, which undergoes the benzilic acid rearrange-
ment to saccharinic acids. However, this mechanism is com-
plex and the formation of biradicals at a particular site in the
chain is doubtful.

Other workers’*7® modified Nef's scheme, postulating the
formation of enediol oxides as intermediates in the isomerisa-
tion of carbohydrates. These substances are converted into
diketones, which undergo the benzilic acid rearrangement.
However, the formation of unsaturated epoxide structures is
regarded as unlikely at the present time. It has been sug-
gested’® that saccharinic acids are formed via a mechanism
involving the pinacol rearrangement via alcoholic epoxide
forms. The formation of saccharinic acids via the recombina-
tion of carbohydrate fragments has been discussed’”"’%,
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The ionic mechanism put forward by Isbell’®, who treats Nef's
hypothesis from the standpoint of electronic ideas, has gained
the widest currency at the present time. According to Isbell,
the mechanism of the formation of saccharinic acid involves
the following stages: (a) the formation and ionisation of the
enediol; (b) B-elimination of a hydroxy- or alkoxy-group;

(c) rearrangement to an o-dicarbonyl intermediate; (d) ben-
zilic acid rearrangement with formation of saccharinic acid.
Accordingly, the formation of saccharinic acids can be repre-
sented by the following reactions:

T

11G=0 IT\’l‘,:() C C=0 (IO J1
(:imm (T—(m (“—N(?—l[ (l =0 (luull
=11.0 11,0
(I.lmu — n(Iﬁm R ETP] = l A ' ;
(IlHHH <Izu(m GHOI (IHOH (lllon
R R R hie R
ne-Cn o Cil, co,i
(qu ‘C‘—u_n (I;:O ‘/nn
{—> (ll ( Sy S CI=() - (I;:r?) g \(”
- |
1 ' 1HH|| CHOLL CHOML CHOM
Cl,::u \ | |
! R R I
(IIIUH
< 1,011 ‘ .
CHOIL (_\ ‘ll”:“ll (lu OH oL
1!1 ({ Ko (II —0 (c —0 ol
ety | o G
Con A L N
| &Y I <~ CILOH
(|~ H(li lI:““‘ (l‘n:
it R R i

The postulated intermediate dicarbonyl compounds, involved
in the formation of saccharinic acids, have been synthesised
or isolated after the alkaline treatment of appropriately sub-
stituted sugars§. Their rapid conversion into saccharinic
acids under the influence of lime water supports the Nef—
Isbell mechanism. The proposed mechanism has been partly
confirmed in experiments using labelled compounds®/>79,82:3,

Two possible saccharinic acids are obtained from the inter-
mediates (IV) and (V)—a- and R-D-glucosaccharinic acids
(VIila, VIIIb) and a- and B-D-glucoisosaccharinic acids (IXa,
IXb) respectively. Similarly in an alkaline medium compound
(VI) gives rise to metasaccharinic acids with five carbon atoms
(Xa, Xb).®* However, treatment of compound (VII) with
alkali yields only o-D-glucosaccharinic acid (XI) °* (see
Scheme 1).
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§ For details of the dlcarbonyl derivatives of carbohy-
drates, see Theander®® and Anet®?,
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Since only compound (VII) has an asymmetric carbon atom
adjoining the carbonyl group, it has been suggested®* that
the stereospecificity depends on the asymmetry of compound
(VII), while compounds (IV) and (V) should give rise to two
isomeric acids. Indeed treatment with alkali converts
D-arabino-2-hexosulose (D-glucosone) preferentially into
D-mannonic acid®®. However, treatment of D-xylose®’ and
L-sorbose®? with calcium hydroxide yields respectively o- and
R-D~xylosaccharinic acids (XIIa, XIIb) and o- and B-L-gal-
actosaccharinic acids (XIIla, XIIIb):
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H,C—|—OH  HO~|—CH, HO—|—CH, H,,C——‘«OH

—|—on —|—oH —|~oH —|—on
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It has been shown with the aid of labelled hexoses®®%% that
different acids arise via different mechanisms. Treatment of
D-[1-1%C] galactose with Ca(OH), yielded o-D-galactometa-
saccharinic acid. It was found that 95% of the initial activity
was located in the carboxy-group, which is fully consistent
with the Nef—Isbell mechanism. Under the same conditions,
a-D-~glucoisosaccharinic acid, in which 94% of the initial activ-
ity was contained in C(,), was obtained from [1- 14C] lactose;
this is also fully consistent with the Nef—Isbell mechanism.
However, treatment of D-[1-**C] mannose with caleium
hydroxide led to the formation of o-D-glucosaccharinic acid
containing 39% of the initial activity in the CH; group and
57%is C(,)- In contrast to these observations, the Nef—
Isbell mechanism predicts that the radioactivity should appear
wholly in the CH,; group. To account for this phenomenon,
it has been suggested®® that D-mannose undergoes rapid
retroaldol decomposition under the reaction conditions and that
labelled [1,3-%C] hexose is reformed from the resulting dihy-
droxyacetone and D-glyceraldehyde and undergoes a further
rearrangement with formation of [2,2'-1%C] saccharinic acid.
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However, this hypothesis was rejected by Sowden and
coworkers?®®2, They believe that the recombination of tri-
oses should lead to a uniform distribution of the radioactivity
in the ketohexose between C(,) abd C(,). According to
Isbell's scheme, this would lead to o-D-glucosaccharinic acid
in which the C(,) atom and the carbon atom in CH, would be
equally radioactive. The isomerisation of D-[1, 1"C] mannose
(XIV) to D-[2-'*C] glucose (XVI) as a result of the intra-
molecular rupture of the bond between C(,) and C(;) in the
intermediate (XV) has been suggested®”’. 'D-[1-**C] fructose
(XVII) and D-[2-“C] fructose (XVIII) can give rise, via the
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Isbell and intramolecular mechanisms respectively, to o-D-
glucosaccharinic acid with the radioactivity in the methyl
group [compound (XXI)] and at C(,) [compound (XXII)]:
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However, the hypothesis of the migration of the methyl and
{CH,OH-CHOH—-CHOH] groups respectively in the dicarbonyl
intermediates (XIX) and (XX) does not take into account the
experimental results, and the formation of a-D-glucosaccharinic
acid with a reduced radioactivity (2%) in the carboxy~group
when the methyl group migrates in compound (XX) weakens
this hypothesis. Furthermore, D-fructose, prepared from
D-[1-'*C] mannose under conditions analogous to those used
to obtain o-D- glucosacchammc acid, contained 98% of the
radioactivity in C(l)

According to another mechanism?®, o-D-glucosaccharinic
acid can be formed from a hexose via a 3-deoxydicarbonyl
intermediate. In fact this product gives rise to metasac-
charinic acids only®"®%8%  Thus the problem of the mech-
anism of the formation of D-glucosaccharinic acid remains
virtually open.

The formation of saccharinic acids with four, five, and six
carbon atoms from D-xylose and D-fructose®®, as well as the
detection of a-D-glucosaccharinic acid in the products of the
interaction of Ca(OH), with glycerose®’ show that the reac-
tion proceeds via a mechanism involving fragmentation and
recombination together with direct isomerisation.

It1. THE INFLUENCE OF THE NATURE OF THE ALKALI
METAL CATION, pH, AND TEMPERATURE ON THE FORMA-
TION OF SACCHARINIC ACIDS

Early studies by Kiliani and Nef?® showed that glucose is
converted into glucosaccharinic acids under the influence of
calcium hydroxide, while treatment of the sugar with sodium
hydroxide leads mainly to metasaccharinic acid and insignifi-
cant amounts of isosaccharinic acidf. An analogous result
was obtained when D-fructose was treated with a concentrated
solution of sodium hydroxide; D-glucosaccharinic acid was
not detected, but it was the main product on treatment of
D-fructose with Ca(OH),. 5 After treating D-xylose with
Ca(OH),, o~ and B-D-xylosaccharinic acids together with
other acids were isolated®®. Consequently the influence of

1 D-[1-'*C]galactose and D-[1-1"C] mannose isomerise on
treatment with Ca(OH), to o-D-galactometasaccharinic acid and
a-D-glucosaccharinic acid respectively®?. It has been
shown®! that the yields of D-glucometasaccharinic and a-D-
glucosaccharinic acids become comparable at high calcium ion
concentrations.



Russian Chemical Reviews, 49 (3), 1980

the nature of the cation on the mechanism of the formation of
saccharinic acid is evident and can be attributed to the
kinetic effect®?t.

It has been shown®® that D-[3-1“C]glycerose (XXIII) iso-
merises in 1.68 N NaOH at 25 °C to lactic acid, where the
radioactivity is distributed only between the C(;) and C3)
atoms. An analogous result was obtained on treating
D-[1-**Clglucose with 3 N NaOH at 25 °C.°%" In contrast to
this, D-[2-*C]glycerose isomerises in saturated lime water at
25 °C to lactic acid with 37, 13 and 50% of the initial radio-
activity in the C(;), C(,), and C(,) atoms respectively®’.

Evidently the epimerisation glycerose # 1,3-dihydroxy-
propanone is faster in an alkaline medium than the saccha-
rinic rearrangement. In an alkaline medium a hydoxide ion
adds to the aldehyde carbonyl of the o-dicarbonyl intermed-
iate [methylglyoxal (XXIV)]. In the presence of Ca(OH),
the hydroxide ion attacks the ketone carbonyl group
in (XXIV), which can probably be accounted for by
the stabilisation of the transition state as a result of interac-
tion with the divalent calcium ion and subsequent migration
of the methyl group. D,L-Lactic acid is the main product of
the alkaline degradation of 1—O—substituted fructose®® and
6—O—substituted sugars—6~0—methyl—D—glucose®® and meli-
biose )6—0—o—~D—galactopyranosyl—D—glucose). °°:1°°
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The intermediate in the formation of isosaccharinic acids
postulated by the Nef—Isbell theory, namely 4-deoxy-D-gly-
cerohexose-2, 3-diulose (V), was isolated'!’ on treating mal-
tose with sodium hydroxide; treatment with calcium
hydroxide yielded only traces of compound (V). Com-
pound (V), isolated on treatment with an aqueous
solution of calcium hydroxide, was converted almost
quantitatively into D-glucoisosaccharinic acid. The
o~diketo-group in the sugar molecule is also subjected to

t Many reactions of sugars depend on the nature of the
cation of the alkali. For example, in the Lobry de Bruyn—
van Ekenstein reaction divalent metal hydroxides are some-
what more effective (at comparable concentrations) than
sodium or potassium hydroxide. The calcium ion has a
stronger influence than the barium ion®%’°*. In methylation
with dimethyl sulphate sodium hydroxide is more effective
than potassium hydroxide®®. The tendency towards the for-
mation of an alkoxide in the reaction of cellulose with alkali
increases in the sequence LiOH < NaOH < KOH < RbOH <
CsOH < organic quaternary bases®®.
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extremely vigorous attack by alkalies, which leads to the dis-
sociation of the carbon—carbon bond. Calcium ions cata-
lyse the benzilic acid rearrangement of diulose to saccharinic
acids, i.e. (V) » (IX), while sodium ions promote cleavage
into fragments (Scheme 2).
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It has been shown!®? that treatment of 4-O-substituted
D-glucose with sodium hydroxide results in the formation of
large amounts of fragmentation products—glycolic acid (XXV)
and D-3,4~-dihydroxybutyric acid (XXVI). The formation of
formic and lactic acids in concentrated sodium hydroxide solu-
tion is accelerated on raising the temperature. The tempera-
ture dependence of the relative amounts of acids obtained
when hydrocellulose is acted upon by NaOH has been demon-
strated®®,

A change in the pH of the reaction medium has a consider-
able influence on the formation of saccharinic acids as a func-
tion of the concentration of the alkali and sugar. For example,
D-glucose gives rise to a greater amount of acid at low
hydroxide concentrations than at high concentrations®. The
main products of the alkaline degradation of cellobiose with
sodium hydroxide are isosaccharinic acids together with small
amounts of 2-deoxytetronic, 3-deoxypentonic, and 3,4-dide-
oxypentonic acids*®1%%1%  while on treatment of cellobiose
with bicarbonate the latter predominate™?.

IV. THE INFLUENCE OF SUBSTITUENTS ON THE FORMA-
TION OF SACCHARINIC ACIDS

1. The Influence of the 1-O-Substituent

Acetal-O-substituted carbohydrates (alkyl glycosides!®571%8,
sucrose’®®, and trehalose®?) are usually stable in alkaline
solutions free from oxygen and undergo alkaline hydrolysis
only under severe conditions, for example, on treatment with
a 10% NaOH solution for several hours at 170 °C. However,
the glycosides derived from phenols, enols, and alcohols sub-
stituted by an electronegative group in the B-position are
sensitive to the action of alkalies!!®,

1-O-Substituted ketoses are converted into the usual sac-
charinic acids. For example, treatment of 1-O-methyl-D-
fructose with lime water gives rise to the formation of a-D-
glucosaccharinic acid with a higher yield (together with
D, L-lactic acid) than that obtained from D-fructose®®. When
D-fructose 1,6-diphosphate is acted upon by alkali (0.46 N
NaOH at 100 °C, 15 min), a-D-glucosaccharinic acid 6-phos-
phate is formed'!!, while alkaline degradation of D-glucose
6-phosphate leads to the formation of the 6-phosphate of
D-glucometasaccharinic acid}!2,
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2. The Influence of the 2-0O-Substituent

2-O-Substituted aldoses are relatively stable in alkaline solu-
tions and do not give rise to saccharinic acids*!*15, The
absorption spectrum of 2,3~di-O-methyl-D-glucose (XXVII) in
an alkaline solution corresponds to the 1,2-unsaturated car-
bonyl derivative (XXVIII), which is readily converted into
5-hydroxymethylfurfural (XXIX) under acid conditions®*®,
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Substitution at C(,) prevents the formation of saccharinic
acid as a result of the inability of the carbohydrate residue at
CO, toionise. However, it has been shown for xylans isolated
from wood and containing 4-O-methyl-o-D~glucopyranosyl-
uronic acid residues at C(,y, ''® 2-O-D-xylopyranosyl-L-ara-
binose!!?, 2-0-(4-O-methyl-a-D-glucuronopyranosyl)-D-
xylose''’, and 4-0-g-D-glucopyranosyl)-2-O-methyl-R-D-glu-
cose (2°0O-methylcellobiose)*!® that the 2-O-substituent does not
inhibit the degradation process at high temperatures. In
1 M NaOH (in the absence of oxygen) 2,3, 4-tri-O-methyl-
D-glucose decomposes fully after 5 h at 100 °C. Formic,
acetic, lactic, glycolic, and glyceric acids were isolated from
the reaction mixture. Under analogous conditions, 2-O-
methylcellobiose is fully converted after 4 h. Apart from the
products obtained from 2, 3, 4-tri-O-methyl-D-glucose, D-glu-
cose and saccharinic acids were detected in the reaction prod-
ucts!'®,  In both cases the 4-O-substituted compound
(XXVIII) was identified. The main product of the conver-
sion of 2-deoxy-D-arabino-hexose under the influence of
alkali is 3, 6-anhydro-2-deoxy-D-arabino-hexose'!®.

3. The Influence of the 3-O-Substituent

Alkaline degradation of 3-O-substituted sugars, namely
3-O-methyl-D-glucose '??, 3-O-methyl-D-fructose®?’, 3-0-
ethyl-D-glucose!?!, 3-O-n-propyl-D-glucose'?!, 3-O-n-butyl-
D-glucose'??, 3-O-benzyl-D-glucose'?!, 3-O-methane-sulpho-
nyl-D-glucose'?!, and 3-O-toluene-p-sulphonyl-D-glucose??,
leads to the preferential formation of o~ and B-D-glucometa-
saccharinic acids: the degradation proceeds more readily in
lime water than in a solution of sodium hydroxide of the same
normaility'?®. The conversion of 3,6-anhydro-D-glucose in
lime water'?? leads to the formation of mainly D-glucometa-
saccharinic acid (apart from traces of lactic, glyceric, and
2-deoxypentonic acids, which are obtained in sodium hydrox-
ide solutions). The main product of the alkaline degradation
of 3-O-methyl-D-xylose with calcium hydroxide'?® is 3-deoxy-
threo-pentonic acid, but a small amount of 3-deoxy-erythro-
pentonic acid was also detected. Glycosyl phosphates and
other non-reducing phosphates are resistant to the action of
alkalies. However, compounds such as glycerose 3-phosphate,
D-ribose 3-phosphate, and D-glucose 3-phosphate readily
undergo B-elimination with formation of D,L-lactic, D-gluco-
metasaccharinic, and 3-deoxypentonic acids®?*.

Russian Chemical Reviews, 49 (3), 1980

3, 6-Di-O-methyl-D-glucose®® and 6-O-B8-D-glucopyranosyl-
3-O-methyl-D-glucose!?® are converted into 6~-O-methyl-D-
glucometasaccharinic and 6-O-g-D-glucopyranosyl-D-gluco-
metasaccharinic acids under the influence of Ca(OH), at room
temperature. Alkaline degradation of 3-O-methyl-D-glucose
6-(dihydrogen phosphate) leads to the formation of the 6-(di-
hydrogen phosphates) of D-glucometasaccharinic acids*?¢,
while the conversion of D-arabinose 3,5-(hydrogen phosphate)
or D-xylose 3,5-(hydrogen phosphate) results in the forma-
tion of a mixture of 3-deoxy-5-phospho-D-erythro-pentonic
and 3-deoxy-5-phospho- D-threo-pentonic acids'?’.

2-0O-Substituted aldoses are stable in relation to the action
of alkali, but 2,3; 5,6-di-O-isopropylidene-D-mannose (XXX)
is converted under the influence of calcium hydroxide!?® into
5, 6-0O-isopropylidene-D-glucometasaccharinic acids (XXXII),
since B-elimination leads to the removal of the 2,3-O-isopro-
pylidene group#.
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4, The Influence of the 4-0-Substituent

The alkaline degradation of 4-O-substituted sugars leads to
the formation of isosaccharinic acids. For example, the main
products of the degradation of 4-O-methyl- D-glucose>*:1V2:42%,130
4-O-methyl- D-fructose'?’, and 4, 6-O-benzylidene- D-glu-
cosel?® are D-glucoisosaccharinic acids. Treatment of 4,6-
di-O-methyl-D-glucose with alkali®® results in the formation
of 5-O-methyl-o-D-glucoisosaccharinic acid. Treatment of
D-glucose 4,6-(hydrogen phosphate) with alkali leads to the
formation of a mixture of 2-C-(hydroxymethyl)-3-deoxy-5-
phospho-D-erythro-pentonic and the corresponding threo-
pentonic acids (5-phospho-D-glucoisosaccharinic acids). %7
4-0-Methyl- D-xylose is converted into D-xyloisosaccharinic
acids in alkali. *3*

The formation of saccharinic acids from 4-O-substituted
sugars takes place more slowly than from 3-O-substituted
sugars. 4-O-Substituted ketoses decompose at a higher rate
than the related aldoses, which is consistent with the Nef—
Isbell mechanism. However, lactose and lactulose are con-
verted more slowly than maltose or maltulose. Cellobiose
decomposes at approximately the same rate as lactose.

# Compound (XXX) remains unchanged at 25 °C in satu-
rated lime water free from oxygen as a result of the inability
of the initial anion (XXXI) to be converted into an o-di-
ketone and subsequently into compound (XXXII). However,
at 100 °C dissociation takes place with formation of com-
pound (XXXII).
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5. The Influence of the 6-0-Substituent

Substitution at C(s) activates attack by alkali on the
hydroxy-groups at C(;) or C(,). For example, 3,6- and
4,6-di-O-methyl-D-glucoses decompose faster in lime water
than the corresponding 3- and 4-O-methyl-D-glucoses. When
D-glucose is treated with calcium hydroxide, the product is
mainly o-D-glucosaccharinic acid (together with a small amount
of D-glucoisosaccharinic acids), while analogous treatment of
6-O-substituted D-glucose leads to the formation of o~ and
g-D-glucometasaccharinic acids. It has been shown®®°®° that
the main products of the conversion of 6-O-substituted sug-
ars are D,L-lactic acid and 6-O-substituted metasaccharinic
acid.

V. THE FORMATION OF SACCHARINIC ACIDS BY THE
CLEAVAGE OF OLIGO- AND POLY-SACCHARIDES WITH
ALKALI

Treatment of polysaccharides with alkalies has been
described in detail in a number of reviews!'%13¢71%7  This
section deals with the formation of saccharinic acids in the
absence of oxygen. Alkaline degradation of polysaccharides
proceeds under these conditions with formation of definite
types of saccharinic acids characteristic of the bonds present
in the polysaccharide, and chain branching has a specific
influence on the cleavage process.

1. Glycans with (1-4)-Linkages

(a) Lactose and Lactulose. It has been known for a long
time that reducing disaccharides with (1 - 4)-bonds are
cleaved by lime water with formation of o-D-isosaccharinic
acid. Thus early investigations®® showed that alkaline
degradation of lactose leads to the formation of succinic acid,
formic acid, and a crystalline lactone, which has been identi-
fied*®® as a-D-glucosaccharinolactone. Approximately 20% of
this lactone is formed from lactose on treatment with Ca(OH),.
Apart from this, D -galactose'*"’**!, formaldehyde'*?, and other
saccharinic acids were detected in the reaction products. The
presence of a small amount of B-D-glucoisosaccharinic acid has
also been demonstrated’!»5*2%143714%  o_p- Galactometasac-
charinic acid was first detected as a product of prolonged
treatment of lactose with lime water at room temperature®*’.

It was later shown that it can be obtained by treating D-gal-
actose’® or melibiose®® with solutions of sodium and calcium
hydroxides. Crystalline lactulose (4-O-8-D-galactopyrano-
syl-D-fructose) was isolated from the products obtained on
treating lactose with alkali’®®. At the very beginning of the
process lactose (XXXIII) is slowly converted into the corre-
sponding lactulose (XXXIV). Lactulose is then converted
at a higher rate, via postulated intermediates, (XXXV) »>
(XXXVII), into a mixture of a- and 8-D-glucoisosaccharinic
acids (IX) and D-galactose (XXXVI), whichis convertedinits
turn into o~ and B-D-galactometasaccharinic acids (XXXVII), %*
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(b) Maltose and Maltulose. When maltose®**** or maltu-

lose®** are treated with Ca(OH), at 25 °C a mixture of o~ and
B-D-glucoisosaccharinic acids is formed. Alkaline degrada-
tion of maltose should proceed via maltulose, like the degrada-
tion of lactose. However, maltulose decomposes so fast in an
alkaline medium, compared with lactulose, that its detection is
virtually impossible.

(c¢) Cello-, manno-, and xylo-oligosaccharides. It has
been established'*® that o-D-glucoisosaccharinic acid is the
main product of the degradation of cellobiose by Ca(OH),.
Apart from isosaccharinic acid, cellobiulose, D -glucose, and
D-fructose are formed. In NaOH solution other acid products
are detected together with isosaccharinic acid. It has been
shown"*® that, under the influence of 1 M NaOH, cellobiose
gives rise to the epimeric 4-O-3-D-glucopyranosyl-D-mannose
(glucosylmannose), cellobiulose, D-glucose, D-fructose, and
D-mannose. When cellobiose was treated with 0.04 N Ba(OH),
at 25° and 50 °C, a considerable amount of D-glucosaccharinic
acid and D-glucose was detected®®®*%!, apart from small
amounts of glyceric, 3,4-dihydroxybutyric, and D-arabinonic
acid. In the presence of oxygen the oxidation reaction
involving the formation of aidonic acids predominates!®%152:1>3
Cellobiulose'*® reacts with Ca(OH), to form cellobiose, D -fruc-
tose, D-glucose, and o-D-glucoisosaccharinic acid. Alkaline
degradation of cellotetraose!*® and partly hydrolysed cellu-
lose'®? leads to the formation of the same D -glucoisosacchar-
inic acid.

Xylobiose (4-0-g-D-xylopyranosyl-D-xylose)!54:155
(XXXIXc) undergoes an analogous degradation under the
influence of alkali, probably via xylobiulose (4-0-g-D-xylo-
pyranosyl-D-xylose) (XLlc) and intermediates with formation
of 2-C-(hydroxy methyl)~2,4-dihydroxybutyric acid (XLIlc).
Compound (XLIIe) is formed similarly from xylotriose®¢, By
investigating the kinetics of the degradation of the xylotetra-
ose molecule from the reducing end, it has been established5’
that the overall rate of degradation is largely determined by
the rate of conversion of the anion derived from the reducing
end of the xylose unit into a xylulose unit. In the second
stage of the degradation reaction, which determines the over-
all rate, the terminal group of xylulose rearranges with dis-
sociation of the glycosidic linkage. This reaction stage is
slower for cellotetraose than for xylotetraose and the rate is
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independent of the number of xylose units in the oligomer.
On treatment with bases, isosaccharinic acids (XLII, a-c)
and O-glycosylsaccharinic acids (XL,a-c) respectively are
formed from cellobiose (XXXIXa), 4-O-B-D-mannopyranosyl-
D-mannose (XXXIXb), and 4-O-BR-D-xylopyranosyl-D-xylose

(XXXIXc). O-Glycosylsaccharinic acids hydrolyse to form
metasaccharinic acids*®® (Scheme 3):
Scheme 3
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of the degradation of cellulose (XLIII) by alkalies
(the "peeling" process).
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Alkaline degradation of cellulose and other polysaccharides
usually does not go to completion, The termination of the
"peeling" process is due to the conversion of the reducing
monosaccharide terminal units into non-reducing saccharinic
acids'®»1%2,  Machell and coworkers!®®*®* subjected alkali-
stabilised hydrocellulose to acid hydrolysis and isolated
D-glucometasaccharinic acids, whose formation on treatment
with alkali may be a consequence of the R-elimination of the
hydroxygroup at the C(3) atom in terminal D-glucose and
subsequent rearrangement of the resulting enol. D-Gluco-
metasaccharinic acids have also been isolated from the hydro-
lysate of sulphate cellulose from pine, demonstrating the
occurrence of the stabilisation reaction during sulphate diges-
tion'®5,  Small amounts of o-D-glucosaccharinic acid have also
been detected'®®. However, the formation of the usual stable
saccharinic end units (XLV) is difficult, since the interme-
diate enol (XLIV), produced in the course of the formation of
the metasaccharinic terminal units, (XLIII) -~ (XLVI), can
readily undergo transformations via the alternative mechan-
ism (XLIII) » (IX):
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Hydrocellulose derived from cotton cellulose subjected to
alkaline treatment at 170 °C included o~ and B-D-glucometa-
saccharinic and 2-C-methylglyceric acids and a smaller
amount of o-D-glucosaccharinic acid*®®. 2-C-Methylglyceric
acid has also been detected in the products of the hydrolysis
of unbleached eucalyptus and pine celluloses'®’.

The stabilisation reaction ("inhibition" process) is usually
slower than the degradation reaction ("peeling"” process)
from the reducing end owing to the influence of the 4-O-sub-
stituent. It has been shown!®® that the activation energy
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for the degradation of cellulose under the influence of a 5%
NaOH solution is 24 kcal mol™!, while the activation energy
for the stabilisation reaction is 34 kcal mol™*, the rate of
stabilisation increasing with increase of temperature. Above
150 °C glucosidic linkages are hydrolysed with formation of
new reducing end groups, which promote further degradation
via the "peeling" mechanism®®®, It has been shown'”® that
the rate of hydrolysis of the glucosidic linkages in cotton cel-
lulose is directly proportional to the concentration of hydrox-
ide ions and the activation energy is 35.9 kcal mole™!. Hydro-
cellulose undergoes degradation faster and the sensitivity of
the pre-hydrolysed wood celluloses to alkali increases during
alkaline digestion!’!. With decrease of the degree of poly-
merisation, the rate of degradation of hydrocellulose
increases'®*'172,

Much attention has been devoted in recent years to the
problem of the formation of saccharinic acids from wood poly-
saccharides during sulphate digestion. As was to be
expected, the main products (50%) of the sulphate digestion
of pine cellulose are D-glucoisosaccharinic acids'®*. Lactic
acid (20%) and insignificant amounts of glycolic, 2-hydroxy-
butyric, 3-hydroxypropionic, 2,5-dihydroxyvaleric, D-xylo-
isosaccharinic, and 3-deoxypentonic acids were also detected.
D-Xyloisosaccharinic and D -glucoisosaccharinic acids pre-
dominate in the sulphate digestion of birchwood'",

The main products of the conversion of hydrocellulose’?,
cotton cellulose®’?, and cellobiose’®%'#¢ under the influence
of alkalies in the absence of oxygen are isosaccharinic acids,
while treatment with atmospheric oxygen in an alkaline med-
ium leads to the oxidation of the terminal aldehyde group to
aldonic (mainly arabinonic, mannonic, and erythronic) acids.
The oxidative stabilisation of cellulose, glucomannan, and
xylan takes place with the intermediate formation of glucosone
(D-arabino-hexosulose) and xylosone (D-threo-pentosulose)
structures and their conversion into aldonic acid residues®%*%%
182,187

Alkaline degradation of cellulose is of enormous theoretical
and practical importance. In the first place it must be taken
into account in the isolation of cellulose from plant materials
(alkaline digestion, refining) and chemical processing of cel-
lulose (manufacture of viscose fibre, ethers, xanthates, and
certain partly substituted cellulose derivatives for technical
purposes, mercerisation of textile materials) in an alkaline
medium. Since the degradation of cellulose from the reduc-
ing end, which occurs inevitably to some extent under these
conditions, leads to a considerable loss of cellulose in the
form of low-molecular-weight substances (for example, in the
manufacture of cellulose its yield reaches only 20—45% depend-
ing on the manufacturing method used), the reduction of
losses of this kind to a minimum is an important task for the
paper and textile industries. A decrease of these losses can
be achieved, in principle, in different ways: by modifying
the reducing end groups of cellulose with formation of struc-
tural end units resistant to the action of alkalies (by gluco-
sidation and reduction or oxidation of hemiacetal groups) or
by decreasing the degree of degradation of cellulose from the
reducing end as a result of the acceleration of the stabilisa~
tion reaction®*®.

The resistance of polysaccharides to the action of alkalies
can be increased by the catalytic hydrogenation!®® and reduc-
tion with sodium tetrahydroborate!3515%162,180,1887197 f {110
terminal aldehyde groups to primary alcoholic groups, by the
oxidation of the reducing groups to aldonic acids with chlo-
rite (sodium chlorite or chlorous acid) **®72%1 | polysulphide
(usually sodium polysulphide) 185:176:188,:2017207 " pyigyiphite
(sodium bisulphite or a mixture of sodium bisulphite and sul-
phite)2°®, and a copper ammine solution’®, by glycosidation
(treatment of the polysaccharide with an alcoholie solution of
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hydrogen chloride**° or methylation with the aid of dimethyl

sulphate and alkali and subsequent treatment with methyl
iodide and silver oxide'3!), by thermal dehydration in an
inert medium at 175—220 °C (this probably leads to the forma-
tion of an intramolecular anhydride incorporating a glycosidic
hydroxyl) 2!, and by the conversion of the reducing end
groups into mercapto-groups under the influence of hydrogen
sulphide in the presence of agueous sodium carbonate?!?,

At the same time there are indications that the degradation
of cellulose'®®'72 and model compounds?'® can be limited by
accelerating the stabilisation reaction with the aid of alkaline
earth metal ions (Ca®", Sr2*, Ba?*). Magnesium!7%287:2147217
and lanthanum*®*2'® compounds proved to be the most effec-
tive. The role of inhibitors has not been established accu-
rately. It has not yet been fully demonstrated that bivalent
cations stabilise the intermediate enol as a result of complex
formation**1:21%:220 or influence the benzilic rearrangement*?,
Iron, cobalt, copper, and manganese salts have an apprecia-
ble catalytic effect on the rate of degradation®%*®*217  while
the introduction of lignin, xylan, and glucose intensifies the
catalysis by heavy metals®!’. The influence of a multiplicity
of reagents has been investigated in order to increase the
resistance of polysaccharides to the action of alkalies??*7223,

(e) Amylose. Amylose is an alkali-sensitive component of
starch. In dilute alkaline solutions in the absence of oxygen
amylose is poorly cleaved and degradation of potato amylose
(degree of polymerisation 415) ceases after the elimination of
230 glucose units from each chain®?*. On treatment of amy-
lose with oxygen-free 1 N and 0.5 N NaOH at 100 °C, stepwise
depolymerisation takes place vigorously. The degradation
proceeds with formation of D-glucoisosaccharinic, formic,
and lactic acids, while the stabilisation reaction leads to the
formation of alkali-resistant amylose with a D-glucometasac-
charinic end-group?>%?22¢,

In contrast to amylose, the second fraction of starch
(amylopectin) is relatively resistant to the action of alkalies
and undergoes only insignificant degradation on treatment

with 1 N NaOH in the absence of oxygen at room tempera-
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ture“”’, which is apparently due to its highly branched struc-
ture. A Kkinetic study of the degradation of amylose has
been made®’®. At 100 °C an increase of the concentration of

alkali to 0.1 N entails an increase of the rate of degradation.
Higher concentrations of alkali do not affect the rate of degrada-
tion, while the rate of the stabilisation reaction increases on
raising the concentration of alkali to 1.5 N. The activation
energies for the degradation and stabilisation reactions in
1.25 N NaOH are 21.1 and 19.3 kcal mol™! respectively??®.

(f) Xylan. The xylan from corn cobs is fairly resistant to
the action of 1 N NaOH at 100 °C '°%s, while its oxidative alka-
line degradation leads to large amounts of 3-deoxy-2-C-hy-
droxymethyltetronic acid (xyloisosaccharinic acids)'’®. How-
ever, when arabinoxylan from rye flour is treated with an
oxygen-free dilute aqueous solution of sodium hydroxide,
3-deoxy-2-C-hydroxymethyltetronic and other acids are
formed at room temperature'®. Alkaline degradation of birch
xylan in the absence and presence of oxygen leads to the for-
mation of approximately equal amounts of xyloisosaccharinic

§ It has been shown'”® that the molecule of the xylan from
corn cobs contains L-arabinoduranose residues as well as
glucuronic acid and its 4-O-methyl derivative and that the
latter add to the main chain via (1 + 2)-linkages. The
branching of the C(z) atom in the main chain, joined by
(1 » 4)-linkages, should arrest the degradation process.
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acid*®®, It has been shown’® that the inhibition of the
degradation is caused by the conversion of the reducing end
groups into non-reducing xylometasaccharinic units. After
preliminary reduction with tetrahydroborate!3*:1%¢ xylans
become resistant to the action of alkali and the formation of
acids or a decrease of the molecular weight is not observed.

(g) Alginic acid.
alginic acid (heteroglucuronoglycan consisting of D-mannu-
ronic and D-guluronic acid residues) salts and esters under
the influence of alkalies are 3-deoxy-2-C-hydroxymethyl-D-
erythro(threo)-pentaric acids (dibasic isosaccharinic acids
with six carbon atoms) (XLVII) 22°:
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3-Deoxy-2-C-hydroxymethylpentaric acids (with the threo-
isomer predominating) are formed also when 4-O-methyl-D-
glucuronic acid is treated with alkali?*’. The ready isomeri-
sation of 4-O-methyl-D-glucuronic acid to the corresponding
hexulose in an alkaline medium??! supports the proposed
mechanism.

(h) Guaran. The alkaline degradation of guaran [a poly-
saccharide with a main chain consisting of g-(1 + 4)-D-man-
nopyranose residues, to the alternate members of which
a-D-galactopyranose residues are added via the C(¢) atoms]
leads to the formation of D-glucoisosaccharinic®**** and 5-O-
a-D-galactopyranosyl-D-glucoisosaccharinic acids'*S. It has
been suggested that the degradation reaction proceeds via
the B-alkoxycarbonyl mechanism. The initially reducing ter-
minal mannose residue is converted under the influence of
alkali into a fructose residue, which is eliminated in the form
of the enol of a dicarbonyl compound; under the reaction
conditions, the enol immediately undergoes a subsequent
rearrangement to isosaccharinic acid. The formation of
D-glucoisosaccharinic acid and 5-O-o-D-galacto-pyranosyl-
D-glucoisosaccharinic acid is determined by the structure of
guaran. The detection of D-galactose and equal amounts of
D-glucoisosaccharinic and 5-O-o-D-galactopyranosyl-D-gluco-
isosaccharinic acids in the reaction products is consistent
with the proposed mechanism (see Scheme 4).

The main products of the degradation of
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Scheme 4
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2. Glycans with (1 + 3)-Linkages

Laminaribiose (3-O-8-D-glucopyranosyl-D-glucose)?°?,
turanose (3-O-a-D-glucopyranosyl-D-fructose)2*2, and lami-
narin*®2%3 are degraded by alkalies with the formation of
D-glucometasaccharinic acids. When 48% of the initial lami-
narin has been degraded, the process ceases and then restarts
after partial hydrolysis of the residue. The termination of
the degradation process may be due to a structural feature of
the chain. In fact, it has been shown recentiy?®* that lami-
narin contains chains with terminal non-reducing mannitol
units. The decomposition of laricinan and pachyman?®® takes
place in exactly the same way under these conditions with
formation of metasaccharinic acids. It may be that the pres-
ence of branches is also the cause of the incomplete degrada-
tion of these polysaccharides. The results of kinetic studies
on the alkaline degradation of (1 + 3)-glucans have been pub-
lished?®?,

3. Glycans with (1 + 6)-Linkages

When melibiose (6-0O-a-D-galactopyranosyl-D-glucose)
(XLVIII) is treated with caleium hydroxide, the products are®®
D, L-lactic acid (XLIX), D-galactose, 6~O-a-D-galactopyrano-
syl-D-glucometasaccharinic acid (L) and the corresponding
isosaccharinic acid. Treatment of melibiose with barium
hydroxide®® led to the formation, apart from the above com-
pounds, of considerable amounts of 3-deoxy-D-xylohexonic
and 3-deoxy-D-lyxohexonic acids (o~ and R-D-galactometa-
saccharinic acids) (LI) and 2-C-methylglyceric acid (LII).
6-0-o-D-Galactopyranosyl-D-glucosaccharinic acids are formed
via the Isbell mechanism and the glycosidic linkage remains
unaffected; the rupture of the glycosidic linkage in melibiose
is accompanied by the formation of compounds (XLIX), (LI),
and (LII). The cleavage of the C(3)=C(u) linkage in the
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reducing D-glucose unit of the disaccharide leads to the for-
mation of a triose, which rearranges to D, L-lactic acid after
the elimination of D-galactose.  The rupture of the C(,)—Cs)
bond should lead to the formation of a 4-O-substituted tetrose,
which can be cleaved with formation of 2-C-methylglyceric
acid (LII). The D-galactose eliminated in this process can
undergo subsequent rearrangement with formation of D-gal-
actometasaccharinic acids (LI) (Scheme 5).

Scheme 5
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According to this scheme, compound (LII) and pyruvic acid
(precursor of lactic acid), labelled at C(4) and C(3) respec-
tively , should be formed from D-glucose-6-t. In fact, the
radioactivities of D-glucose-6-t (LII) and pyruvic acid were
almost identical (to within 5%)2°°,

2-C-Methylglyceric acid is a product of the successive
chain degradation of isomaltose oligosaccharides (isomaltose,
isomaltotriose, and isomaltotetraose) under the influence of
Ba(OH),. Apart from 2-C-methylglyceric acid, considerable
amounts of stabilisation products, in particular 6-O-substi-
tuted 3-deoxy-D-hexonic acids, are formed?*>.

As shown above, substitution at C(4) tends to increase the
rates of degradation of 3-O- and 4-O-substituted sugars with
retention of the 6-O-substituent. When 6-O-8-D-glucopyr-
anosyl-3-O-glucose (LIII) is acted upon by lime water at
room temperature, O-glycosylmetasaccharinic acids are formed;
6-0-B-D-glucopyranosyl-o-D-glucometasaccharinic acid
(3-deoxy-6-0-B-D-glucopyranosyl-D-ribo-hexonic acid) (LIV)
and 6-0-B-D-glucopyranosyl-g-D-glucometasaccharinic acid
(3-deoxy-6-B8-D-glucopyranosyl-D-arabino-hexonic acid)

(LV) 25, The acids were characterised by reduction to sub-
stituted 3-deoxyhexoses. The same 6-O-glucosylmetasac-
charinic acids are formed2?®® on treatment of the trisaccharide
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3-0-B-6-B-di-D-glucopyranosyl-D-glucose (LVI) with 0.05N
Ba(OH),:

CH,0H CH,OM
N —o 0
OH CH, il
110 HO
o1t 0 on
oCH, 11,04 H,0H
HO
oH HOMH,C
(L1ID
HO (LV1)
CO,H COy1
+OH HO
CH, CH,
H 4+ OH
H,OH OH CH,0H ol
0 0-—CH, 0 0—CH,
QH OH
HO HO
OH  (LiV) o (LV)

Compounds (LIII) and (LVI) are models of the (1 -~ 3)-linked
B~D-glucan from Sclerotium rolfsii containing g-D-glucopyr-
anosyl substituents at each third glucose residue of the main
(1 > 6)-linked chain®®’. The degradation of this polysac-
charide by NaOH in the absence of oxygen at 56 °C leads to
compounds (LIV) and (LV) 25

}
—G—G—G—G G
¥ {4 3
G—G—G—G—G—G—G—G—G
G |

¥
—G—G—G—G + 2? -1 6S
!
S S

where G = B-D-glucopyranose, S = D-glucometasaccharinic
acid residue, a line indicates a (1 + 3)-linkage, and an arrow
indicates a (1 -~ 6)-linkage.

It has been shown?®® that dextran is cleaved on treatment
by 1 N NaOH at 60 °C with formation of a stable acid dextran
containing 1 unit of D-glucometasaccharinic acid for each dex-
tran chain. Hydrolysis of the acid dextran leads to o- and
B-D-glucometasaccharinic acids.

Alkaline degradation of oxidised celluloses and the influence
of the supermolecular structure of cellulose on its alkaline
degradation are discussed in a review'*’.

VI. THE PROPERTIES AND APPLICATIONS OF SACCHARINIC
ACIDS

1. The Formation of Saccharinic Acids as an Analytical Method
for the Investigation of the Structures of Polysaccharides and
Certain Carbohydrate Derivatives

The study of the influence of alkalies on model, partly sub-
stituted, monosaccharides, oligosaccharides, and polysaccha-
rides with known structures has shown that in broad outline
it is possible to predict which reaction products should be
formed when the main polysaccharide chains are acted upon by
alkali. Thus polysaccharides with (1 > 2)-linkages are resis-
tant to dilute alkali at 25 °C. Polysaccharides with (1 +~ 3)-
linkages are cleaved by alkali in the absence of oxygen with
formation of metasaccharinates and those with (1 » 4)-linkages



232

are cleaved with formation of isosaccharinates. Polysaccha-
rides with (1 -+ 5)-linkages are stable, while those with

(1 -~ 6)-linkages exhibit a relative resistance to dilute alkali
at 25 °C; they give rise to 6-O-glycosylmetasaccharinate,
2-C-methylglycerate, and lactate at a higher temperature and
an increased concentration of alkali. Polysaccharides with
(2 » 1)-linkages, containing ketose units (for example,
inulin), are cleaved by dilute alkali with formation of the
usual saccharinates.

In the presence of chain branching the alkaline degrada-
tion and the nature of the substances formed can frequently
yield information concerning the types of bonds in the initial
monosaccharide. Thus the branch at the C(;) atom will be
split off and, depending on the type of bonds in the main
chain, the product will have stable iso- or meta-saccharinate
end groups. The branches at C(,) in main chains joined by
(1 > 5)- or (1 » 6)-linkages are not cleaved owing to the
resistance of the main chains to the action of alkali. When
the branches at C(.,) in chains joined by (1 -+ 3)-linkages as
well as branches at C(,) are split off, a stable metasaccha-
rinate terminal unit is formed from the residue in the main
chain to which the branch had been attached. This unit will
be located at the branch (C(4)) in the former case and in the
main chain in the latter (C(,)). The main chain does not
undergo further degradation, but the eliminated branches
decompose via a pathway which depends on the type of bonds
in the branch. The branches at the C(,) atom in the main
chain joined by (1 -+ 3)-linkages should be split off and
should terminate in a 2, 3-unsaturated monosaccharide unit,
resistant to alkali, formed from the monosaccharide residue
of the main chain to which the branch was attached. The
branches at the C(,y atom in the main chain, joined by (1 ~4)-
linkages, should arrest the degradation process. Thus the use
of the saccharinic rearrangement as an analytical method in
combination with other procedures makes it possible to obtain
extremely valuable information about the structure of polysac-
charides.

The saccharinic acid method is particularly useful for the
establishment of the structures of mono-O-substituted reduc-
ing sugars. This method has been used successfully®*® to
determine the absolute configuration in the 5-position of
desosamine—an important carbohydrate component of the
macrolide antibiotics erythromycin, methymycin, narbomycin,
oleandomycin, and picromycin. Alkaline degradation of
desosamine (3,4,6- trideoxy-3-dimethylaminohexose) (LVII)
led to erythro + threo-2,5-dihydroxyhexonic acid (LVIII).
The §-lactone of this acid (LIX) gave rise to the hexanetriol
(LX) after reduction with lithium tetrahydroaluminate. Oxi-
dation of the hexanetriol with sodium periodate followed by
reduction with sodium tetrahydroborate led to pentane-1,4-
djol (LXI) whose molecule retains only one asymmetric centre,
corresponding to the fifth carbon atom of desosamine. Since
the absolute configuration of the pentanediol (LXI) corre-
sponds to that of D-glyceraldehyde, it follows that desosamine
belongs to the D-series.

RO>
HC=0 szfo akLh N
OH £oru o 4

H,0H &= (CHy,N WHOTHC;!_r (HH — — —
3)2
) :1:0
OH H H OH
(Lvin s H, CH, cH,
GHO0H H,OH

CO.H
HOH dsron HOH 1. Nalo,
N.BHs
OH
Hs

(LVIID (LIX (LX) (LXI)
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2. Syntheses of Deoxysugars via Saccharinic Acids

Saccharinic acids are particularly useful for the synthesis
of deoxysugars and branched sugar derivatives. When y-lac-
tones of a- and B-D-glucometasaccharinic acids are reduced.
3-deoxy-D-ribo-hexose and 3-deoxy-D-arabino-hexose are
formed respectively®’. The reduction of the y-lactones of
o- and 8-D-glucoisosaccharinic acids leads to 3-deoxy-2-C-hy-
droxymethyl-D-erythro -aldopentose and 3-deoxy-2-C-hy-
droxymethyl-D-threo-aldopentose respectively. It has been
shown®® that the reduction of both y-lactones with sodium
tetrahydroborate proceeds more effectively than with sodium
amalgam. The reduction of the lactone of a-D-glucoisosac-
charinic acid had been investigated previously?*’, 2-C-Meth-
yl-D-ribose has been obtained by the reduction of the lactone
of o~D-glucosaccharinic acid with sodium amalgam®®¥.

2-Deoxy-D-xylose has been obtained by the Ruff cleavage
from D-galactometasaccharinic acids®*'. Numerous stud-
ies®*%:2% have been devoted to the conversion of D-glucometa-
saccharinic acid salts into 2-deoxy-D-erythro-pentose (2-
deoxy-D-ribose) by the same method. Synthesis via metasac-
charinic acids has also been used to obtain 2-deoxy-D-erythro-
tetroses and 2-deoxy-D-threo-tetroses from D-arabinose
and D-xylose respectively®*s.

3-Deoxy-2-oxo-D-threo-hexonic acid has been obtained
from o-D-galactometasaccharinic acid®*®.  Selective oxidation
of a mixture of the 5-phosphates of 3-deoxy-D-erythro-pen-
tonic and 3-deoxy-D-threo-pentonic acids (LXII) at the C(3)
atom with potassium chlorate and vanadium pentoxide yielded
the 5- phosphates of 3-deoxy-2-oxo-D-glyceropentonic acid
(LXIII). The latter has been obtained also by the periodate
oxidation of a mixture of the 5-phosphates of 3-deoxy-2-C-
hydroxymethyl-D-erythro- and -D-threo-pentonic acids
(LXIV)247;

CO,H COH COH
I
CHOH vo C:-0 o \ o
! VO, KCIO, | NeOy \
CH. CH, |_~CH0H
2 H,
—-|—0H —|—0H | on
CH,OPO,H, CH,OPO,H, CH,0POLH,
(LXI) (LXIIL) (LXIV)

The 6-phosphates of 3-deoxy-2-oxo-D-erythro- and
D-threo-hexonic acids have been obtained from the 6-phos-
phates of D-glucometasaccharinic and D-galactometasaccha-
rinic acids respectively?*®, The formation of a cyclic enol by
oxidising the 6-phosphates of D-glucometasaccharinic acid with
potassium chlorate in the presence of vanadium pentoxide has
been studied®*®. The vy-lactone of a-D-glucosaccharinic acid
has been used as the initial compound in the synthesis of
nucleosides containing branched sugars?397252,

Certain properties of saccharinic acids have been described
in a review?®. It was shown subsequently®®’**® that o~ and
B-D-glucoisosaccharinic acids are resistant to alkaline solu-
tions up to 125 °C and are not interconverted under these
conditions. o-D-Glucosaccharinic acid is also not isomerised
on treatment with alkali or on heating®¢, while the lactones of
o~ and B-D-glucometasaccharinic acids are interconverted via
epimerisation®®120:166:253 A gimilar transformation has been
observed by Nef'! for the lactones of D-galactometasaccharinic
acids. Acids which do not contain hydrogen atoms at C(,)
do not undergo this transformation.

1 The corresponding polyrols can also be obtained by the
reduction of saccharinic acids with tetrahydroborate5®
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The y-lactones of saccharinic acids are more stable in aque-

ous solutions than the lactones of aldonic acids and remain
unchanged for several days. Like normal aliphatic esters

and lactones, the lactones of deoxy- and 2-C-methylaldonic
254

acids are extremely resistant to non-catalysed hydrolysis
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