
IX. OLIGOSACCHARIDES 

W. Z. HASSID AND C. E. BALLOU 

The oligosaccharides (1) comprise a large group of polymeric carbohy-
drates consisting of relatively few monosaccharide units (Greek "oligos," a 
few), which, on complete acid hydrolysis, yield only simple sugars. They 
are composed of monosaccharide residues joined through glycosidic linkages 
with the loss of n — 1 molecules of water (n = number of monosaccharide 
residues). Thus, 

C6Hi206 + C6Hi206 - H20 = Ci2H22Oii (disaccharide) 

3 C6Hi206 - 2 H20 = Ci8H32Oi6 (trisaccharide) 

On the basis of the number of monosaccharide residues per mole, the 
oligosaccharides are classified as disaccharides, trisaccharides, tetrasac-
charides, pentasaccharides, etc. No sharp distinction can be drawn between 
the oligosaccharides and the polysaccharides, for the structures are similar 
and only the molecular weights are different. In the present discussion the 
term will be limited to carbohydrates with less than ten monosaccharide 
residues in the molecule. Generally, the polysaccharides have a much greater 
degree of polymerization, in some cases several thousand. 

Most common disaccharides are dihexoses, although a few natural mem-
bers of the group such as primeverose are known in which a pentose and a 
hexose are united together. The monosaccharide units of an oligosaccharide 
may be alike, as in maltose, which on hydrolysis gives two molecules of 
D-glucose, or different, as in sucrose or rafnnose, the former consisting of 
D-glucose and D-fructose, and the latter of D-glucose, D-fructose, and D-ga-
lactose residues. Aldobiouronic acids and disaccharides containing amino 
sugars are discussed elsewhere. (Chapters VI, XII.) 

Besides the many known naturally occurring free oligosaccharides, a 
great variety of this class of compound can be obtained by enzymic degra-
dation or controlled hydrolysis of a polysaccharide with acid. As an ex-
ample, the treatment of starch with amylases produces maltose; under 
certain conditions of acid hydrolysis, isomaltose can be obtained from 
starch, and cellobiose from cellulose. 

1. B. Helferich, E. Bohn, and S. Winkler, Ber. 63, 989 (1930). 
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FIG. 1. Relation between degree of polymerization (n) and molecular rotation (M) 

FIG. 2. Melting points of xylodextrins as a function of the degree of polymeriza-
tion (D.P.). 

The isolation of several series of polymeric homologous oligosaccharides 
from partially degraded polysaccharides has been facilitated by the develop-
ment of adsorption techniques. As a result of the study of such homologs, 
certain linear relationships have been observed. These relationships, such 
as those between the degree of polymerization (D.P.) and the optical rota-
tion (#), the D.P. and the melting point (3), and Chromatographie proper-
ties (4) are illustrated in Figs. 1, 2, and 3. In general, the properties of the 
oligosaccharides regularly approach those of the high polymer (Chapter 
XII) . 

At least one of the monosaccharide residues in an oligosaccharide is com-
bined through an oxygen bridge of the hemiacetal hydroxyl to a second 

2. E. E. Dickey and M. L. Wolfrom, J. Am. Chem. Soc. 71, 828 (1949). 
3. R. L. Whistler and C. C. Tu, J. Am. Chem. Soc. 75, 646 (1953). 
4. D. French and G. M. Wild, J. Am. Chem. Soc. 75, 2612 (1953). 
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FIG. 3. Chromatographie mobilities of oligosaccharide series, where R/ is the 
fraction of the distance moved with respect to the solvent front. 

hydroxyl of another residue, just as D-glucose is linked to methanol in the 
methyl glycosides. Hence, the natural oligosaccharides are true glycosides. 
The glycosides having an alcoholic or phenolic aglycon group are sometimes 
distinguished from those having a sugar or oligosaccharide radical as the 
nonglycosidic portion of the molecule by designating them as "heterosides" 
and "holosides," respectively. Inasmuch as there are five free hydroxyl 
groups in a hexose, the possibilities of combination of monosaccharide units 
to form an oligosaccharide are numerous, especially when it is remembered 
that the combining sugars can be joined by either an a- or 0-linkage. The 
reducing oligosaccharides are named as glycosyl aldoses(or glycosyl ketoses), 
and the nonreducing oUgosaccharides as glycosyl aldosides (glycosyl keto-
sides) (5). 

According to the presence or absence of reducing groups in the molecule, 
the unsubstituted oligosaccharides are conveniently classified as reducing 
and nonreducing. This property is important, for it provides a test for the 
existence of a monosaccharide residue with an unsubstituted anomeric car-
bon." When such an unsubstituted group is present, the sugar reduces alka-
line copper salt solutions, mutarotates, and forms glycosides and osazones, 
as do the monosaccharides. On the other hand, in a nonreducing oligosac-
charide, which can neither form an osazone nor mutarotate, it is obvious 

5. The terms "glycosido" and ''glycosyl·' have been used as synonyms in much of 
the older literature. In the present work, glycosyl will be used and will refer to the 
radical obtained by removal of the anomeric hydroxyl from a reducing sugar. 

In the present text, the number referring to the position of attachment, of the gly-
cosyl radical to the reducing residue is placed before the glycosyl radical, e.g., 4-0-/3-
D-galactosyl-D-glucose. This is consistent with the usage such as D-glucose 6-ben-
zoate, or 6-0-benzoyl-D-glucose. 



IX. OLIGOSACCHARIDES 481 

that all the reducing groups of the constituent sugars are glycosidically linked 
to one another; examples of this type of structure are furnished by sucrose, 
trehalose, and raffinose. 

1. SYNTHESIS OF OLIGOSACCHARIDES (6) 

There are three general methods available for the synthesis of oligosac-
charides. These methods are based on isomerizations or degradations of 
existing oligosaccharides, and on the condensation of monosaccharide units. 
To contribute to the knowledge of the structure of a particular disaccharide, 
the condensation method must be such that the reaction takes place 
between known positions, as otherwise several structural isomers are possi-
ble. The restriction of the reaction to predetermined positions is accom-
plished by blocking, with easily removable groups such as acetyls, all the 
hydroxyl groups except those between which the condensation is to occur. 
Additional complications are introduced when asymmetric centers are in-
volved since it must be known whether inversions take place. Probably the 
most useful reaction is the Koenigs-Knorr synthesis (p. 194) which depends 
on the reaction of the acetylglycosyl halides with the unsubstituted hy-
droxyls of a second monosaccharide molecule. This method is seriously lim-
ited, however, by the difficulty in obtaining «-linkages. 

A. REARRANGEMENT AND DEGRADATION OF OLIGOSACCHARIDES 

These methods are usually applicable only to the reducing oligosaccha-
rides, i.e., those having an unsubstituted hemiacetal grouping, since most 
isomerizations involve the reducing group. 

Alkaline Rearrangement The reducing disaccharides isomerize in the 
presence of alkali to give a mixture of three sugars which consist of the two 
2-epimeric aldoses and the corresponding ketose. This action of dilute alkali 
is the same as that on the monosaccharides (Chapter I). The method is 
particularly important for obtaining ketose disaccharides, but has been 
applied in only a few cases. Lactose yields (7) lactulose, 4-O-ß-D-galactosyl-
D-fructose, which is interesting because the crystalline sugar is apparently 
a furanose form. Melibiose gives epimelibiose by an ammonia-catalyzed 
isomerization (£). The pyridine rearrangement has been used to convert 
3-O-ß-D-glucopyranosyl glyceraldehyde to 3-0-0-D-glucopyranosyl dihy-
droxyacetone (9). 

Glycal Synthesis. This method depends upon the preparation of a glycal 
(which has a double bond between carbons 1 and 2 of the reducing residue 

6. For a recent review see W. L. Evans, D. D. Reynolds, and E. A. Talley, Ad-
vances in Carbohydrate Chem. 6, 27 (1951). 

7. E. M. Montgomery and C. S. Hudson, J. Am. Chem. Soc. 52, 2101 (1930). 
8. L. Hough, J. K. N. Jones, and E. L. Richards, / . Chem. Soc. p. 295 (1954). 
9. H. W. Arnold and W. L. Evans, J. Am. Chem. Soc. 68, 1890 (1936). 
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of the molecule) and the oxidation of the glycal with perbenzoic acid to give 
two 2-epimeric aldoses as described previously for the monosaccharides 
(Chapters II and VII). The epimers of lactose, maltose, and cellobiose have 
been obtained by this method (10). 

Degradation Reactions. By use of the several methods described for short-
ening the carbon chain of the monosaccharides (Chapter II) , the reducing 
carbon of the disaccharides also may be removed. Calcium lactobionate is 
oxidized by hydrogen peroxide with ferric salts as catalyst (Ruff degrada-
tion) to 3-0-ß-D-galactosyl-D-arabinose (11) and acetylated gentiobionic 
acid nitrile gives 5-0-D-glucosyl-D-arabinose by the action of sodium meth-
oxide (Wohl-Zemplén method). This sugar is of particular interest as it 
cannot form a pyranose ring. Under certain conditions, glycals may be 
cleaved by ozonolysis to give an aldose with one less carbon atom. This 
reaction has been applied to disaccharides with results similar to those ob-
tained by the Ruff or Wohl-Zemplén methods (12). 

Waiden Inversions. Several reactions, not of general application, are of 
importance for obtaining special disaccharides. Cellobiose octaacetate, 
when subjected to the procedure which usually produces the acetylglycosyl 
fluorides, gives the expected product and the corresponding derivative of 
the 2-epimeric disaccharide, 4-0-0-D-glucosyl-D-mannose (13). In this in-
stance, the action of anhydrous hydrogen fluoride inverts the configuration 
of the second carbon and also replaces the acetoxy group at carbon 1 by a 
fluorine atom. In a somewhat similar manner, lactose and cellobiose octa-
acetate under chlorinating conditions (aluminum chloride and phosphorus 
pentachloride in chloroform solution) yield, in addition to the expected 
hepta-O-acetylglycosyl chloride, isomeric compounds produced by Waiden 

CH2OAc 

OAc OAc H 

inversions at carbons 2 and 3 of the reducing part of the molecules. The 
new disaccharides are neolactose (4-O-ß-D-galactosyl-D-altrose) from lactose 
and celtrobiose (4-O-ß-D-glucosyl-D-altrose) from cellobiose (14). These 

10. M. Bergmann and H. Schotte, Ber. 54,1564 (1921) ; W. N. Haworth, E. L. Hirst, 
et al., J. Chem. Soc. pp. 2636, 2644 (1930). 

11. G. Zemplén, Ber. 60, 1309 (1927); O. Ruff and G. Ollendorff, ibid. 33, 1798 
(1900). 

12. For a review, see reference 6. 
13. D. H. Brauns, J. Am. Chem. Soc. 48, 2776 (1926). 
H. A. Kunz and C. S. Hudson, J. Am. Chem. Soc. 48, 1978, 2435 (1926); N. K. 

Richtmyer and C. S. Hudson, ibid. 57, 1716 (1935); 58, 2534 (1936). 
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disaccharides are of particular importance in providing new sources of D-al-
trose, a sugar difficult to obtain by older methods. 

Anomeric Rearrangement. The transformation of certain glycosides from 
the ß- to the «-configuration by the action of stannic chloride or titanium 
tetrachloride was observed by Pacsu (15). Recently this transformation 
has been applied to the oligosaccharides, effecting the synthesis of 
isomaltose from gentiobiose (see Isomaltose). 

Dideoxy Disaccharides. The tosyl groups of 6,6'-di-0-tosylcellobiose are 
replaceable with iodine by the action of sodium iodide in acetone solution. 
The resulting 6,6'-dideoxy-diiodocellobiose may be reduced by catalytic 
hydrogénation to 6,6'-dideoxycellobiose (16). A similar compound with 
one 6-deoxy and one primary hydroxyl group is obtained by the addition of 
tetra-O-acetyl-D-glucosyl bromide to the anhydro ring of 5,6-anhydro-D-
glucose (see below). 

B. CONDENSATION OF TWO MONOSACCHARIDE UNITS 

Koenigs-Knorr Reaction. This reaction, described in Chapter IV for the 
preparation of the glycosides, is probably the most widely applicable and 
important of the methods. An acetylglycosyl halide, usually the bromide, 
reacts with the unsubstituted hydroxyl of a second monosaccharide mole-
cule in the presence of silver carbonate or silver oxide with the formation 
of a glycosidic linkage between the two molecules. In most instances the 
glycosidic carbon has the /^-configuration as is demonstrated by the forma-
tion of 0-glycosides when an alcohol rather than a second monosaccharide 
molecule is employed in the reaction. The process involves a Waiden in-
version and usually proceeds smoothly in high yields when the halogen and 
the acetyl group on carbons 1 and 2, respectively, have a cis relation. If 
they are trans, however, orthoesters may be formed (Chapter III) . Disac-
charides with D-glucose, D-galactose, D-arabinose, and D-xylose constituting 
the glycosidic portion of the molecule are easily obtained in this manner. 
When it is desired to synthesize an α-glucosidic linkage, the use of mercuric 
acetate or pyridine as the catalyst rather than silver salts often gives the 
desired result. Melibiose (6-O-a-D-galactosyl-D-glucose) is synthesized by the 
action of tetra-O-acetyl-D-galactosyl bromide on 1,2,3,4-tetra-O-acetyl-
D-glucose in the presence of quinoline. Condensation of tri-O-acetyl-D-xylosyl 
bromide and a D-glucose derivative having an unsubstituted hydroxyl group 
at carbon 6 may take place in the presence of mercuric acetate exclusively 
with inversion of configuration and the formation of a primeverose (6-O-ß-
D-xylosyl-D-glucose) derivative (17). If the amount of catalyst employed is 
small, an additional reaction without inversion takes place with the simul-

15. E. Pacsu, Ber. 61, 137, 1508 (1928); ibid. 52, 2563, 2568, 2571 (1930). 
16. J. Compton, J. Am. Chem. Soc. 60, 1203 (1938). 
17. G. Zemplén and R. Bognâr, Ber. 72, 1160 (1939). 
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taneous formation of isoprimeverose (6-0-a-D-xylosyl-D-glucose) which has 
an a-glycosidic linkage. Disaccharides with linkages through primary alco-
holic groups (gentiobiose type) are easily obtained by these methods since 

CH2OH 

AcO 

H OAc 
Tetra-0-acetyl-D-
glucosyl bromide 

OAc 

1,2,3,4-Tetra-O-acetyl-D-
glucose 

OAc H , 
AcO Xi IX OAc 

Octa-0-acetylgentiobiose 

the necessary monosaccharide derivatives with free primary hydroxyl 
groups and with the other groups blocked are readily obtained from the 
corresponding trityl derivatives. 

The method may be applied to the preparation of trisaccharides by uti-
lizing a 1-halogeno acetylated disaccharide in place of tetra-O-acetyl-D-
glucosyl bromide. The 0-cellobiosyl-D-glucose and D-mannose and the 6-/3-
maltosyl-D-glucose are prepared in this manner (18). Dihydroxyacetone 
can be condensed with acetylglycosyl halides to form simple types of disac-
charides (19). The D-ribosyldihydroxyacetone is particularly interesting in 
that the acetylated compound has an orthoester structure. 

I t is more difficult to obtain sugar derivatives with single free hydroxyls 
other than glycosidic or primary hydroxyls. However, valuable derivatives 
of this type are the isopropylidene sugars and the isopropylidene anhydro 
sugars. By condensation of 2,3-0-isopropylidene-l,6-anhydro-D-manno-
pyranose with tetra-O-acetyl-D-galactosyl bromide, subsequent hydrolysis 
of the isopropylidene and acetyl groups, and cleavage of the anhydro ring 
with acids, 4-0-ß-D-galactosyl-D-mannose (epilactose) is obtained. The 
epilactose is then carried through the glycal synthesis to produce lactose. 
4-O-0-D-Glucosyl-D-mannose (epicellobiose) and cellobiose are prepared by 

18. B. Helferich and W. Schäfer, Ann. 450, 229 (1926); S. H. Nichols, Jr., W. L. 
Evans, and H. D. McDowell, J. Am. Chem. Soc. 62, 1754 (1940). 

19. C. W. Klingensmith and W. L. Evans, J. Am. Chem. Soc. 61, 3012 (1939). 
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the same procedure from tetra-O-acetyl-D-glucosyl bromide and the 2,3-0-
isopropylidene-l,6-anhydro-D-mannopyranose. More details of these meth-
ods are given under Cellobiose, Gentiobiose, Melibiose, and Lactose later 
in this chapter. 

Ethylene Oxide Additions. When 1,2-0-isopropylidene-5,6-anhydro-D-glu-
cofuranose reacts with tetra-O-acetyl-D-glucosyl bromide, condensation 
takes place with the simultaneous opening of the anhydro ring, addition of 
the glucosyl group to the oxygen attached to carbon 5, and addition of bro-
mine to carbon 6. Catalytic reduction replaces the bromine by a hydrogen 
atom, and there is obtained an unusual disaccharide methylose derivative, 
5-0-ß-D-glucosyl-6-deoxy-D-glucose (20). 

A second application of this reaction is of far greater significance, having 
resulted in the first chemical synthesis of sucrose. The reaction of 3,4,6-tri-
0-acetyl-l,2-anhydro-D-glucopyranose with alcohols to give ß-D-glucosides 
was first observed by Brigl (21). This reaction was later used by Haworth 
and Hickinbottom in a condensation of the anhydro compound with 
2,3,4,6-tetra-O-acetyl-ß-D-glucopyranose to give "neotrehalose" hepta-
acetate (22). Recently, Lemieux and über (23) have condensed the an-

AcO XT c Ί/Ι HO XI IX CH20Ac 

AcÔ \TZ_V w XT kQ(V CH20Ac 

hydride with 1,3,4,6-tetra-O-acetyl-D-fructose to give a 5 % yield of sucrose 
isolated as the octaacetate (see Sucrose). 

Thermal Condensations. Two moles of sugar may condense when heated 
in vacuo. Maltose is said to be produced in this manner from ß-D-glucose 
and α-D-glucose and from 0-D-glucose and 1,6-anhydro-jS-D-glucose. The 

20. K. Freudenberg, H. Eich, C. Knoevenagel, and W. Westphal, Ber. 73, 441 
(1940). 

21. P. Brigl, Z. physiol. Chem. 122, 245 (1922). 
22. W. N. Haworth and W. J. Hickinbottom, J. Chem. Soc. p. 2847 (1931). 
28. R. U. Lemieux and G. Huber, «/. Am. Chem. Soc. 75, 4118 (1953) ; ibid. 78,4117 

(1956). 

file:///TZ_V
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use of zinc chloride improves the yields. The maltose is separated as the 
acetate in yields of 5% to 10% {24). Lactose may have been obtained in 
this manner from ß-D-glucose and either ß-D-galactose or 1,6-anhydro-ß-D-
galactose (25). The synthesis by thermal condensation, however, does not 
provide any information as to the structures of the sugars. 

Direct Catalyzed Condensation of Monosaccharides in Solution. In the 
presence of acids and water, the disaccharides are in equilibrium with the 
products of hydrolysis although the rate of attainment of equilibrium is 
very slow at room temperature. An excess of water favors the existence of 
the monosaccharides in the equilibrium mixture, whereas a high concentra-
tion of the sugar is favorable to the existence of disaccharides and oligo-
saccharides. A 25 % solution of D-glucose in concentrated hydrochloric acid 
gives, after 15 hours at room temperature, a mixture from which a disac-
charide osazone (isomaltose) may be isolated (26). As might be expected 
from the many positions available for formation of a disaccharide linkage 
and because each position allows for at least one pair of α,/3-isomers, the 
products formed are probably complex mixtures. However, the available 
evidence indicates a preference for condensation between the hemiacetal 
(anomeric) hydroxyl and the primary hydroxyl groups. This type of reac-
tion, called "reversion," is very important in industrial processes involving 
the hydrolysis of polysaccharides such as in the preparation of D-glucose 
from starch. 

Most of the isomers theoretically possible by the condensation of two 
glucose units have been isolated (26a). (See also under Isomaltose.) 

The specificity of the reaction may be greatly increased by the use of 
enzymes rather than acids as the catalysts. According to the enzyme em-
ployed, a- or ß-glycosidic linkages may be synthesized at will, and even the 
position of condensation in the nonglycosyl sugar may be varied somewhat. 
Maltose and other α-D-glucosides are formed by the action of yeast a-D-glu-
cosidase on concentrated D-glucose solutions (27). Similarly, gentiobiose and 
cellobiose are formed from D-glucose solutions through the catalytic action 
of a-D-glucosidases, and the relative proportions of the two isomers is af-
fected by the concentration (28). Gentiobiose is also formed by the action of 
dried yeasts on D-glucose solutions (29). 

In many cases the synthesis of oligosaccharides under natural conditions 

24. A. Pictet and H. Vogel, Helv. Chim. Ada 10, 588 (1927). 
25. A. Pictet and H. Vogel, Helv. Chim. Ada 11, 209 (1938); See also H. Bredereck 

et al, Chem. Ber. 86, 1277, 1286 (1953). 
26. See E. Fischer, Ber. 23, 3687 (1890). 
26a. J. C. Sowden and A. S. Spriggs, J. Am. Chem. Soc. 78, 2503 (1956). 
27. A. C. Hill, J. Chem. Soc. 83, 589 (1903). 
28. E. Bourquelot, H. Hérissey, and J. Coirre, Compt. rend. 157, 732 (1913); I. 

Vintilescu, C. N. Ionescu, and A. Kizyk, Bull. soc. chim. Roumania 17, 283 (1935). 
29. H. Pringsheim, J. Bondi, and J. Leibowitz, Ber. 59, 1983 (1926). 
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probably takes place as a result of phosphorylase action. Such an action 
has been demonstrated by the in vitro synthesis of sucrose from a-D-glucose 
1-phosphate and D-fructose in the presence of enzymes from bacteria such 
as Pseudomonas saccharophila (see Enzymic synthesis of disaccharides be-
low). 

Elimination of Water from Two Monosaccharide Units by Use of Dehy-
drating Agents. Acetylated sugars with free hydroxyl groups may be con-
densed with the elimination of a mole of water. Two moles of 2,3,4,6-tetra-
O-acetyl-D-glucose combine (30) under the influence of phosphorus 
pentoxide in an inert solvent such as benzene with the formation of the 
octaacetate of l-O-ß-D-glucosyl-0-D-glucoside (0,0-trehalose) (see under 
Sucrose). 

2. DETERMINATION OF STRUCTURE 

To determine the molecular configuration of an oligosaccharide, one must 
first identify the monosaccharide units that enter into its composition. This 
can be done by applying appropriate tests on the hydrolysis products. Com-
plete information as to the nature of the linkages must include knowledge 
of (1) the ring type of each constituent unit, (2) the particular hydroxyl or 
carbonyl group of each unit involved in the linkage of the units, and (3) 
the stereochemical configuration (a- or ß-) of the glycosidic linkages in-
volved. 

The methylation method has been the principal means for determining 
the type of ring of the monosaccharide constituents and their points of at-
tachment to one another in the oligosaccharide molecule. The usual pro-
cedure involves: (1) complete methylation of the disaccharide; (2) hydrol-
ysis of the methylated disaccharide to partially methylated monosaccharide 
units, and their identification by comparison of their properties with those 
of known methylated compounds; (3) determination of the unmethylated 
positions in each unit, these being the positions which were available for 
ring formation and for linkage between units; and (4) determination of the 
ring type (pyranose or furanose) by supplementary evidence, such as deter-
mination of the rate of hydrolysis of the partially methylated lactone (81). 

When a reducing disaccharide, such as maltose or cellobiose, is directly 
methylated, ambiguous results are obtained in regard to its configuration. 
Since a glucopyranose unit, linked to a glycosidic residue through C-4 and a 
glucofuranose unit linked through C-5, would produce the same methylated 
derivative, namely, 2,3,6-tri-O-methyl-D-glucose, the ring type as well as 

50. E. Fischerand K. Delbrück, Ber. 42, 2776 (1909); F. Klagesand R. Niemann, 
Ann. 529, 185 (1937). 

51. W. N. Haworth, "The Constitution of Sugars," p. 24. Arnold, London, 1929; 
S. Baker and W. N. Haworth, / . Chem. Soc. 127, 365 (1925). 
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the point of attachment in the reducing moiety remains undetermined. To 
avoid this uncertainty the aldobionic acid or alditol rather than the original 
disaccharide is methylated. Thus, methylation of maltose produces methyl 
hepta-O-methylmaltoside, which on hydrolysis gives 2,3,4,6-tetra-O-
methyl-D-glucose and 2,3,6-tri-O-methyl-D-glucose. Methylated malto-
bionic acid produces 2,3,4,6-tetra-O-methyl-D-glucose and 2,3,5,6-tetra-
O-methyl-D-gluconic acid (see under Maltose). The position of the free 
hydroxyl in the tetra-O-methyl-D-gluconic acid shows that the disaccharide 
must be connected at the 4-position of the residue. 

The action of enzymes is valuable for the purpose of providing informa-
tion concerning the configuration of the glycosidic linkage in oligosaccha-
rides. In reducing disaccharides, only one glycosidic linkage is present, and 
the enzymes maltase (α-glucosidase) and 0-glucosidase (Chapter X) are 
often used for the determination of the type of linkage. A mutarotation of 
the disaccharide during enzyme or acid hydrolysis also gives an indication 
of the linkage involved. If downward mutarotation is observed, the glycosidic 
linkage is considered to be of the α-D-type; upward mutarotation indicates 
a 0-D-type. For nonreducing oligosaccharides in which dual glycosidic link-
ages are involved, conclusions from enzymic studies regarding the stereo-
chemical nature of linkages are often uncertain. Often enzymes serve to 
reveal the configuration of the glycosidic linkage in certain disaccharides 
that are constituents of larger oligosaccharide molecules. Thus, the fact 
that yeast invertase splits the trisaccharide raffinose to melibiose and D-fruc-
tose indicates that the monosaccharide is joined with D-glucose through a 
sucrose linkage (see under Raffinose). 

The results obtained from an oxidation with periodate are used to great 
advantage for the determination of the structure of oligosaccharides, par-
ticularly of nonreducing disaccharides {32). The structure of sucrose, deter-
mined by the methylation procedure as being D-glucopyranosyl-D-fructo-
furanoside, was confirmed by this means. In a disaccharide consisting of 
glucopyranose and fructofuranose glycosidically united through C-l of the 
aldose and C-2 of the ketose, the D-glucose residue would possess three ad-
jacent free hydroxyls, on its carbon atoms 2, 3, and 4, and the D-fructose 
residue would have two free hydroxyls, on carbon atoms 3 and 4. On oxida-
tion of such a disaccharide with periodate, the D-glucose residue would 
consume two moles of periodate and form one mole of formic acid, and the 
D-fructose residue would consume one mole of periodate. A total of three 
moles of periodate would thus be consumed, and one mole of formic acid 
would be formed per mole of disaccharide. If the D-fructose residue were to 

82. P. Fleury and J. Courtois, Bull, soc. chim. France 10, 245 (1943); Compt. rend. 
214, 366 (1942); E. L. Jackson and C. S. Hudson, / . Am. Chem. Soc. 59, 994 (1937); 
62, 958 (1940); R. M. Hann, W. D. Maclay, and C. S. Hudson, ibid. 61, 2432 (1939). 
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TABLE I 
EASE OF ACID HYDROLYSIS OP SOME OLIGOSACCHARIDES 

Oligosaccharide 

a-D-Glucopyranosyl α-D-glucopyranoside (Trehalose) 
6-0-0-D-Glucopyranosyl-D-glucopyranose (Gentiobiose) 
4-0-j8-D-Glucopyranosyl-D-glucopyranose (Cellobiose) 
3-O-a-D-Glucopyranosyl-D-fructose (Turanose) 
4-0-a-D-Glucopyranosyl-D-glucopyranose (Maltose) 
4-0-j8-D-Galactopyranosyl-D-glucopyranose (Lactose) 
6-Ο-α-D-Galactopyranosyl-D-glucose (Melibiose) 
a-D-Glucopyranosyl 0-D-fructofuranoside (Sucrose) 
Raffinose 
Melezitose 

fc/aH
+ X 106 

(sec.-1) 

0.864 
1.24 
5.89 

11.9 
16.8 
16.6 
15.5 

14,600 
11,200« 
48,300« 

Activation 
energy 
(cal./g.-
mole) 

40,180 
33,390 
30,710 
32,450 
30,970 
26,900 
38,590 
25,830 
25,340 
25,600 

« These figures presumably represent the hydrolysis of the sucrose linkage in these 
trisaccharides. 

exist in the disaccharide in the pyranose form, it would also contain three 
free hydroxyl groups at C-3, C-4, and C-5, and, as in the case of the D-glu-
cose, it should consume two moles of periodate and give rise to one mole of 
formic acid. In this case, a total of four moles of periodate would be con-
sumed, and two moles of formic acid would be formed per mole of disac-
charide. Actually on oxidation of the sucrose with sodium periodate, three 
moles of periodate are consumed and one mole of formic acid is formed. 

Application of the periodate oxidation method to the determination of 
the structure of reducing sugars does not give definite results, because the 
molecules are unstable and tend to become completely degraded. However, 
the reducing group may be stabilized by forming a glycoside or phenyl-
osotriazole, which may be treated with periodate in the same manner as 
reducing disaccharides. As an example, in the case of the phenylosotriazole 
of 3-O-D-glucopyranosyl-L-arabinose, the moiety possessing the osotriazole 
group is a straight chain compound and has a free —CH2OH group adjacent 
to an HCOH group; on periodate oxidation such a structure produces one 
mole of formaldehyde; this result shows that neither the primary alcohol 
group nor the next adjacent secondary alcohol group is occupied by the 
linkage (33). When the phenylosotriazole under consideration is a hexose 
derivative, it can be concluded that the junction between the two mono-
saccharides is other than through C-6 or C-5, if formaldehyde is produced. 

S3. W. Z. Hassid, M. Doudoroff, A. L. Potter, and H. A. Barker, J. Am. Chem. 
Soc. 70, 306 (1948). 



490 W. Z. HASSID AND C. E. BALLOU 

3. EASE OF ACID HYDROLYSIS 

As shown in Table I (84), there is considerable difference in the ease of 
hydrolysis of oligosaccharides ; sucrose, with its fructofuranose ring, is par-
ticularly labile. The ease of hydrolysis of the sucrose linkage in comparison 
with that of the glycopyranosides makes it possible to hydrolyze prefer-
entially the sucrose linkage in trisaccharides with the formation of a resist-
ant disaccharide. Thus, turanose, a disaccharide, is prepared by the partial 
hydrolysis of the parent trisaccharide melezitose. 

4. PREPARATION, PROPERTIES, AND STRUCTURES OF 
SOME OLIGOSACCHARIDES OF NATURAL ORIGIN (6, 35) 

A. DlSACCHARIDES 

Cellobiose 

CH2OH 

CH2OH 

Synonyms. 4-O-ß-D-Glucopyranosyl-D-glucose. 
Properties. /Msomer: m.p. 225°C; [aff +14.2° -> +34.6° (c, 8; water). 

Reducing. 
Identification. Phenylosazone, octaacetate. 
Occurrence. The sugar is not known to exist in the free state in products 

of biological origin but is the basic repeating unit of cellulose and lichenin. 
Preparation (86). Cellulose in the form of cotton or filter paper is simul-

taneously acetylated and acetolyzed by the action of acetic anhydride and 
sulfuric acid at low temperatures. Cellobiose octaacetate crystallizes from 
the reaction mixture and after separation is recrystallized from alcohol. 
The acetyl groups are removed by any of several methods, preferably with 
barium methoxide in methanol solution. 

Crystalline cellobiose has been obtained from hydrolyzates of cellulose 
by a cell-free enzyme preparation from Aspergillus niger (87). An enzyme 

84. E. A. Moelwyn-Hughes, Trans. Faraday Soc. 25, 503 (1929). 
86. For more detailed information concerning the occurrence and preparation of 

many of the individual oligosaccharides, the following references are particularly 
recommended: F. J. Bates and Associates, Natl. Bur. Standards Cire. C440 (1942); 
"Beilsteins Handbuch der organischen Chemie," Vol. 31, Springer, Berlin, 1938. 

86. A. P. N. Franchimont, Ber. 12, 1941 (1879); G. Braun, Org. Syntheses 17, 34, 
36 (1937). 

87. R. L. Whistler and C. L. Smart, J. Am. Chem Soc. 75, 1916 (1953). 
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preparation purified by adsorption on and elution from powdered cellulose, 
reacts with swollen cellulose to produce cellobiose as the major product 
for the first three hours of hydrolysis. 

Structure, See discussion under Maltose. 
Synthesis. By the reaction of 1,6-anhydro-ß-D-glucopyranose (levoglu-

cosan) with tetra-O-acetyl-D-glucosyl bromide and the subsequent hydrol-
ysis of the anhydro ring with sulfuric acid, Freudenberg and Nagai (88) 
were able to synthesize cellobiose in small yield. The stereospecificity of the 
method provides evidence for the /^-configuration of the D-glucosidic link-
age. The exact position of the glucosidic linkage is not defined, however, as 
several unsubstituted hydroxyl groups are present in the 1,6-anhydro-ß-D-
glucose. A structurally definitive synthesis by the reaction of 2,3-O-iso-
propylidene-l,6-anhydro-ß-D-mannopyranose (which contains only one 
free hydroxyl, at carbon 4) and tetra-O-acetyl-D-glucosyl bromide has been 
described (89). After rupture of the anhydro ring, a derivative of the 2-epi-
mer of cellobiose is obtained (epicellobiose) which is carried to cellobiose 
through the intermediary cellobial (epicellobial). The method is similar to 
that used for the synthesis of lactose. (See under Lactose.) 

Metabolism. (See Chapter XIV.) Absorption of the disaccharide in the 
gut of the rat takes place at about 6.8 % of the rate of absorption of D-glu-
cose (40). Normal rats form glycogen in the liver and muscle in equivalent 
amounts from cellobiose and D-glucose. These two sugars possess the same 
ability to lower an exogenous ketonuria. 

Polymer Homologs (41). A product obtained by the acetolysis of cellulose 
has been resolved by chromatography into a series of crystalline acetates 
ranging in degree of polymerization from 1 to 6 inclusive. 

Acetate M.p. (°C.) [<X]D (chloroform) 

a-D-Glucopyranose 105-9 +97° 
a-Cellobiose 225-6 +39.6° 
a-Cellotriose 223-4 +22.6° 
a-Cellotetraose 230-34 +13.4° 
a-Cellopentaose 240-41 +4.2° 
a-Cellohexaose 252-5 -0.23° 

Epimelibiose 

Synonyms. 6-O-a-D-Galactopyranosyl-D-mannose. 
Properties. M.p. 201°C.; [a\l5 +120.9° -> +124.6° (c, 2; water). Reducing 

88. K. Freudenberg and W. Nagai, Ber. 66, 27 (1933). 
39. W. T. Haskins, R. M. Hann, and C. S. Hudson, J. Am. Chem. Soc. 64, 1289 

(1942). 
40. C. E. Vaniman and H. J. Deuel, Jr., J. Biol. Chem. 152, 565 (1944). 
41. For a recent study, and a list of pertinent references, see E. E. Dickey and M. 

L. Wolfrom, J. Am. Chem. Soc. 71, 825 (1949). 
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Identification. Reduction to epimelibiitol. 
Occurrence. The disaccharide occurs as a unit in the polysaccharide 

guaran. 
Preparation. The sugar may be prepared by charcoal-column fractiona-

tion of the partial acid hydrolysis products of guaran (42) and by the alka-
line isomerization of melibiose (48). 

Structure. The structure of epimelibiose has been established by periodate 
oxidation and by comparison of its osazone with that of melibiose. Reduc-
tion of epimelibiose gives epimelibiitol, m.p. 157-158°. 

Gentiobiose 

CH2OH 0 
-0 

HO 
.OH H 

Synonyms. 6-0-0-D-Glucopyranosyl-D-glucose, "amygdalose." 
Properties. α-Isomer; crystallizes associated with two moles of methanol; 

m.p. 85-86°C; [a]l°+21 A° -> +8.7° (c, 5; water). 0-Isomer (solvent-free); 
m.p. 190-195°C. Not fermented by top yeasts. Reducing. 

Identification. Phenylosazone, octaacetate. 
Occurrence. The disaccharide is the sugar constituent of a number of gly-

cosides of which the most important are amygdalin and crocin. The two 
D-glucose units of the trisaccharide gentianose, which is found free in the 
roots of plants of the Gentian species, are connected together in the same 
manner as gentiobiose. Gentiobiose is found in materials obtained by the 
action of acids and certain enzymes on D-glucose and on polymers such as 
starch and cellulose. In such materials it is probably a reversion product 
(see under Isomaltose). 

Preparation (44)- The sugar is obtained by partial acid or enzymic hy-
drolysis of gentianose and removal of the fructose by yeast fermentation. 

42. R. L. Whistler and D. F. Durso, J. Am. Chem. Soc. 73, 4189 (1951). 
43. L. Hough, J. K. N. Jones, and E. L. Richards, J. Chem. Soc. p. 295 (1954). 
44. C. S. Hudson and J. Johnson, J. Am. Chem. Soc. 39,1272 (1917) ; E. Bourquelot 

and H. Hérissey, Compt. rend. 135, 290 (1902). 
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It is usually separated as the octaacetate. The hydrogénation of hepta-O-
acetylamygdalin {45) and the isolation of the octaacetate of gentiobiose, 
from the acetylated mother liquors ("hydrol") of the preparation of D-glu-
cose from starch, have been suggested for the preparation of the disaccha-
ride. The best method, however, is probably the synthetic method of Hel-
ferich as modified by Reynolds and Evans and described below. Enzymic 
synthesis by the action of almond emulsin on D-glucose is also rec-
ommended {46). 

Synthesis {47). By the condensation of 1,2,3,4-tetra-O-acetyl-ß-D-gluco-
pyranose with tetra-O-acetyl-D-glucosyl bromide, a linkage is established 
between carbon 6 of the first molecule and carbon 1 of the second molecule, 
and octa-O-acetylgentiobiose is formed. 

Structure {48). Methylation of gentiobiose followed by acid hydrolysis 
gives the well-known 2,3,4,6-tetra-O-methyl-D-glucose and a tri-O-methyl-
D-glucose which yields a crystalline methyl tri-O-methyl-D-glucoside. The 
latter substance is identical with that formed by the methylation and detri-
tylation of methyl 6-O-trityl-D-glucopyranoside and must be methyl 2,3,4-
tri-O-methyl-D-glucoside. This evidence shows that the disaccharide linkage 
of gentiobiose connects carbon 1 of one glucose unit and carbon 6 of the 
second glucose unit. It is confirmed by the above synthesis under condi-
tions such that the linkage can be formed only between these two carbons. 

The ^-configuration for the glucosidic linkage is shown by the hydrolysis 
of gentiobiose by the ß-D-glucosidase of almond emulsin and by its syn-
thesis under conditions favorable to the formation of 0-D-glucosides 
(Koenigs-Knorr synthesis). 

Isomaltose 

Synonyms. Brachiose, 6-O-a-D-glucopyranosyl-D-glucose. 
Properties. Amorphous, [a]™ +103.2° (c, 3.8; water); crystalline, 

[a]f +120° (c, 1.2; water). Not fermentable by yeasts. Reducing. 
Identification. Octaacetate; octa-p-nitrobenzoate. 

45. M. Bergmann and W. Freudenberg, Ber. 62, 2783 (1929). 
46. B. Helferich and J. F. Leete, Org. Syntheses 22, 53 (1942). 
47. D. D. Reynolds and W. L. Evans, J. Am. Chem. Soc. 60, 2559 (1938); B. 

Helferich and W. Klein, Ann. 450, 219 (1926). 
48. W. Charlton, W. N. Haworth, and W. J. Hickinbottom, J. Chem. Soc. p. 1527 

(1927); W. N. Haworth and B. Wylam, ibid. 123, 3120 (1923). 
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Occurrence. This disaccharide exists as a unit in the polysaccharides amyl-
opectin, glycogen, and especially certain bacterial dextrans (Leuconostoc 
dextranicum, L. mesenteroides) from which it may be obtained by partial 
hydrolysis. (See also Reversion, Chapters I, IV, and XII.) 

Preparation. Isomaltose has been obtained as the crystalline ß-octaacetate 
in 5% yield from partial acid hydrolyzates of a bacterial dextran (49); 
from Taka-amylase hydrolyzates of amylopectin (50) as the crystalline 
a- and 0-octaacetates and the octa-p-nitrobenzoate; from the acid hydrol-
yzates of glycogen (51) and from hydrol (52). It has recently been prepared 
in 50% yield from enzymic hydrolyzates of the dextran from Leuconostoc 
mesenteroides by a separation procedure employing charcoal-column elu-
tion (53). 

Structure. The methylation studies of Georg and Pictet (54) established 
their preparation to be a 6-O-D-glucopyranosyl-D-glucose (55). (See Synthe-
sis). Although it follows from the nonidentity of isomaltose with gentiobiose 
that the former must be an a-D-glucoside, the complete proof of structure 
of isomaltose came only after the preparation of crystalline, well-defined 
derivatives. Thus, Wolfrom, Georges, and Miller (56) demonstrated the 
probable identity of their crystalline isomaltose octaacetate (from a l - ^ 6 
linked dextran) with that of Georg and Pictet and, by application of the 
Hudson Isorotation Rules, presented strong evidence for the a-D-glucosyl 
link in isomaltose. They also converted the isomaltose to its methyl glyco-
side, and on the basis of periodate studies showed that the latter must be 
the methyl 6-0-a-D-glucopyranosyl-/3-D-glucopyranoside. 

The synthesis of isomaltose from gentiobiose by anomeric isomeriza-
tion (57) is consistent with the previously assigned structure. 

Synthesis. The first syntheses that probably led to isomaltose as one of 
the end-products were carried out by condensing D-glucose in the presence 
of acids (56). E. Fischer coined the term isomaltose for the disaccharide he 

49. M. L. Wolfrom, L. W. Georges, and I. L. Miller, J. Am. Chem. Soc. 69, 473 
(1947); 71, 125 (1949). 

60. E. M. Montgomery, F. B. Weakley, and G. E. Hubert, / . Am. Chem. Soc. 69, 
2249 (1947); 71, 1682 (1949). 

61. M. L. Wolfrom, E. N. Lassettre, and A. N. O'Neill, J. Am. Chem. Soc. 73, 
595 (1951). 

52. M. L. Wolfrom, A. Thompson, A. N. O'Neill, and T. T. Galkowski, J. Am. 
Chem. Soc. 74, 1062 (1952). 

63. A. Jeanes, C. A. Wilham, R. W. Jones, H. M. Tsuchiya, and C. E. Rist, J. 
Am. Chem. Soc. 75, 5911 (1953). 

64. A. Georg and A. Pictet, Helv. Chim. Ada 9, 912 (1926). 
55. A. Georg, Compt. rend. soc. phys. et hist. nat. Geneve 47, 94 (1930). 
56. Reviewed by M. L. Wolfrom, L. W. Georges, and I. L. Miller, J. Am. Chem. 

Soc. 71, 125 (1949). 
67. B. Lindberg, Ada Chem. Scand. 3, 1355 (1949). 
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obtained in the same manner, and which he characterized as the phenylosa-
zone (sintered at 140°, m.p. 150-153°) (58). By a modified procedure, Georg 
and Pictet (54) obtained a sirupy disaccharide that gave an amorphous 
octaacetate, [α]ο°+93.7° (c, 4.8; chloroform). The free sugar showed [a]o3 + 
104.6° —» +99.7° (c, 5; water), and gave a phenylosazone with m.p. 160°. 

Partial characterization of the disaccharide obtained by Georg and Pictet 
was made on the basis of methylation (55). Hydrolysis of the fully meth-
ylated sugar gave 2,3,4-tri-O-methyl-D-glucose and 2,3,4,6-tetra-O-
methyl-D-glucose; the disaccharide was indicated as 6-O-D-glucopyranosyl-
D-glucose. Subsequent workers have noted the heterogeneity of products 
produced in such acid-catalyzed condensations, and a careful Chromato-
graphie study of the acid reversion products of D-glucose has confirmed this 
fact (59). Isomaltose octaacetate has been synthesized in a 46% yield from 
göntiobiose octaacetate by anomeric isomerization in the presence of ti-
tanium tetrachloride (57). 

A series of methyl glycosides of oligosaccharides having 1 —> 6 linkage 
was made by the transfer of glucosyl groups from sucrose to methyl a-D-
glucopyranoside (59a). 

Lactose (60) 

ÇH2OH H 

HO 

CH2OH 

Synonyms. 4-O-ß-D-Galactopyranosyl-D-glucose, milk sugar. 
Properties. Monohydrate of α-isomer; m.p. 202°C.; [a]* +85.0 -> +52.6° 

(c, 8; water). Anhydrous 0-isomer; m.p. 252°C.; [a]f +34.9° -► +55.4° 
(c, 4; water). Not fermentable by ordinary yeasts; fermented by lactose 
yeasts. Reducing. 

Identification. Phenylosazone; hydrolysis and oxidation with nitric acid 
to mucic acid; benzylphenylhydrazone. 

Occurrence. Found in the milk of all mammals to the extent of approxi-
mately 5%. It has been reported that a methanol extract of the longstyled 
pollen of forsythia flowers contains lactose (61). 

58. E. Fischer, Ber. 23, 3687 (1890); 28, 3024 (1895). 
59. A. Thompson, K. Anno, M. L. Wolfrom, and M. Inatome, J. Am. Chem. Soc. 

76, 1309 (1954). 
59a. R. W. Jones, A. Jeanes, C. S. Stringer, and H. M. Tsuchiya, J. Am. Chem. 

Soc. 78, 2499 (1956). 
60. E. O. Whittier, Chem. Revs. 2, 85 (1925-26) 
61. R. Kuhn and I. Low, Ber. 82, 479 (1949). 
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Preparation {62). Whey, obtained as a by-product in the manufacture of 
cheese, upon evaporation deposits crystalline lactose, which is easily re-
crystallized from water. 

The monohydrate of the α-isomer crystallizes from solutions at tempera-
tures below 93-95° and the more-soluble ß-isomer from aqueous solutions 
above this temperature {63). 

Structure. The disaccharide, after acid or enzymic hydrolysis (ß-D-galac-
tosidase), gives one molecule each of D-galactose and D-glucose. If the sugar 
is first oxidized with bromine to lactobionic acid and then hydro-
lyzed, D-gluconic acid and D-galactose are the products obtained {64). This 
evidence establishes lactose as being a D-galactosyl-D-glucose. 

After methylation and hydrolysis, the disaccharide yields a tri-O-methyl-
D-glucose and a tetra-O-methyl-D-galactose. As the tetra-O-methyl-D-galac-
tose is the same as that obtained by a similar procedure from methyl D-ga-
lactopyranoside, it must be 2,3,4,6-tetra-O-methyl-D-galactose. The 
tri-O-methyl-D-glucose is identical with that from maltose and is 2,3,6-tri-
O-methyl-D-glucose. Since the open-chain lactobionic acid after methylation 
and hydrolysis gives tetra-0-methyl-D-glucono-l,4-lactone, the disaccha-
ride linkage must be connected to carbon 4 of the D-glucose moiety {65) 
(see under Maltose). The principal evidence for the configuration of the 
glycosidic linkage rests on the known specificity of the galactosidases of 
almond emulsin. The sugar is hydrolyzed by both crude and purified al-
mond emulsin,, and the relative rate of hydrolysis by the two emulsins is 
proportional to the ß-D-galactosidase and not to the a-D-galactosidase con-
tent. As the enzyme studies indicate the existence of a D-galactosidic linkage, 
lactose may be described as 4-O-0-D-galactopyranosyl-D-glucose. Additional 
support is given by the synthesis of lactose by a method ordinarily giving 
ß-D-galactosides. 

Synthesis. The synthesis of lactose by the condensation of D-glucose and 
D-galactose at high temperatures in the presence of acetic anhydride or 
zinc chloride has been reported {66). Fischer and Armstrong {67) obtained 
a D-galactosyl-D-glucose by the reaction of tetra-O-acetyl-D-galactosyl chlo-
ride, sodium ethoxide, and an aqueous solution of D-glucose. They obtained 

62. See F. P. Nabenhauer, Ind. Eng. Chem. 22, 54 (1930). 
68. C. S. Hudson, J. Am. Chem. Soc. 30, 1767 (1908); J. Gillis, Rec. trav. chim. 

39, 88, 677 (1920); R. W. Bell, Ind. Eng. Chem. 22, 51 (1930); W. E. Stringer, Food 
Inds. 11, 72, 262 (1939); P. F. Sharp and D. B. Hand, U. S. Patent 2,182,618 (Dec. 
5, 1940). 

64. E. Fischer and J. Meyer, Ber. 22, 361 (1889). 
65. W. N. Haworth and C. W. Long, J. Chem. Soc. p. 544 (1927). 
66. E. Demole, Ber. 12, 1935 (1879); Berthelot, Bull. soc. chim. France [2] 34, 82 

(1880); A. Pictet and H. Vogel, Helv. Chim. Ada 11, 209 (1928). 
67. E. Fischer and E. F. Armstrong, Ber. 35, 3144 (1902). 
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an osazone which they considered to be melibiose osazone. The properties 
of the osazone have since made it probable that the product is lactose (68). 
A synthesis of more importance in providing information on the structure 
of lactose involves as the first step the reaction of tetra-O-acetyl-D-galac-
tosyl bromide and 2,3-0-isopropylidene-l,6-anhydro-iö-D-mannopyranose 
in an organic solvent and in the presence of silver carbonate (Koenigs-Knorr 
reaction) (69). Since the only unsubstituted hydroxyl is at carbon 4 of the 
anhydromannose, the condensation must take place at this point. After 
removal of the isopropylidene (acetone) group, the product is acetylated, 
and the anhydro ring is opened by the action of sulfuric acid in glacial acetic 
acid and acetic anhydride. The resulting substance is a disaccharide octa-
acetate epimeric with lactose and, hence, called epilactose. This substance 
is then converted to lactose through the glycal synthesis by oxidation of 
lactal with perbenzoic acid. In all probability, the initial condensation pro-
duces a ß-D-galactosidic linkage since tetra-O-acetyl-D-galactosyl bromide 
condenses with alcohols with the formation of ß-D-galactosides. The se-
quence is as follows: 
2,3-O-Isopropylidene-l, 6-anhydro-j8-D-mannopyranose + tetra-O-acetyl-D-galac-
tosyl bromide ——-—> 4-0-(tetra-0-acetyl-j8-D-galactosyl)-2,3-0-isopropylidene-
1,6-anhydro-j8-D-mannopyranose —> 4-0-(tetra-O-acetyl-0-D-galactosyl) -1,6-
anhydro-jS-D-mannopyranose - > 4-0- (tetra-O-acetyl-jff-D-galactosyl)-di-O-ac-

etyl-1,6-anhydro-j8-D-mannopyranose — Q _ . Q > 4-O-(tetra-O-acetyl-0-D-ga-
Τχ·ρΓ 

lactosyl)-tetra-0-acetyl-D-mannose —gg-r—> 4-O-(tetra-O-acetyl-0-D -galactosyl)-
Zn perbenzoic 

tri-O-acetyl-D-mannosyl bromide —r^rr—> hexa-O-acetyllactal — > hexa-
QTT— 

O-acetyllactose > lactose 

General Discussion. (See also Chapter XIV.) Enzymic syntheses of lac-
tose from D-glucose have also been carried out (70). Mammary tissue and 
other tissues not only catalyze the condensation of two molecules of hexose 
but also the transformation of D-glucose to D-galactose. 

Homogenates and a lyophilized protein fraction have been obtained from 
mammary gland, both of which synthesize an appreciable amount of lactose 
from glycogen and a-D-glucose 1-phosphate, whereas free D-glucose is not 
converted (71). Mammary tissue from lactating cows contains the following 
enzymes: phosphoglucomutase, uridyl transf erase, galactowaldenase, and 

68. H. H. Schlubach and W. Rauchenberger, Ber. 59, 2102 (1926). 
69. W. T. Haskins, R. M. Hann, and C. S. Hudson, J. Am. Chem. Soc. 64, 1852 

(1942). 
70. G. A. Grant, Biochem. J. 30, 2027 (1936); W. E. Petersen and J. C. Shaw, Sci-

ence 86, 398 (1937); D. Michlin and M. Lewitow, Biochem. Z. 271, 448 (1934). 
71. G. W. Kittinger and F. J. Reithel, J. Biol. Chem. 205, 527 (1953) ; F. J. Reithel, 

M. G. Horwitz, H. M. Davidson, and G. W. Kittinger, ibid. 194, 839 (1952). 
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a galactosyl transferase. The latter enzyme catalyzes the transfer of the 
galactosyl group from uridine diphosphate D-galactose to a-D-glucose 
1-phosphate, forming lactose 1-phosphate {72). There is evidence indicat-
ing that D-glucose is transformed to D-galactose by the enzyme galacto-
waldenase present in the mammary gland by the reaction (72a): uridine 
diphosphate D-glucose ;=± uridine diphosphate D-galactose. I t is possible 
that the mammary gland contains a phosphorylase which splits the phos-
phate from lactose 1-phosphate, thus giving rise to free lactose. (See Chap-
ter XIII.) 

The tolerance of normal humans for the oral administration of lactose 
is considerable. Urinary excretion takes place mainly after hydrolysis to 
D-glucose and D-galactose. When the sugar is injected intravenously into 
rabbits, it is excreted unchanged (73). Rats are unable to survive on a diet 
in which lactose is the sole source of carbohydrate; they develop diarrhea 
and alopecia and finally die (74). (For more discussion, see Chapter XIV.) 

The conditions for the maximum conversion of lactose to hexose sugars 
have been studied by Ramsdell and Webb (75). Using 0.007 M HCl as the 
hydrolyzing agent and a temperature of 147°, 30 % solutions of lactose are 
converted to hexose sugars to the extent of 93 % of the theory in less than 
65 minutes. A mixture of equal parts of D-glucose and D-galactose is soluble 
in water to the extent of 42 % at 25°. 

Maltose 

Synonyms. 4-O-a-D-Glucopyranosyl-D-glucose, malt sugar. 
Properties. Obtained as a monohydrate of the ß-isomer: m.p. 102-103°C; 

[a]l° +111.7° —> +130.4° (c, 4; water). Fermentable by yeasts in the pres-
ence of D-glucose (75a). Reducing. 

Identification. Phenylosazone, ß-naphthylhydrazone. 
Occurrence. Maltose occasionally has been recorded as present in intact 

72. R. Caputto and R. E. Trucco, Nature 168, 1061 (1952). 
72a. J. E. Gander, W. E. Petersen, and P. D. Boyer, Arch. Biochem. and Biophys. 

60, 260 (1956). 
78. L. B. Winter, J. Physiol. (London) 71, 341 (1931). 
74. B. H. Ershoff and H. J. Deuel, Jr., J. Nutrition 28, 225 (1944). 
75. G. A. Ramsdell and B. H. Webb, J. Dairy Sei. 28, 677 (1945). 
75a. See: M. G. Blair and W. Pigman, Arch. Biochem. and Biophys. 48, 17 (1954). 
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plants. However, since it is a product of the enzymic hydrolysis of starch 
and since both amylases and starch are found in the same plants, it may be 
a secondary product formed during the extraction process. 

Preparation (76). Soluble starch, made from commercial starch by a mild 
treatment with acid, is hydrolyzed by the enzymes of barley flour to a mix-
ture of maltose and dextrins (see under Maltotriose). These are separated 
by .fractional precipitation with alcohol, and the crude maltose is recrystal-
lized from aqueous alcohol. Commercial maltose contains considerable 
quantities of dextrins which are removed by fractional precipitation of an 
aqueous solution with alcohol. 

Structure. The methylation of maltose leads to a methyl hepta-O-methyl-
maltoside which by acid hydrolysis is converted to 2,3,4,6-tetra-0-methyl-
D-glucose and a tri-O-methyl-D-glucose (77). The tri-O-methyl-D-glucose 
does not form an osazone (methoxyl at carbon 2), and on methylation gives 
the well-known methyl 2,3,4,6-tetra-O-methyl-D-glucopyranoside. Of the 
many possible tri-O-methyl-D-glucoses, only three conform to these speci-
fications. These are the 2,3,4-, the 2,3,6-, and the 2,4,6-tri-O-methyl-D-
glucoses. The synthetic 2,3,4-tri-O-methyl-D-glucose differs from the prod-
uct of the hydrolysis of the methylated maltose; its structure is determined 
through its synthesis by the methylation of 6-O-trityl-D-glucose and by 
its oxidation to tri-O-methylxylaric acid. Since the tri-O-methyl-D-glucose 
from the methylated maltose is oxidized by nitric acid to di-O-methyl-L-
threaric acid, it must be the 2,3,6-tri-O-methyl-D-glucose. In agreement 
with this conclusion, the third possible isomer, 2,4,6-tri-O-methyl-D-glu-
cose, which has been synthesized, gives neither of these dibasic acids when 
oxidized. 

The identification of the tri-O-methyl-D-glucose from maltose as the 
2,3,6-tri-O-methyl-D-glucose still leaves two possibilities for the structure 
of maltose, since the disaccharide bridge may be connected to carbon 4 or 
carbon 5. The position of the linkage is shown by the bromine oxidation of 
maltose to maltobionic acid which on methylation and hydrolysis yields, 
in addition to tetra-O-methyl-D-glucose, a tetra-O-methyl-D-gluconic acid. 
Inasmuch as this acid forms a lactone identical with methylated D-glucono-
1,4-lactone, it must be 2,3,5,6-tetra-O-methyl-D-gluconic acid; the 
unsubstituted hydroxyl at carbon 4 represents the position of the disac-
charide linkage (78). 

The above evidence proves (79) that maltose consists of two D-glucose 

76. T. S. Harding, Sugar 25, 350 (1923); H. C. Gore, U. S. Patent, 1,657,079 (Jan. 
24, 1928). 

77. W. N. Haworth, J. V. Loach, and C. W. Long, J. Chem. Soc. p. 3146 (1927). 
78. W. N. Haworth and S. Peat, J. Chem. Soc. p. 3094 (1926). 
79. W. N. Haworth, C. W. Long, and J. H. G. Plant, J. Chem. Soc. p. 2809 (1927). 
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residues connected between carbons 1 and 4 by an oxygen bridge, but the 
configuration of the glucosidic linkage remains to be determined. This deter-
mination is necessary particularly because another important disaccharide, 
cellobiose, gives exactly the same final products as outlined above for malt-
ose. The best proof of the configurations of the glucosidic carbon of these 
two disaccharides is obtained from studies of the enzymic hydrolysis. Malt-
ose is hydrolyzed by the same yeast enzyme (a-D-glucosidase) as that which 
hydrolyzes methyl α-D-glucoside. The 0-D-glucosidase of almond emulsin 
produces no significant cleavage. Cellobiose, however, is hydrolyzed by the 
same enzyme (ß-D-glucosidase) as that acting on 0-D-glucosides. From this 
evidence, maltose is given the formula of 4-O-a-D-glucopyranosyl-D-glucose 
and cellobiose the formula 4-0-0-D-glucopyranosyl-D-glucose. These formu-
las are confirmed by the high dextrorotation of maltose and the small rota-
tion of cellobiose. As a rule, the α-D-glucosides are strongly dextrorotatory 
and the 0-D-glucosides levorotatory. (Chapter I.) 

Melibiose 

CH2OH OH H 

H OH OH 

Synonyms. 6-O-a-D-Galactopyranosyl-D-glucose. 
Properties. Crystallizes as the dihydrate of the ß-isomer; m.p. 82-85°C; 

[a]l°+111.7° -> +129.5° (c, 4; water). Fermentable by bottom yeasts but 
not by most top yeasts. Reducing. 

Identification. Phenylhydrazone and osazone; octaacetate. Oxidation of 
hydrolysis products to give mucic acid. 

Occurrence. The sugar occurs mainly as a constituent of the trisaccharide 
raffinose, although it has been found free in plant exudates from ash and 
mallow (Malvus sp.). 

Preparation. Hydrolysis of raffinose by invertase yields melibiose (80) 
and D-fructose. By the use of bakers' yeast (top yeast), hydrolysis and si-
multaneous removal of the D-fructose by fermentation takes place. The 
sirup crystallizes directly or after purification through the octaacetate. 

Structure. Hydrolysis of methylated melibionic acid gives 2,3,4,5-tetra-
O-methyl-D-gluconic acid (identified by failure to form a lactone, and by 
nitric acid oxidation to tetra-O-methyl-D-glucaric acid) and 2,3,4,6-tetra-
O-methyl-D-galactose (identical with the product obtained by hydrolysis of 

80. C. S. Hudson and T. S. Harding, J. Am. Chem. Soc. 37, 2734 (1915); H. G. 
Fletcher, Jr., and H. W. Diehl, / . Am. Chem. Soc. 74, 5774 (1952). 
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methyl 2,3,4,6-tetra-O-methyl-D-galactopyranoside). Thus, the disaccha-
ride linkage must connect carbon 1 of D-galactose and carbon 6 of the D-glu-
cose residue (81). The «-configuration of the linkage is indicated by the 
susceptibility of melibiose to hydrolysis by yeast melibiase, an a-D-galac-
tosidase. The anomeric configuration is confirmed by synthesis, as well as 
by rotatory changes during hydrolysis. 

Synthesis. The condensation of 2,3,4,6-tetra-O-acetyl-D-galactopyrano-
syl bromide with 1,2,3,4-tetra-O-acetyl-D-glucopyranose in the presence 
of silver carbonate gives a disaccharide octaacetate which is different from 
the melibiose octaacetates (82). This compound probably has a ß-galaeto-
sidic linkage, the customary result of the Koenigs-Knorr reaction as applied 
here. The use of quinoline as the acid acceptor favors the formation of the 
a-galactosidic linkage, and, when silver carbonate is replaced by quinoline 
in this disaccharide synthesis, melibiose octaacetate is formed (88). This 
synthetic melibiose octaacetate probably has the «-configuration since it 
differs from the product of the Koenigs-Knorr synthesis. 

Planteobiose 

Synonyms. Melibiulose, 6-O-a-D-galactopyranosyl-D-fructose. 
Properties. Amorphous; [«]D+125° (c, 1.8; water). Reducing. 
Occurrence. The disaccharide is a unit in the structure of planteose, and 

may be prepared from the latter by partial acid hydrolysis. 
Synthesis. Planteobiose is synthesized from melibiose by alkaline isomeri-

zation (84) and by the action of Acetobacter suboxydans on epimelibiitol (85). 
Structure. Reduction of the ketone group in planteobiose gives a mixture 

of melibiitol (6-O-a-D-galactopyranosyl-D-glucitol) and epimelibiitol 
( 1 -Ο-α-D-galactopyranosyl-D-mannitol). 

Sucrose 

Synonyms. Saccharose, " sugar," cane sugar, beet sugar, «-D-glucopyrano-
syl ß-D-fructofuranoside, ß-D-fructofuranosyl α-D-glucopyranoside. 

81. W. N. Haworth, J. V. Loach, and C. W. Long, / . Chem. Soc. p. 3146 (1927). 
82. B. Helferich and H. Rauch, Ber. 59, 2655 (1926). 
88. B. Helferich and H. Bredereck, Ann. 465, 166 (1928). 
84. R. J. Suhadolnik, M. S. Thesis, Iowa State College, 1953. 
85. R. J. Suhadolnik, D. French, and L. A. Underkofler, Science 117, 100 (1953). 
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H 

ÇH2OH 
0 . H HOCH-

CH20H 

OH H 

Properties. [a]f +66.53 (c, 26; water); m.p. 160-186°C., depending on 
the medium used for purification (86). Nonreducing. Fermentable by yeasts. 

Identification. Hexaacetate; diazouracil test (positive for sucrose or su-
crose-containing oligosaccharides, i.e., raffinose, gentianose, and stachy-
ose) (87). A sensitive specific method is based on the serological identifica-
tion of a dextran produced by a sucrose-specific dextransucrase (88). 

Occurrence. The sugar occurs almost universally throughout the plant 
kingdom in the juices, seeds, leaves, fruits, flowers, and roots of plants. Su-
crose was reported in all of the 281 species of phanerogams studied by Bour-
quelot and his associates (89). Honey consists principally of sucrose and 
its hydrolysis products glucose and fructose (invert sugar). The principal 
sources of commercial interest are sugar cane, sugar beets, and the sap of 
maple trees. (See also p. 5,6.) 

Manufacture. Cane Sugar. Sugar cane (Saccarum officinarum L.) is a spe-
cies of the family of grasses having a single stalk and often reaching a height 
of 18 feet. During harvesting, the cane is cut close to the ground and topped. 
In order to prevent losses due to the hydrolysis (inversion) of the sucrose, 
the stalks are processed as rapidly as possible. This is accomplished by first 
passing them through cutting machines and then through roll crushers 
which force out the juice. The pressed cane fiber (called bagasse) may be 
extracted with water and passed a second time through the rollers. The 
bagasse may be used as a fuel or for the preparation of paper products. 

Although the juice varies considerably in composition, the following anal-
ysis may be taken as being representative: 

Water 83.0% 
Sucrose 15.0% 
Reducing sugars 1.0% 
Other organic material 0.5% 
Ash 0.5% 

The juice, originally acidic, is made slightly alkaline by the addition of 
lime, which acts to prevent hydrolysis of the acid-sensitive sucrose and 

86. See: A. Pictet and H. Vogel, Helv. Chim. Ada 11, 901 (1928). 
87. H. W. Raybin, J. Am. Chem. Soc. 59,1402 (1937) : D. French, G. M. Wild, B. Young, 

and W. J. James, ibid. 75, 709 (1953). See also p. 525 and 526. 
88. J. Y. Sugg and E. J. Hehre, J. Immunol. 43, 119 (1942). 
89. Quoted by C. Béguin, Pharm. Ada Helv. 1, 90 (1926). 
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which also removes many impurities. This purification by the use of lime, 
called defecation, is the principal purification process in the preparation of 
the raw sugar. AVhen the alkaline juice is heated, a heavy scum or cake 
which forms on the surface contains many of the impurities while still 
others settle out on the bottom. After separation of the impurities, clear 
juice is drawn into evaporating pans. 

Subsequent to a preliminary evaporation of the purified juice in vacuum 
pans to a solution of about 50 % solids, the sirup is transferred to vacuum 
pans in which the rate of evaporation and the temperature maybe accurately 
controlled. The evaporation is continued until crystals appear, and then 
fresh sirup is added at a rate such that the original crystals grow without 
the formation of new crystal nuclei (false grain). When the desired growth 
has been obtained, the mass of crystals and sirup, called the massecuite, is 
dropped into centrifuges; the mother liquor is separated, and the crystals 
are washed with clear juice and finally removed. These crystals constitute 
the "raw sugar" of commerce and are the raw material for the refinery. 
Successive crops of crystals of decreasing purity are taken from the mother 
liquors until no more may be economically obtained. The final mother liquor 
(named "blackstrap") is a dark-colored viscous liquid which is sold as cattle 
food and which is also extensively employed as the source of carbohydrates 
in the preparation of industrial alcohol and rum since it still contains much 
fermentable sugar (89a). 

The "raw sugar," as shipped to the refineries, is usually a brown, fairly 
coarse, crystalline product polarizing about 97°S. The principal task of the 
refinery is to remove the color and nonsugar impurities so as to obtain a 
high-quality white granulated sugar which is nonhygroscopic and is a smooth-
pouring product. As a first step, the raw sugar is mixed with afïination sirup 
and washed in centrifugals to remove the major amount of color and other 
impurities. The washed raw sugar, of about 99.5 purity, is then dissolved, 
and the resulting liquor clarified to remove the insoluble impurities. This 
may be accomplished by mechanical nitration, using diatomaceous earth 
as a filter medium, or by means of frothing-type clarifiers. In the latter case, 
a small amount of lime and phosphoric acid is added to precipitate and floc-
culate the impurities, which are then skimmed off the top of the solution. 
Following clarification, the washed raw sugar liquor is purified and decol-
orized by passage through columns of animal bone charcoal (bone black). 
This removes the soluble impurities, i.e., most of the organic coloring matter, 
and a portion of the inorganic mineral ash and organic nonsugar impurities. 
In some cases, decolorizing carbons may be used to remove color and ion-
exchangers to remove mineral matter. The clarified, decolorized sugar liquor 
is crystallized in vacuum pans as described for raw sugar. The resulting 

89a. See M. G. Blair ana . Pigman, Arch. Biochem. and Biophys. 42, 278 (1953). 
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mixture of crystals and mother liquor is directed from the vacuum pans to 
centrifugals for separation of the sirup and final washing of the crystals. 
The wet white sugar is then dried and screened to predetermined particle 
sizes for various uses. Several crops of white crystals may be obtained from 
the original granulated liquors and sirups. Crystallization of highly refined 
lower-purity products results in the soft brown sugars of commerce. Other 
products are manufactured, such as powdered sugar, pressed and loaf sug-
ars, liquid sugars, invert sirups, and various specialty products (90). 

Beet Sugar. In other than tropical and subtropical countries, the sugar 
beet (Beta vulgaris) is the principal source of sucrose. After harvesting, the 
beets are taken to the mill, washed, and cut into slices called "cosettes." 
The cosettes are delivered from a central spout into a series of diffusion 
vessels. Here they are extracted with hot water utilizing the countercurrent 
principle. Fresh water passes first into the diffuser having the most 
exhausted charge; the solution then goes through the diffusion vessels in 
order of increasing sugar content and finally passes through the fresh charge 
of cosettes. The dark diffusion juice containing about 12% of sucrose is 
agitated with lime for several hours. Carbon dioxide is passed into the solu-
tion, and the precipitate, which contains most of the impurities, is separated 
by filtration. The light-yellow filtrate is decolorized by a treatment with 
sulfur dioxide, and after a final filtration is concentrated in multiple-effect 
vacuum pans. The crystals are developed during the evaporation in the 
same manner as for the cane sugar and are then separated from the mother 
liquors by centrifugation and finally dried. The evaporation and crystal-
lization are carried out repeatedly with the mother liquors as long as enough 
sugar is obtained to make the process economical. 

Additional quantities of sucrose may be obtained from the molasses by 
diluting it to a concentration of about 7 % sugar, cooling to 12°, and adding 
lime (Steffen process). A difficultly soluble compound of sucrose with three 
moles of lime, tricalcium saccharate, crystallizes. The tricalcium saccharate, 
after separation from the final molasses, serves in the place of lime for the 
purification of the warm diffusion juice. Some beet sugar factories recover 
additional sugar from the molasses by a treatment with barium hydroxide, 
which forms the difficultly soluble barium saccharate. This saccharate is 
decomposed with carbon dioxide, and the insoluble barium carbonate is 
separated from the sucrose. The barium carbonate is reclaimed and recon-
verted to barium hydroxide. The final molasses is usually sold for cattle 
food or for industrial fermentations particularly when mixed with " black-
strap" molasses. 

The sugar may be purified by recrystallization from aqueous or aqueous 
alcohol solutions (91). 

90. Information supplied by T. R. Gillett. 
91. F. J. Bates and Associates, Nail. Bur. Standards Cire. C440 (1942). 
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Structure (91a). The sugar is hydrolyzed by acids and by enzymes to a 
mixture of equal amounts of D-fructose and D-glucose. The process is called 
inversion since the optical rotation changes from dextro to levo because of 
the high levorotation of the D-fructose. The mixture formed is called invert 
sugar. Octa-O-methylsucrose, obtained by the methylation of sucrose, does 
not undergo inversion of rotation on hydrolysis, and two dextrorotatory 
tetra-O-methylhexoses are obtained. The tetra-O-methyl-D-glucose is the 
well-known 2,3,4,6-tetra-O-methyl-D-glucose. The structure of the D-fruc-
tose derivative is shown by the following evidence. (For the structure of 
tetra-O-methyl-D-fructopyranose, see p. 214.) Oxidation with nitric acid 
gives a liquid tri-O-methyl-2-keto-D-gluconic acid, which in turn is oxidized 
by acid permanganate to a crystalline tri-0-methyl-D-arabono-l,4-lactone. 
This lactone is identical, except for the sign of the-rotation, with the product 
obtained by the oxidation of tri-O-methyl-L-arabinose. Inasmuch as the 
tri-O-methyl-D-arabonic lactone from sucrose yields di-O-methyl-D-threaric 
acid (I) on further treatment with nitric acid, it must have the methyl 

H OCH? 

I I 
HOOC—C C COOH (I) 

I I 
OCH3 H 

groups at positions 2, 3, and 5; hence, the original methylated D-fructose 
from sucrose is the 1,3,4,6-tetra-O-methyl-D-fructofuranose. If the proba-
ble assumption is made that the sucrose has ring structures for the com-
ponent sugars, then the connection between the hexose units must be be-
tween the anomeric carbons, and sucrose has the formula given above (92). 

The above structure is confirmed by the results obtained by periodic acid 
oxidation (93). Sucrose consumes three moles of periodic acid, and one mole 
of formic acid is formed. (See earlier discussion in this chapter.) After bro-
mine oxidation of the tetraaldehyde and subsequent hydrolysis, hydroxy-
pyruvic, D-glyceric, and glyoxylic acids are obtained. (For a discussion of 
this method see p. 215.) 

The configuration of the glycosidic linkages of sucrose is a- for the D-glu-
cose component and ß- for the D-fructose component. The hydrolysis of 
sucrose by yeast a-D-glucosidase and not by the ß-D-glucosidase of almond 
emulsin supports the a-D-glucoside configuration. Similarly, the hydrolysis 
of the sugar by yeast invertase, an enzyme which hydrolyzes ß- but not 

91a. I. Levi and C. B. Purves, Advances in Carbohydrate Chem. 4, 1 (1949). 
92. J. Avery, W. N. Haworth, and E. L. Hirst, J. Chem. Soc. p. 2308 (1927) ; W. N. 

Haworth, E. L. Hirst, and A. Learner, ibid. p. 2432 (1927). 
98. P. Fleury and J. Courtois, Bull. soc. chim. France [5] 10,245 (1943) ; Compt. rend. 

216, 65 (1943). 
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α-D-fructofuranosides, supplies evidence (94) for the ß-D-fructofuranoside 
configuration. Comparisons made by use of the isorotation rules agree with 
the above evidence because only the «^-configuration gives agreement 
between the calculated and observed rotations for sucrose and sucrose octa-
acetate (95). 

Synthesis. In 1928, Pictet and Vogel (96) claimed to have accomplished 
the synthesis of sucrose by coupling tetra-O-acetyl-D-fructofuranose with 
tetra-O-acetyl-D-glucopyranose in the presence of a dehydrating agent. 
However, Zemplén and Gerecs (97) were not successful in achieving this 
synthesis by Pictet and VogePs method. In attempting to condense the 
two acetylated monosaccharides, Irvine and co-workers (95, 98) were un-
able to obtain sucrose octaacetate but did produce a disaccharide derivative 
with a different glycosidic linkage, the so-called isosucrose octaacetate. The 
acetylated derivative had a different melting point and specific rotation 
from those of sucrose octaacetate. 

It was not until a quarter of a century later that an authentic chemical 
synthesis was accomplished by Lemieux and Huber (23). They synthesized 
sucrose by reacting 3,4,6-tri-O-acetyl-l, 2-anhydro-a-D-glucopyranose 
with 1,3,4,6-tetra-O-acetyl-D-fructofuranose in a sealed tube at 100° for 
104 hours. Chromatographie separation of the products of the synthesis 
gave a 5.5% yield of sucrose octaacetate. Lemieux also synthesized octa-
acetyl-ß-D-maltose (99) by treatment of the same anhydride with 1,2,3,6-
tetra-O-acetyl-0-D-glucose at 120° for 13 hours. 

The in vitro enzymatic synthesis of sucrose was accomplished by Hassid, 
Doudoroff, and Barker (100). They found that a bacterial preparation from 
Pseudomonas saccharophila contains a phosphorylase capable of catalyzing 
the reversible reaction: 

Sucrose + inorganic phosphate ^ a-D-glucose 1-phosphate + D-fructose 
Using a-D-glucose 1-phosphate and D-fructose, they prepared sucrose, which 
was isolated in crystalline form. (See Enzymic synthesis of oligosaccharides, 
p. 520). 

Synonyms. a-D-Glucopyranosyl a-D-glucopyranose, "mycoside," mush-
room sugar. 

94. H. H. Schlubach and G. Rauchalles, Ber. 58,1842 (1925) ; C. B. Purves and C. S. 
Hudson, ibid. 59,49 (1937). 

95. F. Klages and R. Niemann, Ann. 529, 185 (1937); M. L. Wolfrom and F. 
Shafizadeh, J. Org. Chem. 21, 88 (1956). 

96. A. Pictet and H. Vogel, Helv. Chim. Ada 11, 436 (1928); Ber. 62, 1418 (1929). 
97. G. Zemplén and A. Gerecs, Ber. 62, 984 (1929). 
98. J. C. Irvine, J. W. H. Oldham, and A. F. Skinner, J. Am. Chem. Soc. 51, 1279 

(1929); J. C. Irvine and J. W. H. Oldham, ibid. 51, 3609 (1929). 
99. R. U. Lemieux, Can. J. Chem. 31, 949 (1953). 
100. W. Z. Hassid, M. Doudoroff, and H. A. Barker, J. Am. Chem. Soc. 66, 1416 

(1944). 
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α,α-Trehalose 

H 

κλ—0_l\ HOH2Ç 
Ό -

Η 

Ί20 Properties of Dihydrate. Nonreducing; m.p. 97°C; [off + 178.3° (c, 7; 
water). Fermentable by most yeasts. 

Identification. Hexaacetate. 
Occurrence (101). The sugar was originally separated from rye ergot and 

is a common constituent of fungi. I t is found in young mushrooms, but as 
the plants develop the trehalose content is replaced by mannitol, and in 
aged or dried mushrooms the sugar is completely replaced by mannitol 
(102). Trehala manna, a source of trehalose, is not a true manna (plant 
secretion) but consists of an oval shell about the size of an olive formed by 
certain insects found in Syria. Probably the best source of the sugar is the 
"resurrection plant," Selaginella lepidophylla, a common plant of the 
southwestern United States, which contains free trehalose. As some workers 
have not been able to obtain the sugar from this source, it is probable 
that the harvesting time must be carefully controlled. Seaweeds are also 
reported to contain considerable quantities of the disaccharide. 

Preparation (103). The sugar is extracted from trehala manna by the 
action of boiling 75 % alcohol. After concentration, the extracts are purified 
by treatment with basic lead acetate and the excess lead removed with 
hydrogen sulfide. The filtered solution, after concentration, deposits crys-
tals of trehalose. Essentially the same process is employed in obtaining the 
sugar from coarsely ground Selaginella, but the extraction may be carried 
out with water rather than alcohol. Yeast may be a better source (108a). 

Hungarian ergot may be used as a source (104) · The benzene-extracted 
ergot is treated with alcohol. The extracts are purified with activated 
carbon and evaporated; crystalline material is obtained by diluting the 
residue with aqueous alcohol and allowing the solution to crystallize. 

Structure. Methylation and hydrolysis of trehalose produce two moles 
of 2,3,4,6-tetra-O-methyl-D-glucopyranose (10δ). The sugar consumes 

101. H. A. L.^Wiggers, Ann. 1, 174 (1832). 
102. E. Bourquelot, Compt. rend. I l l , 578 (1890). 
108. T. S. Harding, Sugar 25, 476 (1923). 
108a. L. C. Stewart, N. K. Richtmyer, and C. S. Hudson, J. Am. Chem. Soc. 72, 2059 

(1950). 
104. G. Zemplén, Chem. Abstr. 31, 6204 (1937). 
105. H. Schlubach and K. Maurer, Ber. 58, 1179 (1925); (the 2,3,5,6-tetramethyl-
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four moles of periodic acid, and two moles of formic acid are formed. Hence, 
the disaccharide must have a pyranose structure for each glucose com-
ponent and have a glycosidic linkage connecting the two anomeric carbons. 
Consideration of the optical rotatory relationships indicates that both 
anomeric carbons have the «-configuration. 

Synthesis. The synthesis of trehalose has been accomplished by heating a 
mixture of the anomers of 2,3,4,6-tetra-O-acetyl-D-glucose and 3,4,6-tri-
0-aqetyl-l,2-anhydro-D-glucose at 100°. Chromatographie separation of 
the deacetylated products gives α,α-trehalose, as well as α,β-trehalose 
{106). Earlier attempts at the synthesis had given both the α,β-isomer 
and the 0,0-isomer (107). 

Turanose (708) 

Synonyms. 3-O-a-D-Glucopyranosyl-D-fructose. 
Properties. M.p. 157°C.;H£0 +27.3° -» +75.8° (c, 4; water). Not fer-

mented by yeasts. Reducing. 
Identification. Phenylosazone. 
Occurrence. The trisaccharide melezitose yields on partial hydrolysis 

turanose and D-glucose. 
Preparation (109). Melezitose is partially hydrolyzed by dilute sulfuric 

acid with the liberation of D-glucose and turanose. The D-glucose is removed 
by fermentation and the turanose crystallized directly. 

Structure. As shown by G. Tanret, the sugar is hydrolyzed to D-fructose 
and D-glucose by yeast α-D-glucosidase and, hence, must be an a-D-glucoside. 
This conclusion receives confirmation from the lack of hydrolysis of the 
disaccharide by almond emulsin (110). The above evidence and the re-
sistance of the sugar to oxidation by alkaline hypoiodite solutions, coupled 
with its reduction of alkaline copper salt solutions, show that the un-
substituted hemiacetal group belongs to the fructose component. The 
mutarotation of turanose resembles that of fructose and probably is caused 

D-glucose of S. and M. is the compound now known as 2,3,4,6-tetra-O-methyl-D-
glucose). 

106. R. U. Lemieux and H. F. Bauer, Can. J. Chem. 32, 340 (1954). 
107. W. N. Haworth and W. J. Hickinbottom, J. Chem. Soc. p. 2847 (1931). 
108. C. S. Hudson, Advances in Carbohydrate Chem. 2, 1 (1946). 
109. C. S. Hudson and E. Pacsu, J. Am. Chem. Soc. 52, 2522 (1930). 
110. M. Bridel and T. Aagaard, Compt. rend. 184, 1667 (1927); T. Aagaard, Chem. 

Abstr. 24, 1089 (1930). 
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by an interconversion between pyranose and furanose isomers rather than 
between α,β-isomers (111). Hence, the hydroxyls of carbons 5 and 6 of the 
fructose component must be unsubstituted. The formation of an osazone 
proves that free hydroxyls are present at both carbons 1 and 2 of the D-
fructose moiety (111, 112). This evidence eliminates all positions except 
carbons 3 and 4 for the disaccharide linkage. If the linkage involved carbon 
4 of the D-fructose residue, the turanose would yield the same osazone as 
maltose, but actually the two osazones are quite different (111). Hence, 
the two monosaccharides must be connected by an oxygen bridge between 
carbon 3 of the D-fructose and carbon 1 of the D-glucose component. It 
is, then, 3-O-a-D-glucopyranosyl-D-fructose. This structure is confirmed by 
the ease of hydrolysis of the sugar by alkalies (118) and by the formation 
of tri-O-tritylturanose (114)-

HCOH 

I 

HCOH 

HOCH 

HCOG 

HC 

O 
glycal 

» 
synthesis 

H2COH 

Maltose 

(G = a-D-glucosyl 
group) 

HCOH 

I 
HOCH 
HOCH 

I 
HCOG 

I 
HC 

O 

H2COH 

Epimaltose 

H2COH 

CO 

I 

GOCH 

HCOH 

I 
HCOH 

I 
H2COH 

Turanose 

Pt 

H2COH 
I 

H HOCH H\ 1 
HOCH 

I 
HCOG 

HCOH 

I 
H2COH 

4-O-a-D-Glucosyl-
D-mannitol 

H2 

Pt 

H2COH 
I 

HOCH 
I 

GOCH 

HCOH 

HCOH 
I 

H2COH 

3-O-a-D-Glucosyl-
D-mannitol 

(These two 
products are 

identical) 

111. H. S. Isbell and W. W. Pigman, J. ResearchNatl. Bur. Standards 20,773 (1938). 
112. E. Pacsu, E. J. Wilson, Jr., and L. Graf, J. Am. Chem. Soc. 61, 2675 (1939). 
113. H. S. Isbell, / . Research Natl. Bur. Standards 26, 35 (1941). 
114. E. Pacsu, J. Am. Chem. Soc. 53, 3099 (1931). 
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By an ingenious application of stereochemical principles, the structure 
of turanose has been related to that of maltose, and a direct proof of its 
structure has been obtained (115). The proof involves the conversion of 
maltose to epimaltose by means of the glycal synthesis (see p. 127), and the 
reduction of the epimaltose to the same product (3- or 4-O-a-D-glucosyl-
D-mannitol) as that obtained by the reduction of turanose. The symmetry 
of mannitol is such that substitutions at the 3- and 4-positions of mannitol 
are equivalent substitutions. An outline of the important steps in the syn-
thesis are given in the formulas on the previous page. 

B. MISCELLANEOUS DISACCHARIDES 

3-0-ß-L-Arabopyranosyl-ij-arabinose.{a]O +220° (water); reducing; phen-
ylosazone, m.p. 235°C; obtained by graded hydrolysis of larch e-
galactan (116) and peach gum. The high positive rotation indicates that 
both L-arabinose units probably exist in the pyranose form. Hydrolysis of 
the hexa-O-methyl derivative gives 2,3,4-tri-O-methyl-L-arabinose and 
2,4-di-O-methyl-L-arabinose (117). 

6-O-a-h-Arabinosyl-D-glucose (vicianose). M.p. 210°C; [α]Ό +40° (water); 
obtained from a glycoside isolated from the seeds of Vicia angustifolia (118). 
Hepta-O-acetylvicianose is obtained by condensing 2,3,4-tri-O-acetyl-0-
L-arabinosyl bromide with 1,2,3,4-tetra-O-acetyl-D-glucose. 

S-O-a-O-Galactopyranosyl-ij-arabinose. Amorphous, [α]Ό +152° (water); 
phenylosazone, m.p. 240°C; obtained by partial hydrolysis of Acacia 
cyanophylla gum (119). Hydrolysis of the methylated disaccharide gives 
2,3,4,6-tetra-O-methyl-D-galactose and 2,4-di-O-methyl-L-arabinose. 

3-0-ß-O-Galactopyranosyl-T>-galactose. From the partial hydrolyzate (120) 
of Acacia pycuantha gum. M.p. 159-160°C; [α]Ό + 62° (water). The 
structure was established by lead tetra-acetate oxidation. 

4-O-a-O-Galcœtopyranosyl-O-galactose. M.p. 210-211°C; [a]D +177° (wa-
ter), reducing; obtained by partial acid hydrolysis of okra mucilage. The 
methylated disaccharide yields, on hydrolysis, 2,3,4,6-tetra-O-methyl-D-
galactose and 2,3,6-tri-O-methyl-D-galactose. Periodate oxidation of the 
disaccharide yields formaldehyde, showing that the carbon 5 of the re-
ducing moiety cannot be involved in the glycosidic linkage. The optical 
rotation suggests an a-D-galactosidic linkage in the disaccharide (121). 

115. C. S. Hudson, J. Org. Chem. 9, 117, 470 (1944). 
116. J. K. N. Jones, J. Chem. Soc. p. 1672 (1953). 
117. P. Andrews, D. H. Ball, and J. K. N. Jones, J. Chem. Soc. p. 4090 (1953). 
118. G. Bertrand and G. Weismeiller, Compt. rend. 150, 180 (1910). 
119. F. Smith, J. Chem. Soc. p. 744 (1939); J. K. N. Jones, ibid. p. 1672 (1953); 

A. J. Charlson, J. R. Nunn, and A. M. Stephen, ibid. p. 269 (1955). 
120. E. L. Hirst and A. S. Perlin, J. Chem. Soc. p. 2622 (1954). A. S. Perlin, Anal. 

Chem. 27,396 (1955). 
121. R. L. Whistler and H. E. Conrad, / . Am. Chem. Soc. 76, 1673 (1954). 
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Two isomeric D-galactosyl-D-galactoses were obtained from the same 
source but have not been characterized. 

4-0-ß-v-Gal(wtopyranosyl-3,6-anhydro-ij-galactose (agarobiose). [a]D — 5.8° 
(water) ; reducing; obtained as a product of partial hydrolysis of the agar-
agar like substance from Gelidium amansii. The structure is indicated by 
the fact that hexa-O-methylagarobiose yields methyl 2,3,4,6-tetra-O-
methyl-D-galactopyranoside and 2,5-di-0-methyl-3,6-anhydro-L-galactose 
dimethyl acetal on methanolysis {122). 

6-O-O-Galactopyranosyl-O-galactose. Octa-0-methyl ether, m.p. 101°C, 
[a] D +42.9° (methanol) ; obtained by partial methanolysis of methylated 
larch (Larix occidentalis) gum. Hydrolysis yields 2,3,4,6-tetra-O-methyl-
D-galactose and 2,3,4-tri-O-methyl-D-galactose (123). 

2-0-ß-D-Gliteopyranosyl-O-glucose (sophorose). M.p. 180°C; [a] D +34.5°—> 
+ 19.9° (water); obtained by hydrolysis of a glycoside isolated from 
Sophora japonica {124). The sugar is identical with the synthetic disaccha-
ride prepared by earlier workers (126). 

3-0-ß-O-Glucopyranosyl-O-gluco$e (laminaribiose). M.p. 204-206°C; [a]1» 
+24.9° —> +18.6° (water); obtained by partial hydrolysis of the polysac-
charide laminarin from seaweeds (126). The disaccharide has been synthe-
sized by condensing l,2:5,6-di-0-isopropylidene-D-glucose with 2,3,4,6-
tetra-O-acetyl-D-glucosyl bromide (127). 

4-0-O-Glucopyranosyl-jj-rhamnose (scillabiose). Phenylosazone, m.p. 165° 
C ; obtained from a glycoside isolated from Scilla maritima L. Complete 
hydrolysis gives D-glucose and L-rhamnose (128). 

4-0-ß-O-Mannopyranosyl-O-mannose. M.p. 193.5-194°C; [a]™ —7.7° —> 
+2.2° (water); reducing; from a partial enzymatic or acidic hydrolyzate of 
guaran. Hydrolysis of the methylated disaccharide gives 2,3,4,6-tetra-O-
methyl-D-mannose and 2,3,6-tri-O-methyl-D-mannose. Hydrolysis of the 
mannobionic acid gives the same tetra-O-methyl-D-mannose and 2,3 ,5 ,6-
tetra-O-methyl-D-mannolactone. As the disaccharide is not hydrolyzed by 
α-D-mannosidase, it must have the ß-D-mannosidic linkage (129). 

jj-Rhamnosyl-O-galactose (robinobiose). Acid hydrolysis of the glycoside 
robinin yields a rhamnoside of kaempf erol and robinobiose, an L-rhamnosyl-

122. C. Araki, J. Chem. Soc. Japan 65, 533 (1944) ; 65, 627 (1944). Chem. Abstr. 42, 
1210 (1948) ; 45, 6162 (1951). 

128. E. V. White, J. Am. Chem. Soc. 64, 302 (1942). 
124. J. Rabaté, Bull. soc. chim. France [5] 7, 565 (1940); Naturwissenschaften 34, 

344 (1947). 
125. K. Freudenberg et al., Ber. 69, 1245 (1936); Chem. Ber. 84, 144 (1951). 
126. V. C. Barry, Sei. Proc. Roy. Dublin Soc. 22, 423 (1941). 
127. P. Bachli and E. G. V. Percival, J. Chem. Soc. p. 1243 (1952). 
128. G. Zemplén, Chem. Abstr. 33, 4202 (1939). 
129. R. L. Whistler and J. Z. Stein, J. Am. Chem. Soc. 73, 4187 (1951). 
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D-galactose. Enzymic hydrolysis of robinin yields a trisaccharide that 
must be L-rhamnosyl-D-galactosyl-L-rhamnose (130). 

6-0-ß-jj-Rhamnosyl-O-glucose (rutinose). Obtained by enzymic hydrolysis 
of rutin. The structure was established by synthesis from 2,3,4-tri-O-
acetyl-L-rhamnosyl bromide and 2,3,4-tri-O-acetyl-D-glucosyl chloride 
(131). 

5(or 4.)-0-ß-O-Xylopyranosyl-h-arabinose. [α\Ό —34° (water); reducing; 
phenylosazone, m.p. 216°C; obtained by partial hydrolysis of peach gum 
and cholla gum (116). Hydrolysis of the methylated disaccharide yields 
2,3,4-tri-O-methyl-D-xylose and 2,3-di-O-methyl-L-arabinose. 

6-0-ß-O-Xylosyl-O-glucose (primeverose). M.p. 209°C.; [a] D +23° -> -3 .4° 
(water) ; obtained by partial hydrolysis of a glycoside from Primula offici-
nalis (132) from madder root (133). (See Ruberythric acid.) The synthesis 
has been accomplished by coupling 2,3,4-tri-0-acetyl-o;-D-xylosyl bromide 
with 1,2,3,4-tetra-O-acetyl-ß-D-glucose (134). 

4-0-ß-O-Xylopyranosyl-O-xylose(xylobiose). M.p. 185-186°C; [a]2
D

5-32°-> 
+25.5° (water); obtained by partial hydrolysis of corn-cob xylan. 
Methylation of the xylobionic acid, followed by hydrolysis, gives 2,3,4-
tri-O-methyl-D-xylose and 2,3,5-tri-0-methyl-D-xylono-l,4-lactone. These 
data, coupled with the rotatory properties, indicate the assigned structure 
(135). 

In addition to the disaccharide, a series of crystalline oligosaccharides 
through xyloheptaose were obtained from the same source (136) : 

Xylotriose 
Xylotetraose 
Xylopentaose · }£H20 
Xylohexaose · 2H20 
Xyloheptaose · 2H20 

M.p. (°C.) 

205-6 
219-20 
231-2 
236-7 
240-42 

[«]D (water) 

-39° -> -47° 
-49° -> -60° 

-66° 
-73° 
-74° 

The structure of each oligosaccharide is established in the following 
manner. The degree of polymerization is indicated by reducing group 
determination. Slow hydrolysis of each homolog leads only to the lower 
members including xylobiose, whose structure is known, and eventually 
to D-xylose. Results of periodate oxidation are consistent with 1—»4 links 

180. G. Zemplén and A. Gerecs, Ber. 68, 2054 (1935). 
181. G. Zemplén and A. Gerecs, Ber. 68, 1318 (1935); ibid. 67, 2049 (1934). 
182. A. Goris, M. Mascré, and C. Vischinniac, Bull. sei. pharmacol. 19, 577, 648 

(1912). 
188. D. Richter, / . Chem. Soc. p. 1701 (1936). 
184. C. M. McCloskey and G. H. Coleman, / . Am. Chem. Soc. 65, 1778 (1943). 
185. R. L. Whistler, J. Bachrach, and C. C. Tu, J. Am. Chem. Soc. 74, 3059 (1952); 

R. L. Whistler and C. C. Tu, ibid. 74, 3609 (1952). 
186. R. L. Whistler and C. C. Tu, J. Am. Chem. Soc. 75, 645 (1953). 
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between the pentose units. Since the xylan from which the oligosaccharides 
are formed is known to have the pyranose ring form, it is reasonable that 
the products of hydrolysis would have a similar structure. 

C. TRI- , TETRA-, AND PENTASACCHARIDES 

Gentianose 

CH2OH 

(Gentiobiose) (Sucrose) 

Synonyms. 0-/3-D-Glucopyranosyl-( 1—>6)-Ο-α-D-glucopyranosyl-( 1—»2) -
ß-D-fructofuranoside. 

Properties. M.p. 209-211°C; [a]* +31.5 (water). Nonreducing. 
Occurrence. The sugar is found in the rhizomes of many species of Gentian. 
Preparation (137). Powdered gentian root is extracted with 90% alcohol 

and the sugar isolated from the extracts. 
Structure. Gentianose yields two moles of D-glucose and one of D-fructose 

when completely hydrolyzed by acids. Partial acid hydrolysis or the action 
of invertase produces fructose and gentiobiose (188). The enzymes of 
almond emulsin cleave the disaccharide into D-glucose and sucrose. This 
evidence suffices to fix the structure of the trisaccharide. The two D-glucose 
units must be connected by a ß-(l—>6)-D-glucosidic linkage. The D-fructose 
unit must form one end of the molecule, be connected to the reducing 
carbon of the gentiobiose component through a sucrose linkage, and have 
a furanose structure. 

CH2OH 

Maltotriose 

CH2OH CH2OH 

HOH 

Synonyms. 0-a-D-Glucopyranosyl-(l-^4)-0-a-D-glucopyranosyl-(l—»4)-D-
glucose. 

Properties. Amorphous; [a]f +160° (water). Not fermented by a com-
mercial bakers' yeast that ferments maltose. Reducing. 

187. M. Bridel and M. Desmarest, J. pharm. chim. 9, 465 (1929). 
188. E. Bourquelot and H. Hérissey, Compt. rend. 135, 399 (1902). 
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Identification. Hendecaacetate. 
Occurrence. The trisaccharide is present as a unit in starch, and is pre-

pared by Chromatographie resolution of an enzymic hydrolyzate of the 
polysaccharide (189). 

Structure. Hydrolysis of the methylated trisaccharide gives two moles of 
2,3,6-tri-O-methyl-D-glucose and one mole of 2,3,4,6-tetra-O-methyl-D-
glucose (140). Thus, there are two (1—>4)-D-glucosidic linkages per molecule. 
Hydrolysis of maltotriitol leads to D-glucose, D-glucitol, maltose, and 
maltitol. (HI). These results are consistent only with a trisaccharide of the 
structure given above. The anomeric configurations are confirmed by the 
hydrolysis of the sugar by maltase but not by almond emulsin. 

Polymer Homologs. As for cellulose (see Cellobiose), partial hydrolysis of 
amylose leads to a mixture of linear polymers which may be separated 
chromatographically into fractions with degrees of polymerization from 
1 to 7 (142). 

Compound [<*]D (water) 

Maltotetraose + 177° 
Maltopentaose + 180° 
Maltohexaose + 184.7° 
Maltoheptaose -f 186.4° 

The structures of these substances have not been assigned by any rigorous 
method. However, assuming no rearrangement during the hydrolysis, it is 
likely that they are linear polymers of a-(1—>4) -linked D-glucose. Results 
of studies with salivary α-amylase are consistent with this structure (143). 

Maltotetraose has been isolated as an amorphous solid, [a]D +165.5° 
(water), from corn sirup concentrate by a combination of charcoal-column 
elution and cellulose-column chromatography. The structure was deter-
mined by periodate oxidation and by hydrolysis with ß-amylase (144)-

Manninotriose 
CH2OH H OH 0-

>HOH 

-CH2 H OH 

Synonyms.. 0-a-D-Galactopyranosyl-(1—>6)-0-a-D-galactopyranosyl-
(1—>6)-D-glucose. 

189. M. L. Wolfrom, L. W. Georges, A. Thompson, and I. L. Miller, J. Am. 
Chem. Soc. 71, 2873 (1949); L. W. Georges, I. L. Miller, and M. L. Wolfrom, ibid. 69, 
473 (1947). 

HO. J. M. Sugihara and M. L. Wolfrom, J. Am. Chem. Soc. 71, 3357 (1949). 
HI. A. Thompson and M. L. Wolfrom, J. Am. Chem. Soc. 74, 3612 (1952). 
142. W. J. Whelan, J. M. Bailey, and P. J. P. Roberts, J. Chem. Soc. p. 1293 (1953). 

CH2 

. l \ O H 
[ ÈO \ T _ 

H 
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Properties. Amorphous; [a]D +167° (c, 1.2; water). Reducing. 
Identification. Phenylosazone, 1-phenylflavazole. 
Occurrence. Besides being a component- of stachyose, this trisaccharide 

has been found to occur free in the ash manna from Fraxinus ornus and 
F. rotundifolia. 

Preparation. Manninotriose is most readily obtained by partial hydrolysis 
of stachyose, either by acid or invertase (145)-

Structure. The monosaccharide units that make up this trisaccharide 
and their sequence was determined by Tanret (145), who showed that 
hydrolysis of the bromine oxidation product of manninotriose gave D-
galactose and D-gluconic acid. On the basis of methylation studies Onuki 
proposed the structure D-Galp-(1—>6)-D-Galp-(l—>4)-D-G. This structure 
has been corrected in recent years. The significant evidence may be sum-
marized as follows. Brewers' yeast a-D-galactosidase catalyzes the complete 
hydrolysis of manninotriose; this indicates that the two galactosidic link-
ages have the a-D-configuration (146). Periodate oxidation of the trisaccha-
ride (147, 148) and of manninotriitol (I48) indicate a 1,6-linkage between 
the D-galactose and D-glucose residues. Partial acid hydrolysis of man-
ninotriitol yields melibiitol and confirms the 1,6-linkage (148)* Finally, 
Laidlaw and Wylam (149) have repeated Onuki's (150) methylation ex-
periments and found 2,3,4-tri-O-methyl-D-glucose as one of the products 
of hydrolyzed permethylated stachyose, a result requiring that the D-glu-
cose be unsubstituted at the 2-, 3-, and 4-positions. 

Melezitose (708) 

CH2OH 

(Turanose) 

>3) -o-0-D-fructofuranosyl- (2- ►D-

(Sucrose) 
Synonyms. 0-a-D-Glucopyranosyl-(l-

D-glucopyranoside. 

143. W. J. Whelan and P. J. P. Roberts, J. Chem. Soc. p. 1298 (1953). 
ÎU- R. L. Whistler and J. L. Hickson, J. Am. Chem. Soc. 76, 1671 (1954). 
lJfi. C. Tanret, Compt. rend. 134, 1586 (1902). 
146. M. Adams, N. K. Richtmyer, and C. S. Hudson, J. Am. Chem. Soc. 65, 1369 

(1943). 
lJfi. H. Hérissey, A. Wickstrom, and J. E. Courtois, Bull. soc. chim. biol. 34, 

856 (1952); J. E. Courtois, A. Wickstrom, and P. LeDizet, ibid. 34, 1121 (1952); H. 
Hérissey, A. Wickstrom, J. E. Courtois, and P. LeDizet, Intern. Congr. Biochem. 
Abstracts Communs. 2nd Congr. Paris p. 311 (1952). 
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Properties of Dihydrate. M.p. 153-154°C; [a]* +88.2° (c, 4; water). 
Not fermented by top (bakers') yeast. Nonreducing. 

Identification. Hendecaacetate. 
Occurrence. The sugar, discovered by Berthelot in 1859, is a constituent 

of the sweet exudations of many plants such as the "honeydew" of limes 
and poplars, and the manna exuded from insect-produced wounds of the 
Douglas fir, Virginia pine, larch, etc. In dry seasons when the supply of 
flower nectar is insufficient, bees may collect these mannas or honeydews, 
and the honeys may contain considerable quantities of melezitose {151). 
When the quantity of the trisaccharide is great, crystallization of the honey 
may take place in the comb. Probably because of the resistance of the 
melezitose to hydrolysis by invertase, honeys which contain this sugar will 
not serve as food for bees. 

Preparation. Melezitose-rich honey provides the best source since the 
crystallized sugar is easily separated by dilution of the honey with alcohol 
followed by centrifugation (151). Mannas from various sources may be 
utilized by extracting the impurities with aqueous alcohol and then ex-
tracting the trisaccharide with water (152). The sugar crystallizes from the 
aqueous extracts after the addition of alcohol. 

Structure. Complete acid hydrolysis leads to one mole of D-fructose and 
two moles of D-glucose (152). Dilute acid hydrolyzes the sugar to D-glucose 
and a disaccharide, turanose, and the ease of hydrolysis is about the same as 
that of sucrose (158). Since turanose is 3-0-a-D-glucopyranosyl-D-fructose 
(see under Turanose), the nature of one of the disaccharide linkages is 
established. A bacterial enzyme has been obtained from Proteus vulgaris 
that splits melezitose to D-glucose and sucrose; these products demonstrate 
the a-D-glucopyranosyl ß-D-fructofuranoside linkage of the other half of 
the molecule (154)· As confirming evidence may be cited the nonreducing 
character of melezitose and the fact that both disaccharide linkages are 
hydrolyzed by a-D-glucosidase (155). 

Planteose 

Synonyms. 0-a-D-Galactopyranosyl-(l—»6)-0-ß-D-fructofuranosyl-(2->1)-
a-D-glucopyranoside. 

148. D. French, G. M. Wild, and W. J. James, J. Am. Chem. Soc. 75, 3664 (1953). 
149. R. A. Laidlaw and C. B. Wylam, J. Chem. Soc. p. 567 (1953). 
150. M. Onuki, Proc. Imp. Acad. (Tokyo) 8, 496 (1932); Sei. Papers Inst. Phys. 

Chem. Research (Tokyo) 20, 201 (1933). 
151. C. S. Hudson and S. F. Sherwood, J. Am. Chem. Soc. 42, 116 (1920). 
152. G. Tanret, Bull. soc. chim. (France) [3] 35, 817 (1906). 
153. C. S. Hudson and E. Pacsu, J. Am. Chem. Soc. 52, 2522 (1930). 
154. E. J. Hehre and A. S. Carlson, Arch. Biochem. and Biophys. 36, 158 (1952); 

E. J. Hehre, Advances in Carbohydrate Chem. 8, 277 (1953). 
155. R. Weidenhagen, Z. Ver. deut. Ziicker-Ind. 78, 781 (1928). 
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CH2OH OH H 

OH 

(Planteobiose) (Sucrose) 

Properties of Dihydrate. M.p. 123-124°C.; [α]Ό +129° (c, 4; water). Non-
reducing. 

Identification. Hendecaacetate. 
Occurrence. Planteose occurs in the weed Plantago (156) and has been 

isolated in a pure form from the seeds of P. ovata. 
Preparation. The sugar may be obtained by methanol extraction of the 

defatted seeds of P. ovata, followed by yeast fermentation of the extract to 
remove sucrose, and final isolation by the technique of charcoal-column 
elution (157). 

Structure. Complete acid hydrolysis of planteose yields D-galactose, 
D-glucose, and D-fructose. Almond emulsin (a-D-galactosidase) catalyzes the 
hydrolysis of planteose to D-galactose and sucrose (157). Partial acid hy-
drolysis gives D-glucose and the reducing ketose disaccharide planteobiose. 
The latter has been shown to be 6-O-a-D-galactopyranosyl-D-fructose (see 
Planteobiose). Periodate oxidation of planteose oxidizes the D-fructose 
moiety, confirming that positions 3 and 4 of D-fructose are unsubstituted. 

Raffinose 

CH2OH 

CH2OH 

(Melibiose) (Sucrose) 

Synonyms. Gossypose, melitose, melitriose, O-a-D-galactopyranosyl-
(1—»6)-0-û!-D-glucopyranosyl-(l—>2)-ß-D-fructofuranoside. 

Properties of Pentahydrate. M.p. 80°C; [a]2» +105.2° (c, 4; water). Par-
tially fermented by top yeast (bakers'yeast) with formation of melibiose; 
completely fermented by bottom yeast. Nonreducing. 

Identificatioric. X-ray diffraction powder pattern; hendecaacetate. 
Occurrence. Raffinose occurs almost as widely in the plant world as 

156. N. Wattiez and M. Hans, Bull. acad. roy. med. Belg. 8,386 (1943) ; Chem. Abstr. 
39, 4849 (1945). 

157. D. French, G. M. Wild, B. Young, and W. J. James, J. Am. Chem. Soc. 75, 
709 (1953). 
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sucrose. It exists free in small amounts (0.05 %) in sugar beets, but accu-
mulates in the mother liquors during the preparation of sucrose. 

Preparation. The sugar is available as a by-product of the barium process 
for the recovery of sucrose from beet molasses (see under Sucrose) and 
crystallizes directly from the final molasses (158). Cottonseed meal may 
also be utilized by extracting the sugar with water, precipitating it as a 
slightly soluble compound with calcium or barium hydroxide, and removing 
the metal ion by carbonation (159). 

Structure. Complete acid hydrolysis gives one mole each of D-glucose, 
D-fructose, and D-galactose. Mild acid hydrolysis affects only one linkage, 
and melibiose and D-fructose result (160). Inasmuch as invertase produces 
the same end-products, a sucrose-type linkage must be present. Hydrolysis 
catalyzed by almond emulsin (a-D-galactosidase) gives sucrose and D-
galactose and establishes the presence of the sucrose moiety (161). This 
evidence fixes the order of the monosaccharides and the nature of the 
interlinkages, since the structures of sucrose and melibiose are well estab-
lished. Hydrolysis of the methylated sugar gives the expected partially 

(Melibiose portion) (Sucrose portion) 

0-a-D-Galp-(l-^6)-0-a-D-Gp-(l->2)-/3-D-Fru/ 

î Î 
hydrolyzed by hydrolyzed by 

α-D-galactosidase invertase 

methylated monosaccharides (162), while additional confirming evidence 
has been obtained by periodate oxidation studies (163). 

Stachyose 

CH2OH 

CH2OH 

Synonyms. Lupeose, ß-galactan, manneotetrose, O-a-D-galactopyranosyl-

158. T. S. Harding, Sugar 25, 308 (1923); E. H. Hungerford and A. R. Nees, Ind. 
Eng. Chem. 26, 462 (1934). 

159. E. P. Clark, J. Am. Chem. Soc. 44, 210 (1922); D. T. Englis, R. T. Decker, 
and E. B. Adams, ibid. 47, 2724 (1925). 

160. See C. Scheibler and H. Mittelmeier, Ber. 22, 1680, 3120 (1889). 
161. C. Neuberg, Biochem. Z. 3, 528 (1907). 
162. W. N. Haworthe* al, J. Chem. Soc. 123, 3125 (1923) ; ibid. pp. 1527, 3146 (1927). 
168. J. E. Courtois and A. Wickstrom, Bull. soc. chim. biol. 32,759 (1950) ; H. Héris-

sey, A. Wickstrom, and J. E. Courtois, ibid. 33, 642 (1951). 
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(1—>6) -Ο-α-D-galactopyranosyl- (l—>6) -0-a:-D-glucopyranosyl-(l—»2)-0-D 
fructofuranoside. 

Properties. M.p. 167-170°C.; [a]*0 +148° (c, 9; water). Partially fer-
mentable by yeasts. Nonreducing. 

Occurrence. The tetrasaccharide has been isolated from about forty 
different plant species, and is usually found associated with sucrose and 
raffinose. I t has been reported in the roots of Stachys species, in the twigs 
of white jasmine, in the seeds of yellow lupine (Lupinus lutens), in soybeans 
(Soja hispida), in lentils (Ervum lens), and in ash manna (Fraxinus ornus). 

Preparation (164). Ash manna, soybeans, and rhizomes of Stachys tuberi-
fera have been utilized as sources of the sugar. 

Structure. The tetrasaccharide structure of stachyose was assigned o'n 
the basis of cryoscopic measurements (150), and on the fact that it is 
cleaved by acid or invertase to a trisaccharide (manninotriose) and D-
fructose in equimolar amounts (165). The structure previously given for 
stachyose, and based on the methylation studies of Onuki, must be revised 
with respect to the D-galactosyl —» D-glucose linkage (see under Manni-
notriose). Laidlaw and Wylam (149) have found that completely methyl-
ated stachyose on hydrolysis yields 2,3,4,6-tetra-O-methyl-D-galactose, 
2,3,4-tri-O-methyl-D-galactose, 2,3,4-tri-O-methyl-D-glucose, and 1,3,4,6-
tetra-O-methyl-D-fructose. This result, as does the periodate oxidation 
study of Hérissey and associates (166), requires a 1—»6 linkage between 
all units except the terminal D-glucosyl-D-fructose. The presence of a 
sucrose linkage between the latter was proved by the partial hydrolysis 
of stachyose with the a-D-galactosidase of almond emulsin to a mixture of 
raffinose and sucrose (167). This result confirms the previous conclusion 
based on the ease of hydrolysis of the D-fructose unit by acid and by in-
vertase. The a-D-galactosidic linkages follow from the structure of man-
ninotriose, as well as from the complete hydrolysis of stachyose by brewers' 
yeast emulsin which contains both invertase and a-D-galactosidase. 

Verbascose 

Synonyms. Ο-α-Ό-Galactopyranosyl-(1—>6)-0-a-D-galactopyranosy 1-
(1—»6)-0-a-D-galactopyranosyl- (1—>6) -0 -α-D-glucopyranosyl- (l—>2) -/3-D-

fructofuranoside. 

16%. For a recent review of refinements in the methods of preparation see D. 
French, Advances in Carbohydrate Chem. 9, 149 (1954). 

165. C. Tanret, Compt. rend. 134, 1586 (1902); Bull. soc. chim. France [3] 27, 947 
(1902); ibid [3] 29, 888 (1903). 

166. H. Hérissey, A. Wickstrom, and J. E. Courtois, Bull. soc. chim. biol. 33, 642 
(1951); ibid. 34,856 (1952). 

167. D. French, G. M. Wild, and W. J. James, J. Am. Chem. Soc. 75, 3664 (1953). 
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Properties. M.p. 253°C; [a]2* +170° (water). Nonreducing. 
Occurrence. This oligosaccharide has been isolated from the roots of the 

mullein, Verbascum thapsus (168). 
Structure. Cryoscopic molecular weight values indicate that verbascose 

is a pentasaccharide (169). From methylation studies, Murakami concluded 
that verbascose was a D-galactosyl-substituted stachyose (at C-6 of the 
terminal D-galactose unit of stachyose). Hot dilute acetic acid removes the 
D-fructose unit from verbascose to give a tetrasaccharide verbascotetraose 
(m.p. 240°C.; [a]? +191.4° (water)). This tetrose has been partially hy-
drolyzed, with removal of D-glucose, to give the crystalline trisaccharide 
galactotriose (164) · 

D. MISCELLANEOUS T R I - AND TETRASACCHARIDES 

Cellotriose. See under Cellobiose. 
Isomaltotriose. Ο-α-Ό-Glucopyranosyl-(1—>6)-0-a-D-glucopyranosyl-

(1—>6)-D-glucose; amorphous solid, [a]2? +145° (water); has been isolated in 
a 20% yield from an enzymic hydrolysis of dextran (53). 

Labiose. M.p. 126-128°C; [a]D +136.7° (water); obtained from the dry 
powdered tubers of Eremostachys labiosa. The trisaccharide is hydrolyzed 
by invertase and dilute acid to one mole of D-galactose and two moles of 
D-fructose (170). 

Panose. See below. 
Scorodose. A tetrafructoside from the bulbs of onion and garlic (Allium) 

(171). 

5. ENZYMIC SYNTHESIS OF OLIGOSACCHARIDES 

A. SYNTHESIS OF SUCROSE BY THE MECHANISM OF 

PHOSPHOROLYSIS. 

Sucrose cannot be synthesized biologically to any considerable extent 
by a simple reversal of its hydrolysis. When the enzyme invertase is allowed 
to act upon a dilute solution of sucrose, such as exists in plant cells, the 
reaction in which invert sugar is formed goes almost to completion. Theo-
retically, when the equilibrium is reached a finite amount of sucrose might 
remain in solution, its concentration being determined by the free energy 
change of the reaction and the concentration of the hydrolysis products. 
The AF° for the hydrolysis of sucrose is of the order of —6600 cal. per 
mole; this means that the reaction has a strong tendency to favor hydroly-

168. E. Bourquelot and M. Bridel, Compt. rend. 151, 760 (1910). 
169. S. Murakami, Ada Phytochim. (Japan) 11, 213 (1940); 13, 161 (1943). 
170. S. M. Stryskov, Chem. Abstr. 34, 2798 (1940). 
171. Y. Kihara, Chem. Abstr. 34, 385 (1940). 
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sis. This tendency is greatly reinforced by the high concentration of one of 
the reactants, water, in an aqueous environment. The combination of 
these factors is responsible for the practically irreversible nature of the 
hydrolysis of sucrose. 

Evidence is now available showing that sucrose is synthesized in nature 
by a mechanism (or mechanisms) involving a reversal of phosphorolysis 
rather than that of hydrolysis. It is known that certain species of bacteria, 
namely Pseudomonas saccharophiL·, P. putrifaciens, and Leuconostoc mesen-
teroides (171a) contain a phosphorylase which, in the presence of inorganic 
phosphate, catalyzes the phosphorolytic decomposition of the disaccharide 
sucrose with the production of a-D-glucose 1-phosphate and D-fructose. 
The reverse reaction, the dephosphorolytic condensation of a-D-glucose 
1-phosphate and D-fructose results in the formation of sucrose with the 
elimination of phosphoric acid, as shown in Figure 4. (For polysaccharide 
synthesis through the action of phosphorylases, see Chapter XII.) 

The synthetic process for sucrose can be regarded as a condensation 
reaction in which the elements of water of hydrolysis are replaced by those 
of phosphoric acid. The process can also be considered as a transglucosida-
tion reaction in which the D-glucosyl radical from a-D-glucose 1-phosphate 
is transferred to a D-fructofuranose radical, serving as an acceptor. 

The free energy required for the formation of the glycosidic link in 
sucrose is available in the a-D-glucose 1-phosphate. Phosphorylated D-
glucose is required because free D-glucose, on account of its low free energy 
level, cannot serve as part of the substrate for sucrose synthesis. The 
energy level of the D-glucose can be raised through combination with 
phosphate by using the energy drop from adenosine triphosphate (ATP) to 

171a. W. Z. Hassid and M. Doudoroff, Advances in Enzymol. 10, 123 (1950). 
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form D-glucose 6-phosphate through an enzymic reaction involving hexo-
kinase. The latter ester can then be readily transformed by the aid of the 
enzyme phosphoglucomutase to α-D-glucose 1-phosphate. Thus, the free 
energy for the synthesis of sucrose is probably derived from a high-energy 
phosphorus bond of adenosine triphosphate. 

The fact that sucrose can be synthesized from a-D-glucose 1-phosphate 
and D-fructose is consistent with the evidence presented by Isbell and 
Pigman {172) and Gottschalk (173) that D-fructose exists as an equilibrium 
mixture of the pyranose and furanose forms. The total system of sucrose 
synthesis can be represented by the equation (Fig. 4) which includes the 
equilibrium reaction of the two ring forms of D-fructose. The occurrence of 
D-fructose in the sucrose molecule as D-fructofuranose is an indication that 
sucrose phosphorylase is specific for the furanose configuration of that 
ketose (174, 175). 

In the phosphorolysis of sucrose the rupture of the bond in a-D-glucose 
1-phosphate could occur either between the carbon and oxygen of the 
hexose phosphate or between the oxygen and phosphorus. Cohn (176), 
employing 018-labeled inorganic phosphate, has determined the location 
of the bond that is broken in the reaction. By incubating oxygen-labeled 
inorganic phosphate with sucrose in the presence of the enzyme sucrose 
phosphorylase, and allowing the reaction to proceed to equilibrium, she 
demonstrated that the O18 concentration of the inorganic phosphate and of 
the D-glucose 1-phosphate, after equilibrium had been reached, was the 
same as the O18 concentration of the initial inorganic phosphate. This could 
occur only if the forward and reverse reactions do not involve a rupture of 
the bond between phosphorus and oxygen. 

The equilibrium constant for the phosphorolysis of sucrose, expressed 
by the mass law equation: 

__ [sucrose] [inorganic phosphate] 
[fructose] [a-D-glucose 1 -phosphate] 

is equal to 0.053 at pH 6.6 and 30° (171). Thus, the equilibrium favors the 
breakdown rather than the synthesis of sucrose. When a-D-glucose 1-
phosphate and inorganic phosphate are present in equal concentrations in 
the equilibrium reaction mixture, the D-fructose concentration will be 
approximately twenty times that of sucrose. From the equilibrium constant, 

172. H. S. Isbell and W. W. Pigman, J. Research Natl. Bur. Standards 20,773 (1938). 
178. A. Gottschalk, Advances in Carbohydrate Chem. 5, 49 (1950). 
174. W. Z. Hassid, M. Doudoroff, and H. A. Barker, J. Am. Chem. Soc. 66, 1416 

(1944). 
175. W. Z. Hassid and M. Doudoroff, Advances in Carbohydrate Chem. 5, 29 (1950). 
176. M. Cohn, J. Biol. Chem. 180, 771 (1949). 
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the free energy change for the phosphorolytic reaction can be calculated 
by the equation: 

AF<W = -RT In K3030 = -1385 log 0.053 = 1770 cal. 

As in the formation of glycogen and starch, the energy needed for the 
formation of the glycosidic bond in sucrose may be derived from utilization 
of energy-rich phosphate bonds of compounds such as adenosine triphos-
phate. Assuming that the free energy change of the reaction is entirely 
due to the difference in bond energies of sucrose and a-D-glucose 1-phos-
phate, the energy of the glycosidic bond of sucrose can be estimated. Since 
the energy of the C—0—P bond of the ester is about 4800 cal., the value 
for the glycosidic bond in sucrose must be 4800 + 1770 cal. = 6570 cal. 
This relatively high value for a glycosidic bond may account for the dis-
tinctive role of sucrose in the metabolism of plants. 

The system responsible for sucrose synthesis in plants does not seem to 
be a simple sucrose phosphorylase of the bacterial type capable of causing 
directly the reaction between a-D-glucose 1-phosphate and D-fructose. It 
appears that uridine diphosphate glucose is involved as a D-glucose donor 
in the reaction (177-181). Leloir and his co-workers (177) showed that 
wheat germ, corn germ, bean germ, and potato sprouts contain an enzyme 
that catalyzes the reversible formation of sucrose from uridine diphosphate 
glucose (UDPG) and D-fructose: 

UDPG + D-fructose i=± sucrose + UDP 

When a mixture of UDPG and D-fructose is subjected to the reaction of 
enzyme preparations from these plant sources in the presence of inorganic 
phosphate buffer at pH 7.0, a nonreducing disaccharide, identified as su-
crose, is formed. The equilibrium constant, K, for this reaction at 37°C 
was found to be between 2 and 8, and the AF was estimated to be approxi-
mately —1000 cal. as compared to +1770 cal. for the sucrose phosphorylase 
reaction. In contrast to the sucrose phosphorylase reaction, the equilibrium 
of the reaction starting with UDPG and D-fructose is in favor of sucrose 
synthesis. 

Leloir and Cardini (177a) found later that wheat germ contains another 
enzyme which will form sucrose phosphate when α-D-fructose 6-phosphate 

177. C. E. Cardini, L. F. Leloir, and J. Chiriboga, J. Biol. Chem. 214, 149 (1955). 
177a. L. F. Leloir and C. E. Cardini, / . Biol. Chem. 214, 157 (1955). 
178. J. F. Turner, Nature 172, 1149 (1953); 174, 692 (1954). 
178a. D. P. Burma and D. C. Mortimer, Arch. Biochem. and Biophys. 62,16 (1956). 
179. J. G. Buchanan, Arch. Biochem. and Biophys. 44, 140 (1953). 
180. J. G. Buchanan et al.} in "Phosphorus Metabolism" (W. D. McElroy and 

B. Glass, eds.), Johns Hopkins Press, Baltimore, (1952). 
181. E. W. Putman and W. Z. Hassid, J. Biol. Chem. 207, 885 (1954). 
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is substituted for D-fructose: 

UDPG + D-fructose 6-phosphate ^ UDP + sucrose phosphate 

This finding is in accord with the results of experiments on Canna leaves 
supplied with labeled substrates, indicating that both of the immediate 
precursors of sucrose are phosphorylated compounds and that no free 
D-fructose is involved in the process of synthesis (181). Since phosphatase 
is also present in wheat germ, the sucrose phosphate formed in the plant 
may be rapidly dephosphorylated, resulting in the accumulation of free 
sucrose. 

Working with algae and green leaves, Buchanan, Calvin, and others (179, 
180) detected chromatographically the presence of C14-labeled sucrose phos-
phate and uridine diphosphate glucose after exposing the plants to C1402 
for short photosynthetic periods. This sucrose phosphate was believed to 
yield D-fructose 1-phosphate on hydrolysis (179), and hence would be 
different from the product synthesized by the wheat germ preparation. On 
the basis of the results of the various investigations, it appears that there 
is more than one mechanism for sucrose synthesis in nature. 

Bean and Hassid (181a) showed that the same enzyme preparation from 
green peas, in addition to synthesis of sucrose from UDPG and D-fructose, 
and sucrose phosphate from the same nucleotide and D-fructose 6-phos-
phate, is capable of forming other disaccharides (sucrose analogs) when 
ketose monosaccharides other than D-fructose or D-fructose 6-phosphate 
are used as D-glucose acceptors. Thus, when D-rhamnulose, D-xylulose, and 
L-sorbose were used in the presence of this pea preparation and UDPG, 
D-glucosyl D-rhamnuloside, D-glucosyl D-xyluloside and D-glucosyl L-sorbo-
side were formed, respectively. The latter two disaccharides are probably 
identical with those formed by the action of an enzyme present in Pseudo-
monas saccharophila from D-glucose 1-phosphate and the corresponding 
ketoses (176). 

B. SYNTHESIS OF ANALOGS OF SUCROSE AND MALTOSE 

BY SUCROSE AND MALTOSE PHOSPHORYLASES 

Sucrose phosphorylase is capable of synthesizing analogs of sucrose in 
which D-fructose is replaced by other ketose sugars (171). D-Xylulose 
(D-^Areo-pentulose), L-ribulose (L-en/tfiro-pentulose), and L-sorbose can re-
place D-fructose in the reaction with a-D-glucose 1-phosphate, forming the 
corresponding nonreducing disaccharides, D-glucosyl D-xyluloside, D-glu-
cosyl L-ribuloside, and D-glucosyl L-sorboside. Inasmuch as it has been 
shown that these disaccharides are nonreducing and that their ketose con-

181a. R. C. Bean and W. Z. Hassid, J. Am. Chem. Soc. 77, 5737 (1955). 
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stituents exist in the furanose form, they can be considered as analogs of 
sucrose. The enzyme is also capable of combining a-D-glucose 1-phosphate 
with an aldose, L-arabinose, to form a reducing disaccharide with a 1—*3 
glucosidic linkage having no obvious structural relation to sucrose. Most 
of the known natural reducing disaccharides, such as maltose, lactose, and 
cellobiose, possess a 1—»4 linkage; this 1—»3 linkage is unique among disac-
charides {175) which occur free in nature. 

<x-O-Glucopyranosyl α-ι,-sorbofuranoside. Like synthetic sucrose, this disac-
charide is formed from α-D-glucose 1-phosphate and L-sorbose through the 
action of the P . saccharophiL· enzyme {182). The disaccharide is nonre-
ducing and gives a positive Seliwanoff reaction. Its specific rotation is 
H D +33°, and its m.p. is 178-180°C. I t appears to be only very slightly 
affected by invertase, but it is easily hydrolyzed by acid. On oxidation of 
the carbohydrate with sodium periodate, three moles of the reagent are 
consumed, and one mole of formic acid is formed, but no formaldehyde is 
produced. These data are consistent with a nonreducing disaccharide 
structure in which the aldose moiety exists in the pyranose and the ketose 
moiety in the furanose form. 

The nonreducing disaccharide gives a blue-green color with diazouracil, 
a reaction shown by Ray bin {188) to be specific for sucrose and other 
compounds containing the same type of glycosidic linkage, such as raffinose, 
gentianose, and stachyose. The analogy of the synthetic nonreducing 
D-glucosyl L-sorboside to sucrose in its reaction with diazouracil and with 
the bacterial sucrose phosphorylase indicates that the local structure about 
the glycosidic linkage is the same as that of sucrose. Since ß-D-fructose and 
a-L-sorbose have the same configuration for their second carbon atoms 
{184), the ketose portion of the disaccharide is desiginated as a-L-sorboside. 

H OH OH H 

α-D-Glucopyranosyl a-L-sorbofuranoside 

α-Ό-Glucopyranosyl β-Ό-xyluloside. The disaccharide synthesized from 
a-D-glucose 1-phosphate and D-xylulose by sucrose phosphorylase does 
not reduce Fehling solution; it is practically unaffected by invertase but 

182. W. Z. Hassid, M. Doudoroff, H. A. Barker, and W. H. Dore, J. Am. Chem. 
Soc. 67, 1394 (1945). 

183. H. W. Raybin, / . Am. Chem. Soc. 55, 2603 (1933); 59, 1402 (1937). 
184. C. S. Hudson, J. Am. Chem. Soc. 60, 1537 (1938). 
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is easily hydrolyzed with acid (185). The specific rotation of the disaccha-
ride is [a] D +43°, and its m.p. is 156-157°C. Its rate of hydrolysis with 
acid is approximately 30% greater than that of sucrose. In the oxidation 
of the disaccharide with sodium periodate, two moles of periodate are 
consumed, whereby one mole of formic acid is produced. These data are 
consistent with a structure of a nonreducing disaccharide consisting of 
glucopyranose and xylulofuranose. As the disaccharide gives the Raybin 
reaction (183), the local structure about the glycosidic linkage in the glu-
cosyl xyluloside is probably the same as that of sucrose. 

HO 

H H O H 2 C ^ " \ . H 

OH H y L o KH Η(Γ>Η 

OH OH H 

α-D-Glucopyranosyl /3-D-xylulofuranoside 

T>-Glucosyl L-ribuloside. Using the same enzyme preparation from P. sac-
charophila, another nonreducing disaccharide consisting of D-glucose and 
L-ribulose can be synthesized from a-D-glucose 1-phosphate and L-ribulose 
(186). The disaccharide is not affected by invertase but is easily hydrolyzed 
with dilute acid. I t gives Raybin's diazouracil reaction, indicating that it 
contains the same type of linkage as sucrose. There is good reason to be-
lieve that the structure of this disaccharide is α-D-glucopyranosyl a-L-ribu-
lofuranoside (187). 

3-O-a-O-Glixopyranosyl-L-arabinopyranose. Similar to the previously de-
scribed nonreducing disaccharides, this reducing disaccharide is formed 
from a-D-glucose 1-phosphate and L-arabinose by means of P. saccharophila 
enzyme (188). It contains two molecules of water of crystallization, and its 
[α]Ό in water is +156°. Unlike sucrose and the synthetic nonreducing 
disaccharides synthesized by the sucrose phosphorylase enzyme, it is 
difficultly hydrolyzable with acid. The phenylosatriazole derivative of the 
disaccharide (189) is hydrolyzed with acid to D-glucose and L-arabinose 
phenylosotriazole; this shows that the L-arabinose constitutes the free 

185. W. Z. Hassid, M. Doudoroff, H. A. Barker, and W. H. Dore, J. Am. Chem. 
Soc. 68, 1465 (1946). 

186. M. Doudoroff, W. Z. Hassid, and H. A. Barker, J. Biol. Chem. 168, 733 (1947). 
187. The linkage pertaining to the L-ribuloside part of this disaccharide was 

incorrectly designated in the original publication (186) as the ß-type. 
188. W. Z. Hassid, M. Doudoroff, A. L. Potter, and H. A. Barker, J. Am. Chem. 

Soc. 70,306 (1948). 
189. R. M. Hannfind C. S. Hudson, J. Am. Chem. Soc. 66,735 (1944) ; W. T. Haskins 

R. M. Hann, and C. S. Hudson, ibid. 67, 939 (1945). 
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reducing group in the disaccharide. On oxidation of the phenylosotriazole 
derivative of the disaccharide with sodium periodate three moles of the 
reagent are consumed with the formation of one mole each of formic acid 
and formaldehyde per mole of phenylosotriazole derivative. These data 
indicate that in the disaccharide D-glucose is linked through C-l to C-3 
of L-arabinose. Methylation of the disaccharide produces a methyl hexa-O-
methyl derivative which, on hydrolysis, gives rise to 2,3,4,6-tetra-O-
methyl-D-glucose and 2,4-di-O-methyl-L-arabinose. That the di-O-methyl-
L-arabinose possesses the pyranose configuration is shown by the rapid rate 
of hydrolysis of the di-O-methyl-L-arabonolactone derivative to its acid 
and by the fact that no periodate is consumed when the lactone is oxidized 
with this reagent. On the basis of these results the structure of the disac-
charide is designated as: 

CH2OH 
-O 

HO 

3-O-a-D-Glucopyranosyl-L-arabinopyranose 

4-O-a-O-GliLCopyranosyl-O-xylopyranose. Doudoroff and Fitting (190) 
found that the bacterium Neisseria meningitidis contains a phosphorylase 
(maltose phosphorylase) capable of catalyzing the reversible reaction: 

maltose 
phosphorylase v 

Maltose + inorganic phosphate , ß-D-glucose 1-phosphate + 
D-glucose 

This enzyme is unique in that it causes inversion of the anomeric linkage 
(a to ß, and vice versa) when synthesis or degradation takes place. 

Of a number of monosaccharides investigated, D-xylose appears to be 
the only sugar, besides D-glucose, that is capable of reacting with ß-D-
glucose 1-phosphate in the reverse direction in the presence of this enzyme 
to form a disaccharide. 

The disaccharide (190a) thus formed reduces Fehling solution; it is solu-
ble in water and has a specific rotation in water [a] D +94.5°. On hydrolysis 
with acid it produces one mole of D-glucose and one mole of D-xylose. Oxi-
dation with bromine and subsequent hydrolysis of the oxidation product 
results in the formation of D-glucose and D-xylonic acid, and shows that 
the D-xylose constitutes the reducing moiety of the disaccharide. 

190. C. Fitting and M. Doudoroff, / . Biol. Chem. 199, 153 (1952). 
190a. E. W. Putman, C. Fitting Litt, and W. Z. Hassid, J. Am. Chem. Soc. 77, 

4351 (1955). 
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Complete methylation of the disaccharide produces a methyl hexa-O-
methyl derivative, which on hydrolysis with acid gives rise to 2 ,3 ,4 ,6-
tetra-O-methyl-D-glucose and 2,3-di-O-methyl-D-xylose. Since D-xylofura-
nose has never been encountered in nature, it is assumed that the D-xylose 
occurs in the disaccharide in the pyranose configuration. I t is, therefore, 
concluded that the disaccharide is joined glycosidically through C-1 of 
D-glucose and CM of D-xylose and can be considered an analog of maltose. 
The decrease in specific rotation from +94.5° to +35.0° during the course 
of acid hydrolysis indicates that the two monosaccharide units are com-
bined in the disaccharide through an a-glycosidic linkage. The structural 
formula for the disaccharide may be written as follows: 

OH 

H ÔH H OH 
4-0-a-D-Glucopyranosyl-D-xylopyranose 

C. SYNTHESIS OF DISACCHARIDES BY TRANSGLYCOSIDATION (191) THROUGH 

THE ACTION OF SUCROSE PHOSPHORYLASE (191a) 

The process of enzymic transfer of sugar residues was named "trans-
glycosidation" by Rabaté (192), who observed the transfer of D-glucose 
residues from various glycosides to such acceptors as ethanol, catalyzed 
by preparations from leaves of a number of species of plants. In the sucrose 
phosphorylase reaction, α-D-glucose 1-phosphate can be regarded merely 
as one of a number of "glucose donors" for the enzyme sucrose phosphoryl-
ase. This hexose phosphate does not appear to be an essential product or 
substrate of the enzyme activity for the synthesis of disaccharides. The 
enzyme can act not only as a "phosphorylase" but also as a "transgluco-
sidase" capable of mediating the transfer of the D-glucose portion of sub-
strates to a variety of "acceptors" (193). 

The evidence for the double function of the enzyme was obtained from 
the fact that when P32-labeled inorganic phosphate and nonradioactive 
a-D-glucose 1-phosphate are added to sucrose phosphorylase preparations 

191. E. J. Hehre has suggested in Advances in Enzymol. 11, 330 (1951) that the 
term "transglycosylation" describes more accurately the nature of the group trans-
ferred in the cases (phosphorylases) for which the mechanism of the reaction has 
been studied with O18-labeled phosphate. 

191a. For a recent review see J. Edelman, Advances in Enzymol. 17, 189 (1956). 
192. J. Rabaté, Compt. rend. 204, 153 (1937); see Chapter X, also. 
19S. M. Doudoroff, H. A. Barker, and W. Z. Hassid, J. Biol. Chem. 168, 725 (1947). 
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in the absence of ketose sugars, a rapid redistribution of the isotope occurs 
between the organic and inorganic fractions without liberation of D-glucose. 
D-Glucose, which is known to inhibit sucrose phosphorylase, is also found 
to inhibit the exchange reaction. Similarly, the presence of D-fructose is 
found to decrease the rate of exchange. Such a decrease in rate would be 
expected if D-fructose competed with phosphate for the D-glucose residue 
of a-D-glucose 1-phosphate. These observations indicate that the enzyme 
combines reversibly with the D-glucose portion of a-D-glucose 1-phosphate 
forming a D-glucose-enzyme complex and releasing inorganic phosphate 
according to the equation: 

a-D-Glucose 1-phosphate + enzyme Ï=± D-glucosyl-enzyme + phosphate 

The equilibrium of the reaction would require that the energy of the 
α-D-glucose 1-phosphate linkage be preserved in the glycosyl-enzyme bond. 
The transfer of phosphate could not involve the formation of free D-glucose, 
because if this occurred approximately 4800 cal. would be released in the 
decomposition of the ester and would be required for its resynthesis. Since 
no external source of energy was available for the resynthesis of the ester, 
it must be concluded that the original bond energy is conserved in the 
glycosyl-enzyme complex. 

It was also demonstrated (194) that, in a phosphate-free medium, sucrose 
phosphorylase brings about the exchange of added free C14-labeled D-
fructose, forming sucrose in which its D-fructose moiety proved to be 
radioactive: 

D-Glucosyl D-fructoside* + enzyme ±̂ D-glucose-enzyme + D-fructose* 
(sucrose) 

In this reaction, as well as in the phosphorolysis reaction^ the enzyme 
acts as a D-glucose acceptor and is able to catalyze the exchange of an ester 
bond for a glycosidic bond. 

That the sucrose phosphorylase also functions as a transglucosidase can 
further be demonstrated by the fact that the enzyme will catalyze an 
exchange of glucosidic bonds between two different disaccharides in the 
absence of inorganic phosphate and a-D-glucose 1-phosphate. Thus, D-
glucosyl L-sorboside, which had been originally synthesized from a-D-glucose 
1-phosphate and L-sorbose, can also be formed by a reaction between 
sucrose and L-sorbose: 

D-Glucosyl D-fructoside + L-sorbose ^ D-glucosyl L-sorboside + D-fructose 
(sucrose) 

194. H. E. Wolochow, E. W. Putman, M. Doudoroff, W. Z. Hassid, and H. A. 
Barker, J. Biol. Chem. 180, 1237 (1949). 
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In a similar manner, sucrose can be prepared by a reaction between the 
synthetic disaccharide D-glucosyl D-xyluloside and D-fructose (171). 

D-Glucosyl D-xyluloside + D-fructose ^ D-glucosyl D-fructoside + D-xylulose 
(sucrose) 

The mode of action of sucrose phosphorylase explains the observed role 
of arsenate in causing the hydrolytic decomposition of both sucrose and 
a-D-glucose 1-phosphate in the presence of the enzyme (195). Arsenate 
presumably acts as a D-glucose acceptor with the enzyme, to form an 
unstable D-glucose 1-arsenate compound, which hydrolyzes spontaneously 
to D-glucose and arsenate: 

Sucrose + arsenate —► D-glucose 1-arsenate + D-fructose 

H20 

D-glucose + arsenate 

Hestrin, Feingold, and Avigad (195a) found that the levansucrase en-
zyme system of Aerobacter levanicum which utilizes the D-fructose moiety 
of sucrose, forming a polysaccharide (levan) and D-glucose, possesses a 
complementary property of catalyzing the reversible transfer of the D-fruc-
tosyl unit of /3-D-fructofuranosyl aldosides of different configurations to the 
anomeric carbon position of an aldose. 

When a cell-free solution of levansucrase was allowed to act on raffinose 
in the presence of D-glucose, in addition to the appearance of melibiose and 
a comparatively small quantity of levan, a rapid formation of a non-
reducing disaccharide identified as sucrose occurred. This reaction proved 
to be reversible: raffinose + D-glucose ;=± sucrose + melibiose. 

A number of other aldoses were found to react similarly with raffinose in 
the presence of levansucrase. Thus, the interaction of raffinose and D-xylose 
resulted in the formation of a nonreducing disaccharide ([a]D + 62°, in 
water), consisting of D-xylose and D-fructose. Periodate oxidation together 
with other data suggested that the compound is a sucrose analog, a-D-xylo-
pyranosyl-jS-D-fructofuranoside, to which the name "xylosucrose" was 
given. In addition to D-xylose, the following other aldoses were shown to be 
converted to the corresponding aldosyl-D-fructofuranosides on reaction 
with raffinose or sucrose in the presence of levansucrase: L-arabinose, 
D-glucose, D-galactose, and melibiose. 

195. M. Doudoroff, H. A. Barker, and W. Z. Hassid, J. Biol. Chem. 170,147 (1947). 
195a. S. Hestrin, D. S. Feingold, and G. Avigad, J. Am. Chem. Soc. 77, 6710 (1955). 
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D. SYNTHESIS OF OLIGOSACCHARIDES BY TRANSGLYCOSIDATION THROUGH 

THE ACTION OF HYDROLYTIC ENZYMES 

Pigman {75a, 196) made the observation that enzymes from Aspergillus 
oryzae, A. niger, Bacillus mesentericus, and pancreas, which were formerly 
considered to be purely hydrolytic, are capable of synthesizing unferment-
able substances from maltose, although not from D-glucose. 

By the use of sensitive methods, it has been observed (197-199) that 
yeast invertase formed substances during the early stages of action on 
sucrose that are presumed to be trisaccharides. To explain their formation, 
it has been suggested that yeast invertase, in addition to being a hydrolytic 
enzyme, is also a fructose-transferring enzyme. Small amounts of oligosac-
charides are synthesized by transfructosidation as a result of competition 
of the decomposition products of the substrate for the elements of water. 
The transfer probably occurs with a fructosyl-enzyme complex as the 
intermediate. Although at present there is no direct evidence that a fruc-
tosyl-enzyme compound is formed, the following scheme of enzyme action 
has been postulated (199). 

Fru-G + E ^± Fru-E + G 

Fru-E + Fru-G ^± Fru-Fru-G + E 

Fru-E + Fru-Fru-G ^ Fru-Fru-Fru-G + E, etc. 

Fru-E + H20 ^± Fru + E 

(Fru = D-fructose, E = enzyme, and G = D-glucose) 

The last reaction, involving water, is assumed to be slow and irreversible; 
these properties account for the disappearance of the oligosaccharides in 
the later stages of the reaction. Thus, it appears that transfructosidase is 
analogous in its action to the proteolytic enzymes which catalyze trans-
peptidations (200) or to the phosphate transferring phosphatases (201). 

Kestose or Ο-α-Ώ-Glueopyranosyl- (1 —>2) -Ο-β-Ό-fructofuranosyl- (6—>2) -0-D-
fructofuranoside. This sugar is produced during the action of yeast invertase 
on a 50 % sucrose solution and can be isolated by cellulose chromatography 
(202). The trisaccharide crystallizes from methanol and (with some dif-

196. W. W. Pigman, J. Research Nail. Bur. Standards 33, 105 (1944). 
197. J. S. D. Bacon and J. Edelman, Arch. Biochem. 28, 467 (1950). 
198. P. H. Blanchard and N. Albon, Arch. Biochem. 29, 220 (1950). 
199. E. H. Fischer, J. Kohtes, and J. Fellig, Helv. Chim. Ada 34, 1132 (1951). 
200. R. B. Johnston, M. J. Mycek, and J. S. Fruton, J. Biol. Chem. 185, 629 (1950). 
201. B. Axelrod, J. Biol. Chem. 176, 295 (1948); J. Appleyard, Biochem. J. 42, 

596 (1948); O. Meyerhof and H. Green, / . Biol. Chem. 178, 655 (1949). 
202. N. Albon, D. J. Bell, P. H. Blanchard, D. Gross, and J. T. Rundell, / . Chem. 

Soc. p. 24 (1953); See also, J. S. D. Bacon, Biochem. J. 57, 320 (1954). 
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ficulty) from water as fragile rhomboidal plates. I t is not sweet. Its specific 
rotation in water is [a]D +27.3°; m.p. 145°C. 

Hydrolysis of the methylated kestose gives rise to 1,3,4,6-tetra-O-
methyl-D-f ructof uranose, 2,3,4,6-tetra-0 - methyl - D - glucopyranose, and 
1,3,4-tri-O-methyl-D-fructose. 

A similar trisaccharide can be extracted from the tubers of the Jerusalem 
artichoke {203). 

Ο-β-Ώ-Fructofuranosyl- {2-+6) -O-a-D-glucopyranosyl- (1 —>2) -β-Ό -fructofur a-
noside. This trisaccharide, which is composed of the same monosaccharide 
units as kestose, has a different configuration and is named "neokestose" 
{204). I t is synthesized during the action of yeast invertase preparations on 
sucrose and isolated by chromatography on a carbon-Celite column. I t is 
obtained as a nonreducing amorphous powder, having an [a] D +22.2° (in 
water). Its structure is deduced from an analysis of the cleavage products 
of the mixed methylated sugars. I t appears to be formed by enzymic trans-
fer of a β-D-fructofuranosyl radical to sucrose. Invertase will, thus, transfer 
ß-D-fructofuranosyl radicals to the primary alcoholic group of D-glucopyra-
nose as well as those of D-fructofuranose. 

Ο-α-Ώ-Glucopyranosyl- {1 —>4) -O-a-O-glucopyranosyl β-Ό-fructofuranoside or 
a-maltosyl ß-v-fructofuranoside. While the principal trisaccharides formed 
by yeast invertase from sucrose contain two D-fructose and one D-glucose 
molecules {205), the chief trisaccharide formed from sucrose by honey 
invertase contains two D-glucose and one D-fructose molecules {206). This 
sugar has been isolated from a honey invertase digest of sucrose; the yield 
was 11 % of the original weight of sucrose. The trisaccharide is nonreducing 
to Fehling solution and gives D-glucose and D-fructose on hydrolysis. Its 
configuration was deduced from the fact that on partial hydrolysis with 
yeast and honey invertase both maltose and sucrose are produced. 

A similar trisaccharide composed of two D-glucose units and one D-
fructose unit can be isolated by charcoal chromatography from the honey-
dew of the citrus mealy bug Pseudococcus citri when feeding on the sap of 
potato sprouts {207). Presumably this trisaccharide arises as a natural 
product in the digestive systems of many insects. Also there is Chromato-
graphie evidence for its presence in honeydews of cottonlike maple scale, 
Pulvinaria vitis, and in the spirea aphid, Aphio spiralcola. 

Ο-α-Ώ-Glucopyranosyl - {1 —>2) -Ο-β-Ό-fructofuranosyl - {1 —>8) -ß-O-fructofura-
noside {tentative structure). This nonreducing trisaccharide is produced as 

208. R. Dedonder, Compt. rend. 232, 1134 (1951). 
204- D. Gross, P. H. Blanchard, and D. J. Bell, / . Chem. Soc. p. 1727 (1954). 
205. H. C. S. de Walley, Intern. Sugar J. 54,127 (1952) ; L. M. White and G. E. Secor, 

Arch. Biochem. and Biophys. 36, 490 (1952). 
206. J. W. White and J. Maher, J. Am. Chem. Soc. 75, 1259 (1953). 
207. H. E. Gray and G. Fraenkl, Science 118, 304 (1953). 
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the result of the action of "Takadiastase" on sucrose (208). The trisaccha-
ride appears to be formed by enzymic transfer of a D-fructofuranosyl 
radical to sucrose. The sugar, isolated as a sirup, has a specific rotation 
[a]D +28° (in water). Methylation and subsequent hydrolysis of the 
compound produces 1,3,4,6-tetra-O-methyl-D-fructose, 2,3,4,6-tetra-O-
methyl-D-glucose, and 3,4,6-tri-O-methyl-D-fructose in equimolar pro-
portions. From the ease of hydrolysis by dilute acid and by yeast invertase 
preparations free from α-D-glucosidase, the D-glucose radical is assumed to 
be combined as in sucrose. The 0-linkage is deduced from the accepted 
specificity of yeast invertase. 

O-a-O-Glucopyranosyl- (1 -+6) -O-a-O-glucopyranosyl- (1 -+4) -a - D - glucopyra-
nose. Cultures of A. niger NNRL 337 contain an enzyme system which 
can use maltose to synthesize an unfermentable reducing trisaccharide, 
consisting entirely of D-glucose units, sometimes called panose (209). The 
trisaccharide is crystalline, has an [a]D +154° (mutarotates downward) 
and a m.p. 213°C. (dec). Partial hydrolysis of this oligosaccharide and of 
its aldonic acid followed by chromatography on paper indicated the pres-
ence of isomaltose, maltose, and D-glucose in the former and isomaltose 
(no maltose) and D-glucose in the latter. Further evidence for the presence 
of one a, 1—>6 and one α,Ι—>4 linkage was based on the relative positions of 
the spots from maltotriose, the unknown trisaccharide, and a possible tri-
saccharide from the α,Ι—»6-dextran series (210). On the basis of these data, 
a tentative structure for the trisaccharide was formulated as 4-O-a-isomal-
topyranosyl-D-glucose. Definite proof for this structure was obtained by 
the isolation of crystalline ^-isomaltose octaacetate from the partial hy-
drolysis of the acetylated reduced trisaccharide derivative (211). 

An enzyme in liver converts maltose to maltotriose and maltotetraose 
(211a). 

E. MISCELLANEOUS OLIGOSACCHARIDES 

Inulobiose, a reducing disaccharide with the probable structure of 1-0-
0-D-fructofuranosyl-D-fructofuranose, has been isolated from a partial acid 
hydrolyzate of inulin by paper Chromatographie methods (212). This 
disaccharide can also be prepared from D-fructose and raffinose by a carbo-

n s . J. S. D. Bacon and D. J. Bell, J. Chem. Soc. p. 2528 (1953). 
209. S. C. Pan, L. W. Nicholson, and P. Kolachov, J. Am. Chem. Soc. 73, 2547 

(1951). 
210. D. French, Science 113, 352 (1951). 
211. M. L. Wolfrom, A. Thompson, and T. T. Galkowski, / . Am. Chem. Soc. 73, 

4093 (1951). 
211a. K. V. Giri, A. Nagabhushanam, V. N. Nigam, and B. Belavadi, Science 121, 

898 (1955). 
212. J. H. Pazur and A. L. Gordon, J. Am. Chem. Soc. 75, 3458 (1953). 
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hydrate transferring enzyme, transfructosidase, from the mold Aspergillus 
oryzae (218). (See also p. 684.) 

The inulobiose was prepared by precipitation from aqueous solution 
with acetone. I t dissolves readily in water and tastes sweeter than sucrose. 
Its specific rotation is [α]Ό —32.5° (in water). The specific rotation of the 
octaacetyl derivative is [α]Ό —6.5° (in chloroform). 

A reducing disaccharide, consisting of D-glucose and D-fructose, named 
leucrose (214), is formed in the reaction mixture to the extent of about 3 % 
during the synthesis of dextran from sucrose by an enzyme isolated from 
the microorganism Leuconostoc mesenteraides. Its specific rotation is [a]D 

— 6.8° (in water); m.p. 161-162°C. Methylation studies show that its 
structure is 5-O-a-D-glucopyranosyl-D-fructopyranose. 

Aspergillus niger (strain 152), which produces an intracellular poly-
glucan (215), contains a transglucosidase responsible for the synthesis of 
a number of oligosaccharides. When maltose is used as a substrate in the 
presence of a cell-free extract of this mold, the following oligosaccharides 
are produced: isomaltose (6-O-a-D-glucopyranosyl-D-glucose), panose (O-a-
D-glucopyranosyl- ( 1—>6) -Ο-α-D-glucopyranosyl- ( 1—>4) -a - D - glucopyranose), 
and isomaltotriose. This indicates that the mold contains an intracellular 
transglucosidase analogous to the extracellular enzymes produced by A. 
niger NRRL-337 (209) and by A. oryzae (216). 

Another trisaccharide formed from sucrose by A. niger has been char-
acterized as 0-a-D-glucopyranosyl-(l-^2)-0-jS-D-fructofuranosyl-(l-^2)-jS-
D-fructofuranoside (217). 

During the action of an enzyme extract from yeasts on lactose two 
disaccharides and two trisaccharides are produced (218). The compounds 
were isolated by paper-chromatographic procedures. From partial and 
complete hydrolysis of the products and their aldonic acids, the following 
arrangements of the monosaccharide units in the oligosaccharides are 
identified : 6-O-D-galactosyl-D-glucose, 6-O-D-galactosyl-D-galactose, O-D-
galactosyl- ( 1—>6) -O-D-galactosyl- ( 1—»4) -D-glucose, and O-D-galactosyl-
(1—»6)-0-D-galactosyl-(l—>6)-D-glucose. 

When culture filtrates of Pénicillium chrysogenum are allowed to act on 
maltose as a substrate, the maltose appears to be completely converted 
to isomaltose, 6-O-a-D-glucopyranosyl-D-glucose, and other saccharides 

215. J. H. Pazur, J. Biol. Chem. 199, 217 (1952). 
214. F. H. Stodola, E. S. Sharpe, and H. J. Koepsell, J. Am. Chem. Soc. 78, 2514 

(1956). 
216. S. A. Barker, E. J. Bourne, and M. Stacey, / . Chem. Soc. p. 3084 (1953). 
216. J. H. Pazur and D. French, J. Biol. Chem. 196, 265 (1952). 
217. S. A. Barker, E. J. Bourne, and T. R. Carrington, J. Chem. Soc. p. 2125 (1954). 
218. J. H. Pazur, J. Biol. Chem. 208, 439 (1954). 
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(219). The products are separated by fractionation on a column of char-
coal (Norit A). 

When filtrates from cultures of several species of Aspergillus and Rhizopus 
were allowed to act on maltose and starch, the synthesis of unfermentable 
sugars, isomaltose, cellobiose, panose, and two unknown sugars, was dem-
onstrated by paper chromatography (220). 

Enzymes of A. macerans form cyclic six-, seven- and eight-membered 
dextrins from starch substances (p. 681). 

219. K. V. Giri, K. Saroja, R. Venkataraman, and P. L. Narasimha Rao, Arch. 
Biochem. and Biophys. 51, 62 (1954). 

220. K. Aso and K. Shibasaki, Tohoku J. Agri. Research 3, 349 (1953). 




