
I. Introduction: Structure and Stereochemistry 
of the Monosaccharides 

WARD PIGMAN 

1. GENERAL RELATIONS 

The carbohydrates comprise one of the major groups of naturally occur-
ring organic materials. They are the basis of many important industries or 
segments of industries including sugar and sugar products, glucose and 
starch products, paper and wood pulp, textile fibers, plastics, foods and food 
processing, fermentation, and, to a less-developed extent, pharmaceuticals, 
drugs, vitamins, and specialty chemicals. 

They are of special significance in plants, the dry substance of which is 
usually composed of 50 to 80 % of carbohydrates. For plants, the structural 
material is mainly cellulose and the related hemicelluloses accompanied by 
lesser amounts of a phenolic polymer (lignin). Smaller but important 
amounts of starch, pectins, and sugars, especially sucrose and D-glucose, 
are also plant constituents and are obtained commercially from these 
sources. Many noncarbohydrate organic compounds are found conjugated 
with sugars in the form of glycosides. 

For the higher animals, the principal structural material is protein rather 
than carbohydrate, and frequently the animal carbohydrates are found in 
loose or firm combination with proteins, as well as other materials. The 
amorphous ground substance between cells is composed to a considerable 
extent of the polysaccharide hyaluronic acid. Other important carbohydrates 
or carbohydrate-protein complexes are the D-glucose of blood and tissue 
fluids, the glycogen of liver and muscle particularly, the immuno and 
blood-group substances, the mucins, and the uronides. Many foreign sub-
stances are removed from the body through the intermediary of the forma-
tion of glycosides of glucuronic acid. Of special importance to animals are 
the 2-amino-2-deoxyhexoses, glucosamine and galactosamine. In some of 
the lower animals a major constituent of the exoskeleton (crab and lobster 
shells) is a polymer of glucosamine, chitin. Fats, of both animal and plant 
origin, are fatty acid esters of a sugar alcohol, glycerol. 

In all living cells, as far as is known, the carbohydrates are the central 
pathway for the supply of energy needed for mechanical work and chemical 
reactions. Phosphate esters of the sugars are important in these transforma-
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tions, and carbohydrate derivatives, like adenosine triphosphate and re-
lated substances, are key substances in energy storage and transfer. Similar 
polymeric carbohydrate derivatives, the nucleic acids, are essential major 
cell components. Possibly even more basically, the light energy from the 
sun is trapped by plants by a mechanism involving chlorophyll and is 
rapidly stored or transferred to carbohydrate derivatives, sugars, and 
hydroxy acids. The man-made chemical classifications of cell components 
have only formal significance in biological systems, and, through common 
intermediates such as pyruvic acid, serine, and acetate, the proteins, fats, 
and carbohydrates are interconvertible. 

2. SOME DEFINITIONS 

Although a term like " carbohydrate'' cannot be defined with exactitude, 
there is value in an examination of its significance and that of related com-
monly used terms. The carbohydrates comprise several homologous series 
characterized by a plurality of hydroxyl groups and one or more functional 
groups, particularly aldehyde or ketone groups, usually in the acetal or 
hemiacetal forms. Natural polymers of these products with hemiacetal 
linkages as the polymeric linkage are a very important portion of the carbo-
hydrate group, known as oligo- and poly saccharides. 

An oversimplified but possibly acceptable definition of the carbohydrates 
is that they are composed of the polyhydroxy aldehydes, ketones, alcohols, 
acids, their simple derivatives, and the polymers having hemiacetal poly-
meric linkages. (See pages 478 and 641.) The full-fledged nonpolymeric carbo-
hydrates are the five-, six-, and higher-carbon members of the several 
homologous series. With progressively fewer carbon atoms, the carbo-
hydrate characteristics of the compounds degenerate until the atypical one-
and two-carbon compounds, like ethanol, acetaldehyde, and acetic acid, 
are reached. 

Although only one type, the sugars have often been considered as the 
typical carbohydrates. The sugars (or saccharides) are the monosaccharides 
and their simple polymers (the oligosaccharides). The monosaccharides are 
polyhydroxy aldehydes (I) and ketones (IV) which usually exist in an inner 
hemiacetal form (II or III) . The oligosaccharides (VII) contain relatively 
few combined monosaccharide units (2 to 10) which are connected through 
acetal glycosidic linkages. When the molecules contain many bound mono-
saccharide units, the compounds belong to the class of polysaccharides 
(VII). For the polysaccharides, the relatively diminishing percentage of 
aldehyde or ketone groups enhances the behavior of the polysaccharides as 
polyols, except for the acid-labile acetal (glycosidic) linkage (see formula 
(VII)). 

With the historical and frequently practical concept of the monosaccha-
rides as the basic units from which all carbohydrates can be derived, the 
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term glycose is being increasingly used as a basis for class names. A glycose 
is any monosaccharide, and, by the addition of a suitable ending, various 
simple derivatives are indicated as classes, such as glycosides (V, VI), gly-
conic (aldonic) acids (IX), glycaric (aldaric) acids (XI), glycosamines 
(VIII), glycals, and glycitols (alditols) (XII). 
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The aldohexose D-glucose in the open-chain Fischer formula (I), the Fischer-
Tollens hemiacetal ring formula (II), and the Haworth formula (III). The number-
ing system is shown. 
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A hexulose or ketohexose, fructose (IV). A glycoside with the common mixed full-
acetal ring formula (V) and with the Haworth acetal ring formula (VI) ; R is an alkyl 
or aryl group. 
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Polysaccharide; X is large (greater than 8 and usually 100 to 2000) 
Oligosaccharides ; X is small (0 to 8) 

Disaccharide (biose), X = 0 
Trisaccharide (triose), X ~ 1 
Tetrasaccharide (tetraose), X = 2 
Pentasaccharide (pentaose), X = 3 

(1) CHO 

(2) HCNH2 

(3) HOCH 

Acids and Amino Sugars 

COOH CHO COOH 

(4) 

(5) 

(6) 

HCOH 

HCOH 

CH2OH 
(VIII) 

HCOH 

HOCH 

HCOH 
I 

HCOH 

CH2OH 
(IX) 

HCOH 

HOCH 

I 
HCOH 

I 
HCOH 
COOH 

(X) 

HCOH 

HOCH 
I 

HCOH 

HCOH 

I 
COOH 
(xi) 

CH2OH 
I 

HCOH 

HOCH 
I 

HCOH 

HCOH 

CH2OH 

(XII) 

An amino sugar, 2-amino-2-deoxy-D-glucose or glucosamine (VIII); the aldonic 
acid, gluconic acid (IX) ; the uronic acid, glucuronic acid (X) ; the glycaric acid, glu-
caric or saccharic acid (XI); a glycitol or alditol, sorbitol or D-glucitol (XII). 

Monosaccharides usually are further classified according to the number 
of carbon atoms in the central chain of the molecule and to the type of 
carbonyl group (aldehyde or ketone) present. This system gives rise to 
names such as aldotriose, aldotetrose, aldopentose, aldohexose, and aldo-
heptose. At the one- and two-carbon stage, this series converges into glycolic 
aldehyde and formaldehyde. The presence of a ketone group has been indi-
cated by names such as ketopentoses and ketohexoses; more recently, the 
tendency except for some established trivial names is to indicate the pres-
ence of a ketone group by the ending "ulose" in names such as pentuloses, 
hexuloses, and heptuloses. 

An aldehyde or ketone group in the free (I, IV) or in the hemiacetal form 
(II, III) generally is the most reactive of the functional groups present. 
These groups are called reducing groups, and the sugars with such unsub-
stituted groups are called reducing sugars. These groups are responsible 
for the characteristic reactions of reducing sugars. Among such reactions 
are the reduction of the salts of heavy metals in alkaline solution, the 
changes of optical rotation in solution, the formation of derivatives such as 
oazones and hydrazones, and the instability to alkalies. The oligosaccha-

rides which have a reducing group at one end of the molecule are called 
reducing oligosaccharides (VII). When no free aldehyde or ketone group is 
present, the compound is a nonreducing oligosaccharide. Disaccharides like 
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maltose and lactose are reducing, whereas sucrose is nonreducing because 
the aldehyde and ketone groups of the component fructose and glucose have 
been combined in the formation of the disaccharidic glycosidic linkage. 
Like the oligosaccharides, the polysaccharides usually have a terminal re-
ducing group (see formula (VII)), but the relative amount of these terminal 
groups is usually too small to influence the reactions greatly. However, 
properties like alkali instability may still be determined by the reducing 
groups (see formula (VII)), although the number is small. 

3. NOMENCLATURE 

In the early development of carbohydrate chemistry as in that of many 
other natural materials, special systems of nomenclature were developed 
which frequently were inconsistent within themselves or with the estab-
lished nomenclature of organic compounds. Organized efforts have been 
made to systematize carbohydrate nomenclature, and a considerable area 
of agreement has been reached by American and English carbohydrate 
chemists. The recommendations have been embodied in some 35 rules (1), 
which in the present text are followed as closely as possible. The greatest 
changes from the earlier usage are in the adoption of substitutions as in-
volving parent hydrocarbon radicals, the use of the deoxy system, the es-
tablishment of rules for the indication of the configuration of a series of 
asymmetric carbon atoms, and the systemization of the carbohydrate acids. 
Old names such as 3-methyl-D-glucose are now written as 3-0-methyl-D-
glucose. Mucic acid has the systematic name of galactaric acid, and the 
uronic acid nomenclature has been revised. 

4. DEVELOPMENT OF CARBOHYDRATE CHEMISTRY (*) 

Carbohydrates such as cellulose and sucrose were known to man in very 
early times in pure or semipure forms. Prehistoric man was acquainted with 
honey, a fairly pure mixture of the three sugars sucrose, D-fructose, and 
D-glucose. 

The culture of sugar cane and the use of the juices as a sweetening agent 
appear to have originated in northeastern India. As early as 300 A.D., the 
crystalline sugar was known and used. Sugar cane culture was extended to 
China around 400 A.D. and to Egypt around 640 A.D.; from Egypt, the 
culture and use of the sugar spread gradually over North Africa to Spain 

1. Committee on Garbohydrate Nomenclature, Chem. Eng. News 31, 1776 (1953). 
2. For more details of the history and earlier work, the reader is referred to the 

following references from which the present discussion was abstracted: E. O. von 
Lippmann, "Geschichte des Zuckers," 2nd ed., Berlin, 1929; "Beilsteins Handbuch 
der organischen Chemie," Vol. 31. Springer, Berlin, 1938; N. Deerr, "The History 
of Sugar." Chapman & Hall, London, 1949-1950. 
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and Sicily. The introduction into North America is ascribed to Columbus, 
who brought the plant to Santo Domingo on his second voyage. Sugar cane 
cannot be grown well in Europe because it requires a tropical or semitropical 
climate, but the sugar was known in Europe during the fourteenth and 
fifteenth centuries and used as a costly sweetening agent. However, by 
1600 many sugar refineries had been erected in Europe, and the use of cane 
sugar had become widespread. 

The necessary restriction of the culture of sugar cane to tropical or semi-
tropical lands stimulated the search for sweetening materials which could 
be obtained from plants native to the temperate region. This search led to 
the technical development on the European continent of the sugar beet 
during the latter part of the eighteenth century and especially in the early 
years of the nineteenth because of the continental blockade during the 
Napoleonic wars. 

The desire to find sweetening agents stimulated the study of known 
products and of new sources. Honey, grape juice, and raisins were known to 
contain material which crystallized under some conditions. Marggraf in 
1747 described a type of sugar which occurs in raisins. Lowitz (1792) iso-
lated a sugar from honey which he indicated to be different from cane sugar. 
Proust (1802) claimed that grapes contain a sugar which is different from 
sucrose. The action of acids on starch was shown to produce a sweet sirup 
from which a crystalline sugar was isolated by Kirchoff in 1811. Later 
workers established that the sugar contained in grapes is identical with 
that in honey, in diabetic urine, and in the acid-hydrolyzates of starch and 
cellulose; it was given the name of glucose by Dumas (1838) and of dextrose 
by Kekulé (1866). Emil Fischer revived the name glucose, and it is now 
used generally in scientific work. 

The presence in honey also of a sirupy sugar different frcm glucose and 
sucrose was recognized by many early workers, but the crystalline material 
was prepared first by Jungfleisch and Lefranc in 1881. The name of lévulose 
seems to have been applied first by Berthelot (1860), whereas Emil Fischer 
(1890) suggested the name of fructose for this sugar. 

Due to their ease of isolation and purification, sucrose, lactose (milk 
sugar), starch, cotton cellulose, glucose, and fructose were among the first 
to be studied, and their empirical composition was found to correspond to 
the general formula Cn(H20)x. Since structural chemistry and the existence 
of hydroxyl groups and hydrogen as structural elements was unknown at 
the time, the substances were looked upon quite naturally as compounds 
of carbon and water, and were termed carbohydrates (French, hydrates de 
carbone). 

It was soon learned that acid hydrolysis converted starch and cellulose, 
[C6(H20)5]x , into glucose, C6(H20)6, with the uptake of one mole of water 
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per C6 unit. Cane sugar, Ci2(H20)n , took up one mole of water to give two 
C6(H20)6 sugars (hexoses), glucose and fructose. Lactose, another Ci2(H20)n 
compound, gave glucose and galactose, both"C6(H20)6. Hydrolysis of cherry 
gum yielded arabinose, CB(H20)5, a pentose. Another Ce sugar, sorbose, 
was discovered in an old, fermented sample of sorb apple juice. Further 
work showed that arabinose, glucose, and galactose were polyhydroxy alde-
hydes (aldoses) while fructose and sorbose were polyhydroxy ketones 
(ketoses). Somewhat later a third C6 aldose (aldohexose), mannose, was 
synthesized from mannitol and subsequently found in nature. The actual 
structure of the three natural C6 aldoses was unknown, but after the de-
velopment of the Le Bel-van't Hoff theory it was evident that they were 
stereoisomers, since all were straight-chain compounds. 

Meanwhile, the series of naturally occurring, homologous, straight-chain 
polyhydric alcohols: glycol, glycerol, erythritol (C4), arabitol (C5), man-
nitol, dulcitol, sorbitol, and iditol (C6), and perseitol (C7), had been dis-
covered. They had the general formula Cw(H20)nH2, (in modern terms, 
HOCH2(CHOH)n_2CH2OH). Erythritol and the higher members were 
crystalline, sweet tasting, and water soluble. The four hexitols were known 
to be isomeric, but their relationship to each other and to the five natural 
C6 sugars was not known until Emil Fischer's classical work in the early 
nineties. 

Three dibasic acids of the series HOOC(CHOH)n_2COOH were likewise 
discovered very early, the C4 tartaric acid from wine lees, and the isomeric 
C6 mucic and saccharic acids from the nitric acid oxidation of lactose and 
of cane sugar. 

5. STRUCTURES OF GLUCOSE AND FRUCTOSE (3) 
The structure of glucose is established by the following evidence. Du-

mas (1843) determined the empirical formula of the sugar to be CH20 
(when water is taken as H20 and not as HO as it appears in the early work). 
Berthelot established the presence of a number of hydroxyl groups by the 
preparation of an acetate (indicated by him to be a hexaacetate) and formu-
lated glucose as a hexahydric alcohol; however, as a result of additional 
studies (1862), glucose was formulated as an aldehyde-alcohol with five 
carbon atoms. The six-carbon nature and the various known properties of 
glucose were expressed by Fittig and by Baeyer (1868 to 1870) in the 
formula : 

(HO)H2C—CH(OH)— CH(OH)— CH(OH)— CH(OH)—CHO (Fittig, Baeyer) 

The Baeyer-Fittig formula is confirmed by molecular weight determinations 

S. For references see "Beilsteins Handbuch der organischen Chemie," Vol. 31, 
p. 83. Springer, Berlin, 1938. 
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(B. Tollens and Mayer—1888), by the formation of pentaacetates and 
other esters, and by the exhibition of many aldehyde-type reactions. Thus, 
the reduction of the sugar produces a hexahydric alcohol (sorbitol), and 
oxidation with bromine or nitric acid produces a monobasic acid (gluconic 
acid). These reactions would be anticipated from the presence of an alde-
hyde group. By reduction (with hydrogen iodide) of the alcohol or acid 
obtained from glucose, sec-hexyl iodide or n-hexylic acid is obtained. The 
formation of the sec-hexyl iodide proves that the sugar has a straight chain. 
These and many other reactions support the Baeyer-Fittig formulation of 
glucose. However, as will be shown below, the formula does not show the 
stereochemical relationships of the various groups, and many reactions and 
properties of the sugar are not fully expressed. 

Fructose must be constituted similarly to glucose, for it is reduced to 
hexahydric alcohols (mannitol and sorbitol). The mannitol has a straight-
chain structure as is shown by its conversion to sec-hexyl iodide by the 
action of hydrogen iodide. Oxidation of the sugar with nitric acid yields 
raeso-tartaric acid (COOH—CHOH—CHOH—COOH), glycolic acid 
(CH2OH—COOH), and oxalic acid and must take place by cleavage of the 
carbon chain. The formation of tartaric acid and glycolic acid would be 
expected if a ketone group is present at carbon 2. The existence of a ketone 
group is shown by the formation of a branched-chain acid when fructose is 
treated with HCN. The nature of the seven-carbon acid formed by the 
addition of HCN was shown by Kiliani who reduced it to 2-methylhexanoic 
acid. 

6. STEREOCHEMISTRY 

A. GENERAL PRINCIPLES 

The sugars with the formula CeH^Oe known in 1886 were glucose, fruc-
tose, galactose, and sorbose. Of the known hexoses, two types of structures 
were present. These types were the glucose-galactose type with aldehyde 
structures and the fructose-sorbose type with ketone structures. 

The occurrence of structurally identical sugars such as glucose and 
galactose presented a challenge to the chemists of the later nineteenth 
century to provide an explanation for the existence of isomers of a type other 
than structural isomers. The basis for this explanation was developed almost 
simultaneously by Le Bel and van't Hoff and published in 1874. According 
to these workers, isomers of a type other than structural isomers should 
exist for compounds which contain asymmetric carbon atoms. This type of 
isomerism is illustrated below for glyceraldehyde (CH2OH—CHOH—CHO). 
Each of the two isomers is represented by a tetrahedral formula and by a 
conventional formula. 
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The conventional formulas are derived from the tetrahedral formulas by the use 
of the convention established by Fischer (4). The tetrahedrons are represented as 
being held so that the dotted lower edge is in the plane of the paper; the H and OH 
corners are above the plane of the paper with the aldehyde group at the top. The 
conventional formula represents the projection of the model on the plane of the paper. 

The two tetrahedrons differ only in the configuration of the groups in 
space, and the substances are called stereoisomers. Careful examination of 
the above figure, or better of models, will show that no matter how the 
tetrahedrons are turned in space they cannot be made to coincide. How-
ever, it should be noted that the two tetrahedrons are related in a fashion 
like that of an object and its mirror image. When two of the groups attached 
to the same carbon are identical, isomerism of this type is not possible. The 
presence of asymmetric carbon atoms in organic compounds was suggested 
by Le Bel and van't Hoff as the cause of the optical activity of the com-
pounds. Compounds which contain such atoms cause a rotation of the plane 
of polarization of plane-polarized light when the light is passed through 
their solutions. 

For each of the trioses shown above, there are two related tetroses. The 
tetroses have two asymmetric carbon atoms; the formulas of the four pos-
sible isomers are given below in both the tetrahedral and the ordinary 
formulas. 
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4. E. Fischer, Ber. 24, 1836, 2683 (1891); see also C. S. Hudson, Advances in Car-
bohydrate Chem. 3, 1 (1948). 
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The isomeric tetroses differ in their spacial relationships and cannot be 
brought into coincidence by rotation of the models in space even though 
free rotation about the bond between the tetrahedra is possible. The 
formulas (I) and (IV) are a pair of mirror images; (II) and (III) represent 
another such pair. For the four-carbon sugars, there are two pairs of mirror 
images (enantiomorphs) and four stereoisomers. In the sugar series, sub-
stances which differ only in the configuration of the carbon atom imme-
diately adjacent to that carrying the carbonyl or carboxyl group are known 
as epimers. In the above formulas, (I) and (II) represent a pair of epimers 
and (III) and (IV) another pair. I t may be well to extend the definition of 
epimers to mean any pair of stereoisomers that differ solely in the con-
figuration of a single asymmetric carbon atom. By this definition com-
pounds (V) and (VI) would be 2-epimers and compounds (V) and (VII) 
would be 3-epimers. 

HCO HCO HCO 

HCOH HOCH HCOH 

HOCH HOCH HCOH 

HCOH HCOH HCOH 

H2COH 
D-Xylose 

(V) 

H2COH 
D-Lyxose 

(VI) 

H2COH 
D-Ribose 

(VII) 

In general, the number of stereoisomers for a structure which involves n 
asymmetric carbon atoms is given by 2n. However, when the terminal 
groups in the molecule are identical, the number of isomers is given by: 

22 (22 + 1 ) when n is an even number, and by 2n 1 when n is an odd num-
ber. Thus, for the tartaric acids (COOH—CHOH—CHOH—COOH), 
three isomers are possible; for the pentaric (hydroxyglutaric) acids 
(COOH—CHOH—CHOH—CHOH—COOH), four isomers are possible. 
Fewer isomers can exist when the end groups are identical because of the 
symmetries which develop. Thus in the compounds which have an odd 
number of asymmetric carbon atoms, the central carbon has two attached 
groups which may have the same structure. If two groups are identical, 
the number of asymmetric centers is really n — 1. This relationship may be 
seen from the formula given below for the pentaric (trihydroxyglutaric) 
acids. 

For the tartaric acids, which have an even number of carbon atoms, the 
number of isomers is reduced to three because of the symmetry of the 
molecule. The two formulas represented by (X) are identical. This identity 
may be shown by moving either of formulas (X) through 180°, keeping it in 
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the plane of the paper. I t then becomes identical with the other formula. 
When formula (VIII) is rotated in the plane of paper through 180°, it does 

COOH 
| COOH COOH COOH COOH 
CHOH R | | | | 
| I HCOH HOCH HCOH HOCH 
C H O H = C H O H I I I I 
| | HOCH HCOH HCOH HOCH 
CHOH R | | | | 
| COOH COOH COOH COOH 
COOH v * ' 

Pentaric acids (VIII) (IX) (X) 
The isomeric tartaric (tetraric) acids 

not become identical with either (IX) or (X). A better test is provided by 
the construction of the space models; if this is done, it will be found possible 
to construct only three stereoisomers. Note, however, that any monosub-
stitution of (X) destroys the meso symmetry, giving rise to enantiomorphs. 

In general, compounds which contain asymmetric carbon atoms rotate 
the plane of polarization of plane-polarized light. For this reason they are 
said to be optically active. When the molecular symmetry is such that the 
optical activity of one portion of the molecule is cancelled by that of the 
second portion of the molecule, the compounds are said to be internally 
compensated and are called meso compounds. The tartaric acid with the 
formula (X) is such a compound and has been known as the raeso-tartaric 
acid. The tartaric acids identified as (VIII) and (IX) have been known as 
d-tartaric acid and Z-tartaric acid because of the sign of their optical rota-
tions (dextro and levo, respectively). (The nomenclature of these acids is 
discussed later in this chapter.) The compounds (VIII) and (IX) are non-
superimposable mirror images, called enantiomorphs. The existence of such 
pairs of asymmetric isomers is the fundamental basis of optical activity. 
The asymmetry may be in either the molecular structure or the crystal 
structure. Asymmetric carbon atoms are not always present in optically 
active molecules. 

Enantiomorphs are identical in most of their properties such as melting 
points, solubilities, and chemical reactivity. However, when another asym-
metric molecule or polarized light is involved, they are markedly different. 
This behavior is especially pronounced in biological systems, because the 
enzymes are also asymmetric molecules, and frequently one enantiomorph 
is handled in biological systems quite differently from the other. D-Glucose 
is readily utilized by man, whereas its mirror image, L-glucose, is not 
utilizable. 

Mixtures of equal amounts of the tartaric acids (VIII) and (IX) are 
optically inactive and are termed racemic or D,L-mixtures. Racemic mix-
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TABLE I 

NUMBER OF STEREOISOMERS OF THE ALDEHYDO-SUGARS AND ALDONIC 

ACIDS CONTAINING 2 TO 7 CARBONS AND OF T H E CORRESPONDING 

ALCOHOLS AND DIBASIC ACIDS 

Parent sugars 

Dioses 
Trioses 
Tetroses 
Pentoses 
Hexoses 
Heptoses 

No. of asymmetric 
carbons (n) 

0 
1 
2 
3 
4 
5 

Number of possible forms or 
isomers : 

Sugars (& 
Aldonic Acids) 
CHO (COOH) 

(CHOH)n 

CH2OH 

1 
2 
4 
8 

16 
32 

Alcohols (& 
Dibasic Acids)a 

CH2OH(COOH) 

(CHOH)n 

CH2OH(COOH) 

1 
1 
3 
4 

10 
16 

a When n is an odd number, one carbon is not asymmetric. 

tures are always formed in the chemical synthesis of potentially optically 
active substances from inactive materials unless asymmetric substances 
have been used in the synthesis. Frequently the two components react to 
form a racemic compound, which has properties (such as solubility and 
melting point) different from the component isomers. The raeso-tartaric 
acid (X) is also optically inactive, because of internal compensation of the 
asymmetric center, i.e., the two asymmetric carbon atoms have exactly 
equal but opposite optical rotations. 

Because of the extensive use of isotopes in the study of reaction mecha-
nisms, particularly biological mechanisms, a very important special case of 
an asymmetric carbon atom exists. This is the case of the attachment of 
two different isotopes of the same element to the same carbon atom. Thus 
optically active isomers of the type R1R2CHD have been obtained (5). An 
optically active p-acetyl-a-deuteroethylbenzene was synthesized by Eliel 
(6). The existence of such enantiomorphous isomers, which will be treated 
differently in biological systems, has tremendously complicated the quanti-
tative significance of the isotope-tracer technique (7). 

On the basis t)f the above considerations, which are consequences of the 

5. See E. R. Alexander and A. G. Pinkus, J. Am. Chem. Soc. 71, 1786 (1949). 
6. E . L. Eliel, / . Am. Chem. Soc. 71, 3970 (1949); A. Streitwieser, ibid. 75, 5014 

(1953). 
7. A. G. Ogston, Nature 162, 963 (1948). 
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Le Bel-van't Hoff theory, the number of isomers of each of the sugars 
having seven or less carbon atoms and of the corresponding dibasic acids 
and alcohols is given in Table I. 

B. ESTABLISHMENT OF THE CONFIGURATION OF GLUCOSE 

AND SOME OTHER SUGARS 

The existence of structurally isomeric sugars was a corollary of the Le 
Bel-van't Hoff theory. After publication of the theory in the latter part 
of the nineteenth century, it was soon realized that sugars such as glucose 
and galactose are stereoisomers. In a series of brilliant researches, Emil 
Fischer applied the Le Bel-van't Hoff theory to the sugar series and estab-
lished the configurations of many of the individual sugars. 

Fischer's proof was published in two papers which appeared in 1891 (4). 
His proof was expressed in the terminology and conventions of the time. 
Since the expression of the proof in his original fashion would require a 
detailed explanation of the older concepts of stereochemistry, it seems bet-
ter in the present discussion to use the data available to him at the time 
and to introduce the proof in terms of modern concepts and conventions. 
The present discussion follows the proof of configuration as outlined (8) by 
C. S. Hudson and in part quotes him. 

The following facts were available to Fischer at the time of his establish-
ment of the configuration of glucose. 

(1) Three sugars with the formula CeH^Oe (D-glucose, D-mannose, and 
D-fructose) react with an excess of phenylhydrazine to give the same 

Carbon No. 
1 CHO 

2 CHOH 

I 
3-5 (CHOH)3 

6 CH2OH 
Glucose and 

Mannose 

HC=N—NHC 6 H 5 

C=N—NHC 6 H 5 

(CHOH) 3 
I 
CH2OH 

Glucose phenylosazone 

CeH6NH-NH2 

CeH6NH—NH2 

HC=N—NHC 6 H 5 

C=N—NHC6H5 

- » I 
(CHOH)3 

CH2OH 
Glucose 

phenylosazone 

CH2OH 

I 
CO 

(CHOH)3 

CH2OH 
Fructose 

8. C. S. Hudson, J. Chem. Educ. 18, 353 (1941). 
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product, glucose phenylosazone. The reactions are illustrated in the ac-
companying formulas. 

The above reactions prove that mannose and glucose are 2-epimers, i.e., 
they differ only in the configuration of carbon atom 2; also, fructose, glucose, 
and mannose must have the same configurations for carbon atoms 3, 4, 
and 5. 

(2) Glucose and mannose are oxidized by nitric acid to dibasic acids 
which are different and which are both optically active. 

CHO 

(CHOH)4 

I 
CH2OH 
Glucose 

HNOs 

COOH CHO 

-> (CHOH)4 (CHOH)4 

COOH CH2OH 
Glucaric acid Mannose 

HNOs 

COOH 

-> (CHOH)4 

COOH 
Mannaric acid 

The optical activity of the products proves that the configuration of the 
asymmetric atoms (carbon atoms 2 to 5) cannot be of the type which pro-
duces internal compensation. 

(3) L-Arabinose, which had been isolated from beet pulp by Scheibler 
in 1868 and shown to be an aldopentose by Kiliani in 1887, reacts with 
HCN with the production of a nitrile which hydrolyzes to a six-carbon 
monobasic acid (I). This acid was shown by Fischer to be the mirror image 
of the acid (II) produced by the mild oxidation of mannose. 

CHO 

I 
(CHOH)3 I 
CH20H 

L-Arabinose 

HCN 

COOH 

CHOH 

I 
(CHOH)3 I 
CH20H 

(i) 

COOH 

CHOH 
I 

(CHOH)3 

I 
CH20H 

(ID 

ΒΓ2 

L-Mannonic D-Mannonic 
acid acid 

CHO 

CHOH 

(CHOH) 3 

I 
CH2OH 

D-Mannose 

In the synthesis of L-mannonic acid (I), a second acid also is formed 
which is enantiomorphous with that obtained by the oxidation of glucose. 
The dibasic acid obtained by the nitric acid oxidation of the arabinose also 
is optically active. 

(4) D-Glucaric acid not only can be obtained by the oxidation of D-glucose 
as indicated above, but it is also obtained by the oxidation of another 
hexose, L-gulose. 
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HCO 

I 
HCOH 

I 

HOCH 

HCOH 

HCOH 
I 

H2COH 
D-Glucose 

HCO 

HOCH 

HOCH 

HCOH 

HOCH 

H2COH 
L-Gulose 

Bra 

Br2 

COOH 

HCOH 

HOCH 

I 
HCOH 

HCOH 

H2COH 
D-Gluconic acid 

COOH 
I 

HOCH 

HOCH 

HCOH 

HOCH 

I 
H2COH 

L-Gulonic acid 

HNO3 

HNO3 

COOH 

HCOH 

HOCH 

I 
HCOH 

HCOH 

COOH 
D-Glucaric acid 

COOH COOH 

I I 
HOCH HCOH 

I I 

HOCH HOCH 

HCOH = HCOH 

HOCH HCOH 

I I 
COOH COOH 

D-Glucaric acid (5) Until recently, no method was available for the establishment of 
absolute configurations. Fischer's method of assignment, described below, 
leads finally to a choice between either of a pair of configurations which 
have a mirror-image relationship. Fischer's solution of this problem con-
sisted in the arbitrary assignment to D-glucaric acid (derived from glucose) 
of one of two possible formulas. By this action a convention was estab-
lished which enabled him to make a choice between the enantiomorphous 
formulas for other substances, once their genetic relationships with D-glu-
caric acid or glucose had been established. Fischer's concept, although 
fundamentally correct, has been somewhat modified and made more precise. 
(See discussion of D,L-usage later in this chapter.) In conformity with 
the modern concepts, the convention may be expressed by placing the hy-
droxyl of carbon 5 of glucose on the right side of the carbon chain (see 
proof below). According to the convention, glucose then will be called 
D-glucose ; because mannose and fructose have the same configurations for 
carbon 5, they also are known as D-mannose and D-fructose. 

Although necessarily purely gratuitous, Fischer's assignment of the ab-
solute configuration of glucose seems to have been correct. A physical 
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method for demonstrating the absolute configuration of tartaric acid showrs 
that the accepted configuration of this compound is the real one (9). 

The above facts were known at the time of Fischer and, in conjunction 
with the Le Bel-van't Hoff theory, enabled him to select the configuration 
of glucose from those for the eight configurations which are possible (when 
only one of each of the mirror images is considered). The following proof, 
quoted from a paper by C. S. Hudson, may be said to be a modernized 

HCO HCO 

version of the Fischer proof. Hudson's nomenclature has been modernized 
in the quotation. 

9. J. M. Bijvoet, Endeavour 14, 71 (1955); J. Trommel and J. M. Bijvoet, Ada 
Cryst. 7, 703 (1954). 
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" Write the formulas for a pentose (A) and the two hexoses (B and C) 
which it yields by the Fischer-Kiliani cyanohydrin synthesis as shown in 
the accompanying diagram (I), using Fischer's convention that the asym-
metric carbon atoms (tetrahedra) have the lower edge in the plane of the 
paper and the corners which carry the H and OH groups lie above this 
plane. The arrangement of the H and OH groups is then decided through 
the following steps, in which the pentose is selected to be D-arabinose and 
in consequence the hexoses become D-glucose and D-mannose." 
"Step 1—By convention for the D-configurational series OH is on the right 

of C-5 (see II) . 
"Step 2—(D) is optically active hence OH is on the left of C-3 (see II) . 

HCO 

OH 

(Π) 
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"Step 3—D-Glucose and D-mannose are epimeric, hence the OH's on C-2 
are opposed. Either (B) or (C) may be selected as having OH 
on the right, without changing the final result; here the OH is 
placed to the right of C-2 in (B) and consequently to the left in 
(C) (see III) . 

(Ill) 

"Step 4—Since both D-glucaric and D-mannaric acids (E and F) are op-
tically active, the configuration of neither of them can possess 
end-to-end symmetry; hence the OH on C-4 must be on the right 
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(see IV). (If it were on the left, (E) would have end-to-end sym-
metry.) 

(IV) 

At this stage the configuration of D-arabinose (A) and its dibasic 
acid (D) have become established. D-Glucose and D-mannose 
have been limited to the configurations (B) and (C), but the 
correlation within this limit remains to be established. This is 
done by: 

'Step 5—D-Glucaric acid is obtainable from the oxidation of each of two 
hexoses, namely glucose and gulose. (E) must therefore refer to 
D-glucaric acid because (F) cannot result from the oxidation of 
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two hexoses. Hence (B) refers to D-glucose, (C) to D-mannose, 
and (F) to D-mannaric acid." 

The proof is now complete and (V) the formulas become: 

COOH HCO COOH 

OH HO 

II HO 

OH II 

H2COH 

(B) 
D-Glucose 

COOH 

(E) 
D-Glucaric acid 

H 2 IIO 

II 3 IIO 

OH 4 II 

OH 5 II-

OII 

■OH 

(C) 
D-Mannose 

COOH 

COOH 

(F) 
D-Mannaric acid 

OH 

(A) 
D-Arabinose 

COOH 

ID) 
D-Arabinaric acid 

(V) 

By means of the Fischer convention, the tetrahedral models for glucose, 
mannose, and arabinose are equivalent to the planar formulas given below. 
The formula for fructose is derived from the fact that fructose yields the 
same osazone as glucose when treated with phenylhydrazine (see above) ; 
it and glucose must have identical configurations for carbon atoms 3, 4, 
and 5. 
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Carbon No. 
1 CHO CHO CH2OH 

I I I 
2 HCOH HOCH CO 

3 HOCH HOCH HOCH 

! I I 
4 HCOH HCOH HCOH 

I I I 
5 HCOH HCOH HCOH 

6 H2COH H2COH H2COH 
D-Glucose D-Mannose D-Fructose 

(Fischer formulas) 

C . D- AND L-NOMENCLATURE 

In some types of optically active compounds, it has been customary to 
distinguish between the enantiomorphous modifications by indicating the 
sign of their optical rotation as "d" (dextrorotatory) or "Z" (levorotatory). 
Thus, d-tartaric acid (the naturally occurring form) is the isomer which has 
a dextrorotation. This usage is not followed in carbohydrate chemistry 
except in very unusual instances. Fischer established the convention of calling 
ordinary glucose d-glucose and employed the prefix d- in a configurational 
sense to mean that a d-substance is derivable from d-glucose whereas an 
Z-substance is derivable from Z-glucose. Hence, fructose was called d-fructose 
although it exhibits a levorotation. 

The Fischer system, however, was modified by Rosanoff (10) in order 
that certain ambiguities would be avoided. Thus, a series of transforma-
tions have been carried out as indicated in the formulas on page 22. 
Either of the enantiomorphous forms of glucaric acid may be produced 
from ordinary glucose as shown below. Since the transformation of the D-
xylose (natural form) to a saccharic acid which is the mirror image of that 
obtained by the direct oxidation of the glucose was observed first, the 
natural xylose originally was called Z-xylose by Fischer; if the conversion of 
glucose to xylose through glucuronic acid had been observed first, the 
natural sugar probably would have been termed d-xylose. 

The system proposed by Rosanoff placed the use of the symbols d and I 
(or now D and L) on a logical genetic basis. His system is universally ac-
cepted by carbohydrate chemists. It starts with the definition that the 

10. M. A. Rosanoff, J. Am. Chem. Soc. 28, 114 (1906); C. S. Hudson, Advances in 
Carbohydrate Chem. 3, 12 (1948). 

CHO 

I 

HOCH 

HCOH 

HCOH 
I 

H2COH 
D-Arabinose 
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HCO 
I 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HCOH 

D-Glucose 

i 
COOH 
I 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 

COOH 
w D-Glucaric acid 

HCO 
I 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 
COOH 

D-Glucuronic acid 

COOH 
I 

HCOH 
I 

HCOH 
I 

HOCH 
HCOH 

I 
COOH 

L-Glucaric acid , 

HCO 
I 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HoCOH 
co2 

D-Xylosc 

I 
HCO 

I 
HCOH 

I 
HCOH 

I 
HOCH 

I 
HCOH 

I 

H2COH 

D-Gulose 
Enantiomorphs 

glycerose which has the formula (I) shall be called D-glyceraldehyde and 
that with the formula (II) shall be called L-glyceraldehyde. 

CHO 

HCOH 

H2COH 
D -Glyceraldehy de 

(I) 

CHO 

H O C H 

H 2 C O H 

L-Glyceraldehyde 
(Π) 

According to Rosanoff, all of the higher sugars which conceivably might 
be derived from D-glyceraldehyde by successive application of the cyano-
hydrin synthesis shall be called D-sugars. Similarly, all of those obtained 
in this manner from L-glyceraldehyde shall be called L-sugars. 

CHO CHO 

CHO 

HCOH 
! 

H2COH 
D -Glyceraldehy de 

H C O H 

I 
H C O H 

! 
H 2 C O H 

D-Erythrose 

+ 
H O C H 

I 
H C O H 

I 
H 2 C O H 

D-Threose 
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CHO CHO 

CHO HOCH HCOH 

HOCH HOCH HOCH 

H2COH H2COH H2COH 
L-Glyceraldehyde L-Erythrose L-Threose 

Since a new asymmetric carbon atom is produced in the addition of a 
carbon atom (through the cyanohydrin synthesis), two epimers are pro-
duced from each of the glyceroses. A continuation of this process with each 
of the four-carbon sugars conceivably would give four D-pentoses and four 
L-pentoses; application of the cyanohydrin synthesis to the pentoses pro-
duces in turn eight D- and eight L-hexoses. Although this entire process has 
not been carried out experimentally, interconversions have been carried out 
in number sufficient for the allocation of the configurations of all of the 
possible sugars through the hexose stage and for many of the higher sugars. 

In general, substances may be defined as belonging to the D-family when 
the asymmetric carbon atom most remote from the reference group (e.g., 
aldehyde, keto, carboxyl, etc.) has the same configuration as in D-glycer-
aldehyde; if this carbon has the same configuration as that in L-glycer-
aldehyde, the substance belongs to the L-family. When the compound is 
written in the Fischer manner with the reference group towards the top, 
the allocation to the D- or L- series is made on the basis of the configuration 
of the bottom-most asymmetric carbon atom, usually the penultimate 
carbon; substances of the D-series have the hydroxyl group lying on the 
right and of the L-series on the left. When two possible reference groups 
are present in the same molecule, the choice of reference group is usually 
in the following order: CHO, COOH, CO (ketone); for example, in D-
glucuronic acid, the reference group is the aldehyde group rather than the 
carboxyl group. 

This classification leads to ambiguous assignment in the case of certain 
optically active, like-ended compounds wherein the end asymmetric carbons 
have the same configuration. Such compounds must have a minimum chain 
length of six carbon atoms, and of those with six carbon atoms only the 
glucose (sorbitol) configuration leads to ambiguity. Thus, sorbitol might be 
called D-glucitol or L-gulitol. Since sorbitol is a trivial name (like sucrose 
or lactose) given to the compound before its configuration was known, it 
may be used properly without a D- or L- prefix as the name of the naturally 
occurring isomer. 

Like-ended compounds of the type of sorbitol, for which either of the 
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H2COH 

HCOH 

HOCH 

HCOH 

HCOH 

H2COH 

D-Glucitol 

H2COH 

HOCH 

HOCH 

I 
HCOH 

HOCH 

H2COH 

L-Gulitol 

Sorbitol 

penultimate carbons atoms can be used for the D,L-nomenclature, have 
been called amphi by Rosanoff and are related to two sugars. In such cases, 
the most important of the two sugars, usually also the parent sugar from 
which the compound was first derived, is chosen for the name and D,L-as-
signment. For sorbitol, the choice is D-glucitol rather than L-gulitol. 

The configurations of the family of D-aldoses having three to six carbon 
atoms are shown in the accompanying diagram. A genetic relationship to 
D-glyceraldehyde is shown. This relationship, by use of the cyanohydrin 
synthesis, is chemically feasible. Although the complete set of reactions has 
not been actually carried out, indirect reactions have demonstrated the 
validity of the diagram. Dextrorotatory D-glyceraldehyde was shown to be 
related to D-glucose (11). In the diagram showing the formulas of the 
D-ketoses, the relationships cannot be shown by direct reactions, and the 
configurations usually were derived from the corresponding aldoses. 

Because many optically active substances can be related to the tartaric 
acids, it is desirable to relate the configurations of the sugars to these acids. 
This correlation was accomplished first by Fischer {12), but it will be illus-
trated by the conversions carried out by Hockett(i5) : 

CHO 

HCOH 

ΉΓΠΡΤΤ 
JlUl^Jl 

HCOH 
1 1 

H2COH 
D-Xylose 

(carbon 1 removed) 

CHO 

HOCH 

HCOH 

H2COH 
D-Threose 

HN03 

COOH 

-> HOCH 

I 
HCOH 

COOH 
D-Tartaric acid 
(levorotatory) 

11. A. Wohl and F. Momber, Ber. 50, 455 (1917). 
12. E. Fischer, Ber. 29, 1377 (^896). 
13. R. C. Hockett, / . Am. Chem. Soc. 57, 2260 (1935). 
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The configuration of the levorotatory tartaric acid is established by this 
process. In conformity with the Rosanoff system, it should be known as 
D-tartaric acid, but it usually is described by its original name of l(levo)-
tartaric acid which was given because of its levorotation. The naturally 

CH2OH 
I 
c=o 
I 

HCOH 

HCOH 

I 
HCOH 

I 
CH20H 

D-Allulose 
D-Psicose 

t 

D-Family of 2-Ketoses 
CH2OH CH2OH 

C = 0 

I 
HOCH 

I 

HCOH 

HCOH 

CH2OH 
D-Fructose 

Lévulose 

J 

C=0 

HCOH 

HOCH 

HCOH 

CH2OH 
D-Sorbose 

CH2OH 

C = 0 
I 

HOCH 
I 

HOCH 

HCOH 
I 
CH20H 

D-Tagatose 

CH2OH 
I 
0 = 0 
I 

HCOH 

HCOH 

CH2OH 
D -er ythr o-Pent ulose 

(D-Ribulose) 
(Adonose) 

t CH2OH 

C = 0 

HCOH 
I 
CH2OH 

D -^Zycero-Tetrulose 
(D-Erythrulose) 
(D-Threulose) 

Î 
CH2OH 

C = 0 

I 
CH2OH 

Dihydroxyacetone 

CH2OH 

C = 0 

HOCH 

I 
HCOH 

I 
CH20H 

D -iÄreo-Pentulose 
(D-Xylulose) 
(D-Lyxulose) 

Î 

Î 
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occurring form is the dextrorotatory L-tartaric acid or, earlier, d-tartaric 
acid. This confusion is completely eliminated in the currently accepted 
nomenclature for these compounds as the D- and L-threaric acids (Chapter 
VI). The important sarcolactic acid, earlier called d-lactic acid from its 
dextrorotation, is L-lactic acid. The common Z-malic acid should be termed 
2-deoxy-D-<7Zi/cer0-tetraric acid. 

In the important α-amino acid series, D-glyceraldehyde is also the con-
figurational reference compound. The NH2 group of serine replaces the OH 
group at carbon atom 2 in glyceric acid {14)· The projectional formulas of 
the amino acids are viewed with the carboxyl at the top, and the assign-
ment of configuration is made according to the position of the a-NH2 group, 
D if it is to the right and L if it is to the left. All of the amino acids which 

CHO COOH COOH COOH 

HOCH HOCH NH2CH NH2CH 

CH2OH CH2OH CH,OH CH3 

L-Glyceraldehyde L-Glyceric L-Serine L-Alanine 
acid 

occur in normal tissues are now allocated to the L-series, but some of these 
compounds were earlier indicated as rf-isomers. 

When a second asymmetric carbon atom is in the molecule, such as in 
threonine, additional considerations are necessary. For example, Dg-

COOH 
I 

H2NCH 

HCOH 

CH3 

Le-Threonine 
Dg-Threonine 

threonine indicates that the compound has been named as a derivative of 
D-threose in the manner of the sugars from the relationship of D-glyceralde-
hyde to the configuration of the highest numbered asymmetric carbon. 
Ls-Threonine indicates the same compound, named in the manner of the 
amino acids from the relationship of the configuration of the α-carbon to a 
secondary standard, L-serine; with this usage no system is available for in-
dicating the configuration of the other asymmetric carbon atom. 

L-Glyceraldehyde was correlated by Wolfrom, Lemieux, and Olin (15) 

14- American Chemical Society Committee on Amino Acid Nomenclature, Chem. 
Eng. News 30, 4522 (1952). 

15. M. L. Wolfrom, R. U. Lemieux, and S. M. Olin, J. Am. Chem. Soc. 71, 2870 
(1949). 
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directly with L-alanine, derived from D-glucosamine. The configuration of 
the amino-bearing carbon in D-glucosamine had already been established 
through syntheses involving known Waiden inversions. 

In view of the early confusion in use of the small d and I for both optical 
rotations and for configurational relations, it is hoped that the use of D and 
L will be wholly restricted to a configurational significance based on D-glyc-
eraldehyde. Early d- and I- prefixes for the hydroxy acids and amino acids, 
particularly, must be translated to modern nomenclature only after careful 
consideration of the newly adopted conventions (14). 

7. RING STRUCTURES OF THE SUGARS 

A. NECESSITY FOR RING STRUCTURES 

Soon after the formulation of glucose as a polyhydroxy aldehyde and of 
fructose as a polyhydroxy ketone, it became evident that the open-chain 
formulas would not account for all of the reactions of these sugars. Thus, 
the sugars give a negative test with the Schiff reagent (fuchsin and sulfu-
rous acid) under the usual conditions of test although, under milder condi-
tions, positive results are obtained (16). 

The aldehyde and ketone structures also do not account for the change 
of optical rotation which may be observed for the freshly prepared aqueous 
solutions of many sugars. This phenomenon, now called mutarotation, was 
observed by Dubrunfaut in 1846 for glucose solutions. 

When the hydroxyl groups of glucose are esterified by treatment with 
acetic anhydride and a catalyst, two isomeric pentaacetates are formed. 
Similarly, isomeric methyl glucosides are formed by treatment of glucose 
with methanol and hydrogen chloride. The existence of two glucosides (17) 
and two pentaacetates (18) cannot be predicted on the basis of the aldehyde 
formula, a conclusion stated by Fischer in the case of the methyl glucosides, 
which he discovered, and even earlier by Colley and Tollens. 

The isolation of crystalline isomers of the sugars provided additional 
evidence for the inadequacy of the aldehyde formulas. As early as 1856, 
two crystalline modifications of lactose were prepared by Erdmann (19), 
the forms which are now designated a- and ß-lactose; he discovered their 
mutarotations to the common equilibrium rotation. Tanret (20) in 1895 
reported the isolation of three forms of glucose which he described as a-, 

16. A. Villiers and M. Fayolle, Bull. soc. chim. France [3] 11, 692 (1894); W. C. To-
bie, Ind. Eng. Chem. 14, 405 (1942). 

17. E . Fischer, Ber. 28, 1145 (1895). 
18. E . Erwig and W. Koenigs, Ber. 22, 1464, 2207 (1889). 
19. E . O. Erdmann, Ber. 13, 2180 (1880). 
20. C. Tanre t , Compt. rend. 120, 1060 (1895). 
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ß-, and 7-glucose with the following rotations: 

«-Glucose "/3-Glucose" 

+106° > +52.5° < 

"y -Glucose* ' 

— +22.5° 

When dissolved in water, the α-glucose mutarotated downward and the 
"7-glucose" upwards to the same constant specific rotation of 52.5°. Tanret's 
"ß-glucose" exhibited no mutarotation and later was considered to be a 
mixture of the two other forms in their equilibrium proportions. The name 
of ß-glucose is now given to the form which he named as ''7-glucose." The 
common form is the «-isomer. 

Even before the various isomers of glucose and its derivatives had been 
isolated, the absence of some typical aldehyde reactions for glucose had 
been explained by Colley (1870) and by Tollens (1883) as arising from a 
partial blocking of the aldehyde group by the formation of an inner hemi-
acetal type of linkage. The formulas proposed by Colley and by Tollens 
are illustrated below. 

CHOH 

O 

CH 

CHOH 

I 
CHOH 

CHOH 
I 
CH2OH 

Colley formula 

1 

CHOH 

CHOH 

CHOH 

O 

HC 

CHOH 
I 
CH20H 

Tollens formula 

The ring forms of the sugars represent intramolecular hemiacetal deriva-
tives. Aldehydes react with alcohols with the formation of hemiacetals and 
acetals: 

OR' 

R—CHO R'OH / 
R—CH 

\ 
OH 

Hemiacetal 

ROH 
-H2O R—CH(OR0i 

Acetal 

For the sugar, the hemiacetal (ring) formation takes place by reaction of a 
hydroxyl with the aldehyde group in the same molecule. Each of the pos-
sible ring formulas for glucose allows for two isomers which differ only in 
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the configuration of the hemiacetal group, as carbon 1 is asymmetric in the 
ring form. Such isomers are distinguished as a- and ß-isomers, e.g., a-glucose 
and ß-glucose, and are termed anomers. The hemiacetal carbon atom some-
times is known as the anomeric or reducing carbon atom. The existence of 
isomeric glucoses, penta-O-acetylglucoses and methyl glucosides becomes 
explicable when the sugar and its derivatives have ring structures. 

B. PROOF OF RING STRUCTURE 

Subsequent to the proposal of the ring structures for the sugars and de-
rivatives, acceptance by carbohydrate chemists (21) gradually took place. 
However, it was not until the period 1920 to 1930 that conclusive proof 
could be offered for the positions of the rings. Prior to this work, the rings 
usually were considered to be of the 1,4 type shown above in the Tollens 
formula, i.e., with the ring formation between carbons 1 and 4. This type 
of structure was based mainly on an analogy with the acid series for which 
it was known that γ-hydroxy acids could be converted to inner esters 
(lactones) which have the 1,4- or 7-structure. 

Methods now are available for the unequivocal determination of the ring 
structures of the glycosidic derivatives of the sugars. The glycosides are 
made by condensing the sugars with alcohols in the presence of acids. (For 
a detailed discussion of the preparation of glycosides and of the details of 
the determination of the structures, see Chapter IV.) 

I 
HCOH 

(HCOH)3 

I 
HC 

O 
CHaOH 

HC1 

1 
HCOCH3 

(HCOH) 3 

HC 

O 

+ 

CH8OCH 

(HCOH)3 

I 
HC 

O 

H2COH H2COH H2COH 

Originally, the structures of these glycosides were demonstrated by oxida-
tion of the glycosides to fragments which were identified. In order to pre-
vent the oxidation from proceeding too far, the four unsubstituted hydroxyls 
first were etherified with methyl groups. Details of this method are given 
later (p. 212). An easier and more direct method involves the periodic acid 
oxidation of the glycosides. As shown in the formula below, this reagent 
cleaves the linkage between two adajcent hydroxyl-bearing carbon atoms 
and removes a hydrogen atom from each carbon. A primary carbinol 
(CH2OH) yields formaldehyde; a secondary carbinol (CHOH) gives rise to 
an aldehyde group or, if flanked by two carbinol groups, to formic acid. 
The reaction is practically quantitative, and the consumption of periodate 

21. See for example E. Fischer and K. Zach, Ber. 45, 456 (1912), footnote on p. 461. 
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is a direct measure of the number of adjacent hydroxyl groups in a com-
pound. (See Chapter VI.) The structure is determined from the nature of 
the oxidation products, together with the amount of oxidant that is con-
sumed. 

HCOCH3 

HCOCH3 
I 

(HCOH)n 

HC-

O (n - 1 ) ΗΙΟ4 
(n > D 

CHO 

CHO 

O 

HC-

+ H 2 0 + (n - 1) HIO3 
+ (n - 2) HCOOH 

H2COH H2COH 

The possible structures for methyl a-D-glucoside are given in formulas (I) 
to (V). The brackets indicate the adjacent hydroxyl groups. 

O 

HCOCH3 

f HCOH 

[HOCH 1 

ÎHCOH] 
! 

IHCOH 

H2C 

(V) 

3 Moles oxidant 

2 Moles HCOOH 

0 Moles H CHO 

The ordinary methyl a-D-glucoside consumes two moles of periodic acid, and 
no formaldehyde is produced. Hence, the structure must be that represented 
in (IV), which has a 1,5 oxygen bridge. 

The evidence given above and explained in more detail later (p. 212) 
confirmed in most instances the structures obtained by the earlier methyla-
tion-oxidation studies. The periodic acid oxidation method is used widely 
because of its simplicity. As a result of the application of the methylation-
oxidation technique and of the periodic acid method, it is known that the 
most common ring present in the glycosides is of the six-membered type 
connecting carbon atoms 1 and 5. However, rings formed between the 1-
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and 4-positions are found in some glycosides. Sugars and derivatives which 
have the 1,5 type of ring may be considered to be derivatives of pyran and 
those with 1,4-rings to be derivatives of furan. These relations are shown 
in the accompanying formulas. 

t 

HCOCH3 

HCOH 

HOCH 

HCOH 

HC 

O 

CH 

II 
CH 

I 
CH2 

I 
CH 

o 

HC-

1 
HCOCH3 

HCOH 

HOCH 

HC 

O o 

H2COH 
Methyl 

glucopyranoside 
Pyran 

HCOH 

H2COH 
Methyl 

glucofuranoside 

1 — 
CH 

II 

CH 

CH 

HC— 

Furan 

The sugars related to pyran are known as pyranoses, and the corresponding 
glycosides as pyranosides. Those with furan rings are furanoses and furano-
sides, respectively. 

Although absolute methods are available for the establishment of the 
ring structures of the glycosides, the corresponding methods for the sugars 
are indirect. For the glycosides, the rings usually are quite stable under 
alkaline and neutral conditions. However, in the case of the sugars, diffi-
culties arise from the ease with which ring changes may take place as soon 
as dissolution of the sugar occurs. The methods which are applicable to 
the determination of the ring forms of the sugars must be such that ring 
changes do not precede the necessary reactions. In the following methods, 
this condition is assumed. 

One method for locating the position of the ring in unsubstituted sugars 
requires oxidation to the corresponding acids or lactones. As shown in the 
following formulas, the ring compounds should be oxidized (dehydro-
genated) by bromine to the corresponding lactones, whereas the free alde-
hyde forms would give the corresponding acids. 

The oxidation reaction takes place in solution, and the nature of the 
oxidation products establishes the structure of the original sugar unless 
ring shifts take place prior to the oxidation reaction. By application of this 
method {22), it has been shown that the common form of D-glucose (the 
α-isomer) gives gluconic δ-lactone. The ß-D-glucose gives the same material. 
Hence, both have pyranose (1,5) rings; otherwise the 7-lactones or the 

22. H. S. Isbell and W. W. Pigman, J. Research Nail. Bur. Standards 10, 337 (1933) ; 
H. S. Isbell and C. S. Hudson, ibid. 8, 327 (1932) ; H. S. Isbell, ibid. 8, 615 (1932). 
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i — 

HCOH 

HCOH 

I 

HOCH 

HCOH 

HC 

OC 

HCOH 

O 
Br, HOCH 

O 

HCOH 

HC-

oc 
I 

HCOH 

I 
HOCH 

I 
HC 

O 

I 
HCOH 

HCOH 

Bn HOCH 

o 

HC-

HCOH 

CH2OH 
Glucopyranose 

CH2OH H2COH 
Gluconic Gluconic 
δ-lactone 7-lactone 

OCH COOH 

HCOH 

CH2OH 
Glucofuranose 

HCOH 
I 

HOCH 
I 

HCOH 

I 
HCOH 

HCOH 

HOCH 

HCOH 

HCOH 

H2COH H2COH 
aldehydo-Glucose Gluconic acid 

free acids would be produced. The method has not been widely applied. A 
crystalline addition compound of mannose and calcium chloride yields 
mannonic 7-lactone, and appears to have a furanose structure (23). 

By the bromine oxidation method, the structure of the sugars can be 
correlated with those of the corresponding lactones and acids. The proof 
requires that the structures of the lactones be known. In general, the method 
depends on a correlation of the properties of the lactones with those of the 
methylated derivatives obtained by methylation and oxidation of the 
glycosides of known structures. 

Another method for the establishment of the ring structures of glucose 
(and other sugars) involves the correlation of the optical rotations of the 
sugars with those of the glycosides. This method, although not absolute, 
was developed and widely applied by C. S. Hudson and has much value 
for this purpose. I t is considered in a later section (p. 70). 

The glucosides are hydrolyzed to glucose by certain enzymes (see Chapter 
X). The identification of the form of the sugar which is released provides 
a method for the correlation of glycosides with the crystalline forms of the 
sugar (24). The product formed by the enzymic hydrolysis of methyl 

28. H. S. Isbell, J. Am. Chem. Soc. 55, 2166 (1933). 
U. E. F. Armstrong, J. Chem. Soc. 83, 1305 (1903). 
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α-glucoside appears to be the ordinary α-isomer; that from methyl ß-gluco-
side appears to be the ß-isomer. Hence, unless ring changes take place very 
rapidly, the a- and ß-forms of glucose would appear to have the same 
pyranose structures as the corresponding glucosides. 

The present methods for the determination of the structures of the un-
substituted sugars are rather unsatisfactory as absolute methods because 
of the possibility of ring shifts. However, the evidence which is available 
indicates that most of the crystalline sugars have pyranose ring structures. 
A double compound of mannose with calcium chloride probably has the 
furanose structure {23) and a disaccharide ketose, lactulose, may exist as 
the furanose modification when in the crystalline state {25). Otherwise 
crystalline furanose derivatives are known positively to exist only in com-
pounds in which ring shifts are not possible (glycosides, disaccharides, etc.) 
or in compounds in which the hydroxyl that forms the pyranose ring is 
blocked by substitution with a stable group. 

C. CONFIGURATION OF THE ANOMERIC CARBON ATOM 

For each of the ring modifications of the sugars, two isomers can exist, 
because a new asymmetric carbon atom is created by ring closure at the 
reducing carbon atom. These isomers are known as α,β-isomers or anomers. 

HOCH 
I o 

— C — I 

As noted previously, the existence of such isomers was one of the most 
important reasons for the formulation of ring structures. The isomeric a-
and ß-glucoses have quite different solubilities, melting points, and rota-
tions. The isomeric pentaacetates and methyl glucosides exhibit similar 
differences in properties. 

The conductivity of sugars freshly dissolved in boric acid solution may 
give an indication of the relative configuration of the anomeric carbon 
atom {26y 27). Boric acid forms compounds or complexes, some of an ester 
structure, with eis hydroxyl groups on neighboring carbon atoms (see p. 
171 and 262). When a-glucose is dissolved in a boric acid solution, the con-
ductivity of the solution decreases with time until a constant value is 
reached; on the other hand, the conductivity of ß-glucose solutions increases 
with time. This behavior would be expected for these sugars if a-gluco-
pyranose has a eis pair of hydroxyls at carbon atoms 1 and 2, and ß-gluco-
pyranose a trans pair. 

25. H. S. Isbell and W. W. Pigman, J. Research Natl. Bur. Standards 20, 773 (1938). 
26. For summary see J. Böeseken and H. Couvert, Rec. trav. chim. 40, 354 (1921). 
27. R. Verschuur, Rec. trav. chim. 47, 123, 423 (1928). 

HCO HCOH 
I * I o 

—c— —c— 
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The above evidence conforms with the accepted configurations for carbon 
1 of the anomeric D-glucoses and played an important part in the accept-
ance of these configurations. However, Böeseken (28) and his co-workers 
have shown that when adjacent eis hydroxyl groups are present in a strain-
less six-membered ring, boric acid may not react because of the mutual 
repulsion of such groups, i.e., the adjacent hydroxyl groups will tend to be 
oriented as far apart as possible. Also, Hückel and co-workers (29) have 
shown that the geometry of six-membered carbon rings of the strainless type 
is such that eis groups may be oriented a maximum of 72° apart, whereas 
trans groups may approach as close as 48°. Additional complications arise, 
for most sugars other than glucose, in that pairs of contiguous eis hydroxyls 
are present in addition to those at carbons 1 and 2. Also, the furanose form 
may react preferentially (SO). (See also discussion on p. 40.) 

The periodic acid oxidation provides a means for correlating the configu-
ration of the anomeric carbon atoms of the glycosides (see also p. 218). 
As shown in the accompanying formulas, representative of the hexosides, 
carbon 3 is removed in the process (as formic acid), and the asymmetry of 
carbons 2 and 4 is destroyed. 

HCOCH3 

HCOH 

HOCH 

HCOH 

I 
HC 

O 
ΗΙΟ4 

■> HCOOH + 

HCOCH3 

I 

HCO 

HCO 

I 
H C — 

O 

6 H2COH H2COH 
Methyl a-D-glucoside 

(I) (ID 

In the dialdehyde (II) only two asymmetric carbon atoms remain, and 
these are derived from carbon atoms 1 and 5 of the original glucoside (I). 
Hence, all of the D-aldohexosides should yield the same dialdehyde (II) as 
the corresponding a- or ß-D-glucoside. The configuration of carbon 1 of 
each of the glycosidic derivatives of the hexoses may be correlated with 
those of the glucosides in this manner (31). 

28. J. Böeseken, Advances in Carbohydrate Chem. 4, 189 (1949). 
29. W. Hückel, H. Havekoss, K. Kumetat, D. Ullmann, and W. Doll, Ann. 533, 

128 (1937); Chem. Abstr. 32, 3373 (1938). 
30. See J. Böeseken, Rec. trav. chim. 61, 663 (1942); Chem. Abstr. 39, 2054 (1945). 
81. E. L. Jackson and C. S. Hudson, J. Am. Chem. Soc. 59, 994 (1937); M. Abdel-

Akher, F. Smith, J. E. Cadotte, J. W. Van Cleve, R. Montgomery, and B. A. Lewis, 
Nature 171, 474 (1953). 
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The method employing periodic acid oxidation does not allow for an 
absolute determination of the configuration of the acetal carbon atom of 
the glycosides, but it provides a method by which the configuration of the 
acetal carbon of the various hexosides may be correlated with that of the 
glucosides. By means of comparisons of optical rotation or by a study of 
the products of enzymic hydrolysis, the relation between the configuration 
for carbon atom 1 of the glucosides and glucose may be established. How-
ever, the development of more absolute methods would be a very desirable 
undertaking. Such methods are needed particularly for the ketoses. 

Evidence for the configuration of carbon atom 1 of some phenyl gluco-
sides has been obtained by the conversion of the ß-glucosides to 1,6-anhydro 
derivatives (see Chapter IV, Glycosans), and by the stability of the 
α-anomers to strong alkali {82). 

D. T H E REPRESENTATION OF THE RING STRUCTURES OF THE SUGARS 

In the preceding discussion, the structure and configurations of the two 
isomeric glucoses have been developed. The structure and configuration 
may be represented by the cyclic form of the Fischer formula as in (I) for 
a-glucose and as in (II) for methyl «-glucoside. 

HCOH 

HCOH 

HCOCH3 

HOCH O 

HCOH 

HC-

HCOH 

HOCH 

HCOH 

O 

H2COH 

(I) 

HC 

H2COH 

(Π) 

I 
HCOH 

I 
HCOH 

I 
HOCH O 

I 
HCOH 

I 
CH2OH—CH 

(HI) 

However, the cyclic, Fischer-Tollens formula has several shortcomings. 
Thus, the molecule is represented as an extended chain of carbon atoms 
connected by an oxygen bridge between positions 1 and 5. Obviously an 
extended linear chain is impossible, for carbon atoms 1 and 5 must be close 
enough for the existence of the oxygen bridge. The configuration of carbon 
atom 5 as given by the cyclic Fischer formula also does not give a correct 
picture of the steric relations between the terminal primary hydroxyl group 
and the hydroxyl groups attached to the ring carbon atoms. A formula of 
the type of (III) would give a more correct representation of the configura-

82. E. M. Montgomery, N. K. Richtmyer, and C. S. Hudson, J. Am. Chem. Soc. 
65, 3 (1943). 
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tion of carbon atom 5; thus, the primary hydroxyl group is shown to have 
a trans relationship to the hydroxyl groups at carbon atoms 1, 2, and 4. 

In order to provide a better picture of the structure and configuration 
of the glucose molecule, Haworth has proposed a perspective representation. 
That for a-glucose is shown in formula (IV). 

OH OH 
I 

I I 

,c a c a 
V\OH H / ° ? \ > , / 

II CH2OH ' 

(IV) (V) (VI) 

The Haworth formula is to be considered as a conventionalized perspective 
drawing of a three-dimensional model. The basic pyranose ring is repre-
sented in (V) and (VI) as a ring in which all of the atoms lie in a single 
plane. The formulas (IV), (V), and (VI) are to be considered as projections 
of a hexagonal heterocyclic ring. The hexagon is held so that the observer 
looks from above ; its nearest edge appears as the bottom lines in the above 
formulas. The edge closest to the observer appears as heavy black lines in 
(V) and (VI). In formula (V), the valences projecting above the plane are 
equivalent to a position to the right in the Fischer formula. 

In the present volume, a modified form of the Haworth formula will be 
used in order that an easier transposition from the Fischer to the Haworth 
formulas will be possible. The transposition from the Fischer to the Ha-
worth type of formula is illustrated below in formulas (VII), (VIII), and 
(IX). The Haworth formula (IX) is formed from (VIII) by ring closure 
between carbon atoms 1 and 5. Formula (IX) may be further simplified as 
in (X) and (XI) by representing the pyranose ring as a hexagon with an 
oxygen atom at one corner. The side of the ring closest to the observer can 
be indicated by heavy lines as in (X) although this shading frequently is 
omitted as in (XI). 

The configurations of the asymmetric carbon atoms in the Haworth 
formula of the type of (IX), (X), and (XI) may be related easily to those 
in the corresponding Fischer formula (VII). Thus, it can be seen that the 
hydrogen atoms and hydroxyl groups on carbon atoms 2, 3, and 4 are repre-
sented in the same fashion in both types of formulas. The configuration of 
carbon atom 1, although not represented in the aldehyde structure, is writ-
ten in the same manner in the ring form of the Fischer formula and in the 
particular form of the Haworth formula used here. As shown in (VIII), the 
primary alcoholic group projects above when the hydroxyl group of carbon 
5 lies to the right in the Fischer formula. In the D-series of the sadohexo-
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C 11,011 

CH2OH 

OH H > | H > 0 H Η,ΟΗ 

OH 
(XI) (ix) (X) 

pyranoses, the terminal primary hydroxyl group projects above the plane 
of the ring atoms; in the L-series, it lies below. When the ring is viewed 
from the opposite side of the model, as in (IV), the configuration of each of 
the carbon atoms is represented in the opposite manner from that in (IX), 
(X), and (XI). 

Frequently it may be desirable to orient the ring in positions other than 
that shown in (IX), (X), and (XI). This may be particularly important 
when bulky groups are present or when linkages between two or more 
rings are to be represented as for the oligo- and polysaccharides. (Two of 
the possibilities are given later for each of the pentoses and hexoses, see 
p. 46.) Since the Haworth formulas are not projections of the Fischer type, 
they cannot be rotated in the plane of the paper. Reorientations must take 
place in space. 

When the "tai l" group attached to the ring contains an asymmetric 
carbon atom as in the heptopyranoses or the hexofuranoses and the cor-
responding glycosides, a convention is necessary to represent the configura-
tion of this asymmetric atom. To do this, the Fischer convention may be 
applied for the "tail" group. Thus, glucofuranose would be: 

HCOH 
I 

HCOH 
I 

HOCH 
I 

HC 
I 

IICOH 
I 

H2COII 

HCOH 
I 

H2COH 

XII 

ILCOH 

Ί 
HOCH 

I 
CH 
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HCOH 
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HOCH 
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HOCH 
I XIII 
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B3 3B 

FIG. 1. The eight possible strainless ring forms of the pyranose ring. Cl and 
1C are "chair" forms and the others "boat" forms (after Reeves). 

The Haworth type of formula represents a considerable improvement 
over the older cyclic forms of the Fischer formula. Thus, for such formulas 
it is much clearer that substances might react simultaneously with groups 
at carbon atoms 4 and 6 or at 1 and 6 to form bridges between these posi-
tions. The Haworth formulas, however, are in turn only approximations of 
the molecular structures. The placement of all atoms in a single plane is an 
oversimplification. In a single coplanar ring, the valence angles necessarily 
would be appreciably greater than those in a " strainless'' structure having 
valence angles of 109°. 

Although furanoid rings may exist in single coplanar strained rings re-
sembling the Haworth formula, pyranoid rings are puckered strainless 
rings (33, 34) · The eight strainless Sachse rings possible for each sugar in 
each anomeric form are shown in Fig. 1. The forms Cl, Bl , B2, and B3 
differ from 1C, IB, 2B, and 3B in that the axial and equatorial arrangements 
are completely reversed in the two series; all axial groups of Cl have equa-
torial positions in 1C. Bulky or polar groups tend to assume equatorial 
positions (35). Since the chair forms allow the greatest possibilities of true 
equatorial-axial relations, they appear to be the usual conformations of the 
pyranose ring (36). Because of the large number of polar groups in sugars, it 

83. W. N. Haworth, "The Constitution of Sugars," p. 90. Edward Arnold, London, 
1929. 

84. O. L. Sponsler and W. H. Dore, Ann. Rev. Biochem. 5, 66 (1936). 
35. See D. H. R. Barton, Experientia 6, 316 (1950). 
36. R. E. Reeves, Advances in Carbohydrate Chem. 6, 123 (1951). 
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is likely that in solution specific conformations of ring-stabilized compounds 
are maintained under ordinary conditions, except that a few appear to exist 
as an equilibrium of the two chair forms. The free energy content of one of 
the boat forms is probably at least one kilocalorie less than that of the other 
forms. An energy differential of this much would be necessary to prevent 
spontaneous interconversions between ring conformations. The free sugars 
in solution, because of their spontaneous equilibrium with the aldehyde 
form, act as any of the possible conformations, but derivatives in which the 
ring is fixed (glycosides, esters, and similar compounds) probably are stabil-
ized usually in the chair forms. A preference for a form with the fewest axial 
OH groups may be the determining factor for the composition of equili-
brated solutions of sugars in solvents. (For additional discussion, see Chap-
ters IV and V.) 

True eis and trans relationships are not probable in the chair form, but 
exist in some of the boat forms (86). When a secondary ring is present, 
particularly an ethylene oxide ring, the stable form is probably a semi-
chair form. Numerous instances of apparently anomolous lack of reactivity 
to reagents having close steric requirements, such as lead tetraacetate and 
periodic acid, have been ascribed to the absence of true eis relationships in 
the common chair forms (36, 36a). 

Many reactions at the anomeric carbon atom, catalyzed by protons, can 
be explained on the basis of an oxonium ion (XV) in a semi-chair form (36b). 

(XIV) (XV) 

The oxonium ion is stabilized by resonance with the carbonium ion (XIV) ; 
the resonating bond has double-bond character, and the ring oxygen lies 
on a line connecting carbon atoms 1 and 5. The ion exists in Cl 
and 1C forms, with different arrangements of axial and equatorial groups. 
The two conformations of the ion explain some " neighboring group" effects 
(Chapter IV). 

Of the anomeric forms of the glucopyranoses, the α-isomer probably has 
the carbon-bound hydrogen in the equatorial position, and the ß-isomer 
has it in the axial position. The corresponding vibrational frequencies for 
these C—H bonds, 844 (a) and 891 cm.-1 (jö), are reported to differ enough 

36a. See, however, L. P. Kuhn, J. Am. Chem. Soc. 76, 4323 (1954). 
86b. G. Huber, Helv. Chim. Ada 38, 1224 (1955) ; see also R. U. Lemieux, Advances 

in Carbohydrate Chem. 9, 1 (1954). 
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so as to permit the identification of the anomers of glycopyranose by infra-
red absorption measurements (36c). 

Rings containing seven or more atoms are inescapably puckered and 
cannot be represented properly in the planar Haworth formulas. In drawing 
multi-ring compounds, such as 1,6-di-0-benzoyl-2,5-0-methylene-3,4-0-
benzylidene-D-mannitol, the best solution probably is to select the most 
rigid ring as the principal ring for projection and to adjust the more flexible 
large ring to the smaller ring. 

E. NOMENCLATURE OF ANOMERS (α,β NOMENCLATURE) 

The system of nomenclature for the anomeric (α, β) isomers of the sugars 
most commonly employed is that of Hudson (87). According to this system, 
for sugars of the D-series the more dextrorotatory isomer of each α,β pair 
is known as the a-isomer; the lesser dextrorotatory isomer is the ß-isomer. 
For sugars of the L-series, the converse is true. A correct application of the 
system requires knowledge that the compounds being considered are truly 
anomeric, i.e., that they differ only in the configuration of the hemiacetal 
carbon atoms. If the compounds being considered mutarotate and are of 
the D-series, usually the a-isomer is the form which mutarotates to a value 
less positive than the initial value. Particularly in the case of compounds 
which exhibit complex mutarotations, the mutarotation data must be inter-
preted with caution, for it can be used for the naming of the sugars only 
when it represents an a- to ß-interconversion. 

The structural significance of the rules has been explained by Hud-
son (38), who writes the skeleton stereostructures for the methyl a-and 
ß-pyranosides as follows: 

OCH3 

α~Ό~ 1 Methyl glycosidcs ~̂D~ \Methyl glycosides 
jff-L- ; α -L- ) 

(Partial rotation of C-l is dextro in sign) (Partial rotation of C-l is levo in sign) 

86c. S. A. Barker, E. J. Bourne, M. Stacey, and D. H. Whiffen, J. Chem. Soc. p. 171 
(1954). 

87. C. S. Hudson, J. Am. Chem. Soc. 31, 66 (1909) ; Advances in Carbohydrate Chem. 
3, 15 (1948). 

88. C. S. Hudson, J. Am. Chem. Soc. 60, 1537 (1938). The Haworth-type formulas 
which are given have been turned over 180° in space to be in conformity with the form-
ulas as written in the present work. See previous discussion. 
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The skeleton formulas for the anomeric furanose forms are: 

OCH3 

OCHL 

a"D" JMethyl glycosides β~®'\Methyl glycosides 
p-L- J CimL- ) 

(C-l is dextrorotatory) (C-l is levorotatory) 

For the pyranosides of the D-aldohexoses and higher-carbon sugars of the D-series, 
carbon atom 6 is written as projecting above the pyranose ring when written as above; 
for the corresponding derivatives of the L-series, carbon atom 6 lies below the pyra-
nose ring (see discussion earlier in this chapter). 

It should be noted that «-D- and /3-L- (also /3-D- and a-L-) refer to the same absolute 
configuration of the anomeric carbon atom. Thus, ß-L-arabinose and a-D-galactose 
have the same absolute configuration at carbon atom 1 and at the other asymmetric 
atoms and hence exhibit many similarities. 

Anomeric modifications of open-chain derivatives of sugars have been 
prepared. Thus, two l-chloro-aZiMz/do-D-galactose hexaacetates (I and 
II) are known (39). 

H 
1 1 

CICOAc 
1 1 

HCOAc 
1 1 

AcOCH 
1 1 

AcOCH 
1 1 

HCOAc 

CH2OAc 

(I) 

H 
1 1 

AcOCCl 
1 1 

HCOAc 
1 1 

AcOCH 
1 1 

AcOCH 
1 1 

HCOAc 

CH20. 
(ID 

These modifications, in analogy to the cyclic forms, have been named a 
and ß according to whether they mutarotate downwards (a) or upwards 
(ß) in acetyl chloride solution containing zinc chloride (40). 

39. M. L. Wolfrom and R. L. Brown, J. Am. Chem. Soc. 63, 1246 (1941). 
40. For a further discussion of the naming of this type of compound see M. L. 

Wolfrom, M. Königsberg, and F. B. Moody, J. Am. Chem. Soc. 62, 2343 (1940); R. J. 
Dimler and K. P. Link, ibid. 62, 1216 (1940). 
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8. HOMOMORPHOUS SUGARS 

A. HOMOMORPHOLOGY 

Earlier in this chapter, the genetic relationship of the various sugars to 
D- and L-glyceraldehyde was demonstrated. A relation of considerably 
more importance for the correlation of the properties and reactions is based 
on the similarity of substances which have the same configurations for the 
atoms which compose the pyranose rings. Since for the aldohexoses the 
number of asymmetric carbons is just sufficient to make each carbon atom 
in the pyranose ring asymmetric, the aldohexoses may be considered as the 
basic types for all sugars which can form pyranose rings. The pentoses and 
higher sugars can be obtained from the hexoses by substitution of the— 
CH2OH groups of the hexoses by H or by (CHOH)n—CH2OH, respectively. 
The various hexose types are illustrated in the accompanying formulas 
which also show some of the members of each series. Although 32 hexo-
pyranoses theoretically are possible, only the formulas for the eight D-types 
are written and the α,/3-configuration is not indicated. Because of the lack 
of asymmetry of carbon atom 5 of the aldopentoses, each of these sugars is 
related to a pair of hexoses. On the other hand, the basic types of the furan· 
oses are the pentoses. 

As would be expected from the identity of the configurations of the py-
ranose or furanose rings, the members of each homomorphous series 
show marked chemical and physical similarities (41), and it is often possible 
to predict the properties of unknown members from those of the basic type. 
The greatest differences, as might be anticipated, are found between the 
pentoses and the corresponding hexoses. I t appears that enzymes which 
hydrolyze the hexoside members of each series also hydrolyze the glycosides 
of the other members of each series (42). Thus, the enzyme a-mannosidase 
of almond emulsin hydrolyzes the α-lyxosides as well as the a-mannosides. 

B. NOMENCLATURE FOR HIGHER SUGARS AND FOR COMPOUNDS WITH 

NUMEROUS ASYMMETRIC ATOMS IN A CARBON CHAIN 

In the development of the stereochemistry of the sugars, trivial names, 
as shown on page 24, were assigned to sugars with two, three, and four 
CH(OH) groups. In earlier usage and recognized in the Carbohydrate No-
menclature Rules of 1953, these names of the C3 to Ce sugars have taken on 

41. R. M. Hann, A. T. Merrill, and C. S. Hudson, / . Am. Chem. Soc. 57, 2100 (1935) ; 
R. M. Hann and C. S. Hudson, ibid. 59, 548 (1937) ; H. S. Isbell, J . Research Natl. Bur. 
Standards 18, 505 (1937); H. S. Isbell and W. W. Pigman, ibid. 18, 141 (1937). Many 
earlier workers had also noticed the resemblances in the structures for the members 
of the various series. 

42. W. W. Pigman, J. Research Natl. Bur. Standards 26, 197 (1941). 
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/ | H l O H k ix' " " ^Η,ΟΗ 

OH H 

D-Idose type 

X = - H , L-Xylose 
X=-CH 2 OH, D-Idose 
X a —CH3, 6-Deoxy-D-idose 
X« -CHOH-CH2OH, (two aldoheptoses) 

H /ιΗ,ΟΗ R T T ^Η,ΟΗ 

OH OH 
D-Gulose type 

X= —H, L-Lyxose 
X=_CH2OH, D-Gulose 
X= - C H 3 , 6-Deoxy-D-gulose 
X= -CHOH-CH 2 OH, (two aldoheptoses) 

D-Glucose type 

X= —H, D-Xylose 
X=-CH 2 OH, D-Glucose 
X= — CH3, D-Quinovose 
X= -CHOH-CH2OH, (two aldoheptoses) 

Η,ΟΗ 

D-Mannose type 
X= —H, D-Lyxose 
X= -CH2OH, D-Mannose 
X= —CH3, D-Rhamnose 
X= -CHOH-CH2OH, (two aldoheptoses) 
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HO 

H 
Η,ΟΗ Η,ΟΙΙ 

ÖH X 
D-Galactosc type 

X= —H, L-Arabinose 
X= -CH2OH, D-Galactose 
X - - C H 3 , D-Fucose 
X « -CHOH-CH 2 OH, (two aldoheptoses) 

H.OH m,OH 

X 
D-Talosc type 

X - — H, L-Ribose 
X - - C H 2 O H , D-Talose 
X - —CH3, 6-Deoxy-D-talose 
X - _CHOH-CH2OH, (two aldoheptoses) 

OH OH 

HO 
Η,ΟΗ Η,ΟΗ 

D-Allose type 

X~—H, D-Ribose 
X - _ C H 2 O H , D-Allose 
X - -CH 3 > 6-Deoxy-D-allose 
X--CHOH—CH2OH, (two aldoheptoses) 

OH H 

HO 
Η,ΟΗ Η,ΟΗ 

X 
D-Altrose type 

X= —H, D-Arabinose 
X - _ C H 2 O H , D-Altrose 
X - —CH3, 6-Deoxy-D-altrose 
X - -CHOH-CH 2 OH, (two aldoheptoses) 

Η,ΟΗ 

II OH 

D-Xylose type 
X - - H , L-Threose 
X - _ C H 2 O H , D-Xylose 

X - _ C H O H - C H 2 O H ÎD-
(L-Idose 

Glucose 

Η,ΟΗ 

H H 
D-Lyxose type 

X - —H, L-Erythrose 
X - _ C H 2 O H , D-Lyxose 

X . - C H O H - C H 2 O H , { L ^ - -

H,OH 

OH H 
D-Arabinose type 

X - — H, D-Threose 
X - -CH2OH, D-Arabinose 

D-Altrose 

OH OH 
D-Ribose type 

X - —H, D-Erythrose 
X ~ - C H 2 O H , D-Ribose 

X - -CHOH-CH 2 OH,{£;£ l l o s e 
X - -CHOH-CH 2 OH,{ Galactose Λ " ~ — " " ^ — ^ L - T a l o s e 

a more fundamental aspect as the basis for indicating the configuration of 

consecutive CH(OH) groups in a chain of carbon atoms. These names and 

I 
the configurations represented are shown in Table II . The names are used 
as italicized prefixes before the chemical name as: 

H H OH H 
D-gluco-pentahydroxypenty 1, CH2 OH— C— C— C— C— 

OH OH H OH 
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TABLE II 
CONFIGURATIONAL PREFIXES 

Carbons 

1 

2 

3 

4 

Configuration and name0 

H 
1 1 

X—C—Y 

OH 
O-glycero 

H H 
I 1 1 1 

X—C—C—Y 

1 1 
HO OH 
O-erythro 

H H OH 

X—C—C—C—Y 

OH OH H 
Ό-arabino (arabo) 

H OH OH 

X—C—C—C—Y 

OH H H 
D-lyxo 

H H OH H 

X—C—C—C—C— 

OH OH H OH 
O-gluco 

H OH H OH 
1 1 1 1 1 1 1 1 

X—C—C—C—C— 
1 1 1 1 
1 1 1 1 

OH H OH H 
O-ido 

H OH OH OH 
1 1 1 1 1 1 1 1 

X—C—C—C—C— 
1 1 1 1 
1 1 1 1 
OH H H H 

O-talo 

Y 

Y 

Y 

H OH 
1 1 1 1 

X—C—C—Y 

1 1 
OH H 
O-threo 

H H H 
1 1 1 

X—C—C—C—Y 

X-

X-

X-

OH OH OH 
O-ribo 

H H OH OH 
1 1 1 1 
1 1 1 1 

-c—c—c—c—Y 
OH OH H H 

O-manno 

H OH H H 

-C—C—C—C—Y 
1 1 1 1 
1 1 1 1 

OH H OH OH 
O-gulo 

H H H H 
1 1 1 1 1 1 1 1 

-C—C—C—C—Y 
1 1 1 1 1 1 1 1 
OH OH OH OH 

D-allo 

H OH H 

X—C—C—C—Y 

OH H OH 
D-xylo 

H OH OH H 

X— C— C— C—C—Y 

OH H H OH 
Ό-galacto (gala) 

H H H OH 

X—C—C—C—C—Y 
1 1 1 1 1 1 1 1 
OH OH OH H 

O-altro 

° The group Y is the main fuctional group such as CHO or COOH. Group Y is 

written at the top when the carbon chain is vertical. (X and Y cannot be hydrogen.) 
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If the sequence of asymmetric carbon atoms is broken by a nonasymmetric 
group, this group is passed over as in: 

H H H 
D-ribo-1,3,4,5-tetrahydroxypentyl, CH2 OH— C— C— CH2— C— 

OH OH OH 

OH OH 
D-er^/iro-pentulose, CH2OH—CO—C—C—CH2OH 

H H 

The same prefixes are used even when one or more CH(OH) groups are 
replaced by CH(NH2), CH(OCH3), CH(C1), CH(OAc), C(CH3)(OH) and 
similar groups. 

For a sequence of more than four asymmetric carbon atoms, two or more 
prefixes are used. The sequence of asymmetric carbon atoms is divided so 
that there is a four-carbon prefix for the carbon atoms closest to the prin-
cipal function, and so that the other prefixes contain the maximal possible 
number of asymmetric carbon atoms. In the actual name, the order of cita-
tion of the prefixes is to start with the grouping furthest removed from the 
principal function. The most common examples of compounds requiring 
this type of compound prefixes are the sugars and glycitols with seven or 
more carbon atoms, two examples of which are given in the accompanying 
formulas. 

CHO 
I λ 

HCOH Λ 
I 

HOCH ( Λ 7 j > Ό-gluco-

HCOH 1 

HCOH J 
HÇOH j O-glycero~ 

CH2OH 

(I) 

(I) O-glycero-O-gluco-heptose (formerly: D-a-altroheptose, D-gfZwco-D-altroheptose) 

(II) Methyl L-erythro-ß-O-galacto-octopyrnnosiae 

The nomenclature of the higher sugars and of the corresponding alcohols 
(glycitols) and acids has undergone considerable modification. When syn-
thesized from the hexoses by the cyanohydrin synthesis of Kiliani, two hep-
toses are derived from each hexose. Emil Fischer adopted the convention 
of naming the first isomer that was isolated as the a-heptonic acid and the 

CH,OCH 
3 I 
HCOH 

I 
HOCH 

HOCH 

► Ό-galacto-

H C — 
I 

HOCH 
HOCH 

I 

L-erythro-

CH2OH 

(Π) 
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second as the ß-heptonic acid. This process gave rise to names like D-a-glu-
coheptonic and D-ß-glucoheptonic acids for the acids derived from D-glucose. 
Isbell (43) later gave this usage a configurational significance, whereas Hud-
son (44) developed a system similar to that given above, except that over-
lapping prefixes were used. 

9. THE SUGARS IN SOLUTION 

A. I N THE ABSENCE OF STRONG ACIDS OR 

ALKALIES; MUTAROTATION 

Although fairly stable when in the crystalline condition, the sugars un-
dergo many transformations when dissolved in water, particularly in the 
presence of acids or alkalies. Initially, these changes usually involve the 
carbon atom carrying the aldehyde or ketone groups. Hence, when these 
groups are blocked as in the nonreducing compound sugars (e.g., sucrose) 
or glycosides, the compounds are more stable and do not undergo isomeriza-
tions until the blocking groups are removed. 

In solution, the polar groups of sugars are highly solvated. With water as 
the solvent, the hydrogen atom of each hydroxyl group is rapidly ex-
changed with hydrogen atoms of the solvent. Within a few minutes at room 
temperature, these hydrogen atoms exchanged completely with the deute-
rium atoms of heavy water (45). The carbon-bound hydrogens and oxygens 
(except for the " carbonyl" oxygen) are much more firmly bound and require 
bases, acids, or heat to effect their removal. One oxygen, presumably the 
carbonyl oxygen or hemiacetal hydroxyl, is much more active than the 
others. Thus, when glucose is kept in H201 8 , one oxygen atom is exchanged 
after 100 hours at 55° (46). 

Interconversions between α,β-isomers and between ring isomers take 
place under the mildest possible condition of acidity and temperature. Such 
changes are manifested by the change of optical rotation with time which 
may be observed for freshly prepared sugar solutions. The change of optical 
rotation with time is known as mutarotation. Mutarotations may arise from 
changes other than interconversions between α,β- and ring isomers, but for 
neutral or slightly acid or slightly alkaline solutions of the sugars they most 
often arise from such changes. The phenomenon was observed first by Du-
brunfaut (1846), who noted that the optical rotation of freshly dissolved 
glucose changes with time and that after a number of hours the rotation 
becomes constant. The ordinary form of glucose (a-D-glucose) mutarotates 

43. H. S. Isbell, J. Research Natl. Bur. Standards 18, 529 (footnote) (1937). 
44. C. S. Hudson, J. Am. Chem. Soc. 60, 1537 (1938); Advances in Carbohydrate 

Chem. 1,28 (1945). 
45. H. Fredenhagen and K. F. Bonhoeffer, Z. physik. Chem. A181, 392 (1938). 
46. K. Goto and T. Titani, Bull. Chem. Soc, Japan 16, 172, 403 (1941). 
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downward, and the ß-isomer mutarotates upwards; in both cases the same 
equilibrium value is reached. 

a-Glucose <=* equilibrium <=* /3-Glucose 

+ 112° > +52.7° < +18.7° 

As mentioned earlier in this chapter, the mutarotation of glucose and other 
sugars showed that the original aldehyde structure for glucose was not 
adequate for explaining the properties of the sugar. The separation of iso-
mers of lactose (Erdmann—1880) and of glucose (Tanret—1896) which 
mutarotated to the same equilibrium value provided good evidence that the 
observed mutarotations result from an interconversion of the various modi-
fications. 

Some glucose oxidase preparations of fungal origin contain an enzyme, 
mutarotase, which also catalyzes the anomeric interconversions of D-glucose 
and of D-galactose, and to a lesser degree of maltose and lactose. Mannose 
and glucosamine are not affected. The enzyme facilitates reactions in which 
there is stereospecificity for the α,β-isomers, e.g., the actions of glucose 
oxidase (46a,b). 

A continuously recording polariscope has been developed [46b) which 
should aid mutarotation measurements. 

The mutarotation of a-glucose may be represented by the equation for a 
first-order reversible reaction. 

fcl 

et τ=± β (î) 
h 

- - = Ha] - ktlß] (2) 
at 

Equation (2) gives the rate of change of the a- into the β-ΐorm at the time 
L The reaction constant f or a —» β is fci, and f or β —> a is fc2. The concentra-
tions of the a- and ß-form at the time / are represented by [a] and \ß], 

Equation (2) may be integrated and expressed in terms of the optical 
rotations in the form of equation (3) (47). 

*i + fa - ) log r ° ~ r" (3) 
t n - rm 

In equation (3), r0 — the rotation at t = 0; rM — the final equilibrium rotation; and 
rt — the rotation at the time t. The rotations may be expressed as observed or as 

4ßa. D. Keilin and E. F. Hartree, Biochem. J. 42, 221 (1948) ; A. S. Keston, Science 
120, 356 (1954). 

46b. G. B. Levy and E. S. Cook, Biochem. J. 67, 50 (1954). 
47. T. M. Lowry, J. Chem. Soc. 75, 211 (1899); H. Trey, Z. physik. Chem. 18, 198 

(1895). 
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specific rotations. The specific rotations are calculated from the observed rotations 
by the relation: 

Specific Rotation = [a] = — (4) 
I X c 

a = observed rotation. 
I = length of column of solution (expressed in decimeters). 
c = concentration of active substance as g./100 ml. of solution. 

In case the rotations are read on a saccharimeter, the values observed (°S) are multi-
plied by the factor 0.3462 to give a. 

The rotation varies with the wavelength of the light source, and usually the sodium 
D line is employed. Most rotations are measured at 20°C. The solvents most com-
monly employed are water and chloroform. 

The mutarotation coefficient, fci + k2, should be the same for the a- and 
0-isomers of each sugar. Hudson (48) demonstrated that the a- and ß-iso-
mers of lactose and of some other sugars give identical values for fci + fc2 

and that the mutarotations follow the first-order equation. Table III lists 
the mutarotation coefficients for several sugars (49). 

The mutarotations of the sugars listed in Table III and those for many-
other sugars follow the first-order equation. The activation energy averages 
about 17,000 cal./mole; this value corresponds to an increase in rate of 2.5 
times for a 10° rise in temperature. The conformity of the mutarotation 
data to the first-order equation makes it probable that the main constitu-
ents of the equilibrium solution are the a- and ß-pyranose modifications. 
The actual composition may be calculated from the optical rotations of the 
equilibrium solution when the rotations of the pure a- and ß-isomers are 
known. Data of this type are included in Table III . Independent confirma-
tion of the composition of the equilibrium solutions is provided by studies 
of the rates of bromine oxidation of the sugars, the results of which are also 
found in Table III . 

A number of important sugars exhibit mutarotations which do not follow 
the first-order equation. (See Fig. 2.) A striking case (49) is presented by the 
pentose ribose; the specific rotation of freshly dissolved L-ribose decreases 
from an initial value of +23.4° to a minimum of +18.2° and then rises to a 
constant value of +23.2°. Some other sugars such as a- and ß-galactose, 
a- and ß-talose, and a- and ß-arabinose exhibit similar but less-striking 
deviations from the first-order equation. In Fig. 3, log (rt — rM) vs. time is 
plotted for α-D-glucose and a-D-talose. Although the curve for a-D-glucose 
is linear and follows the first-order equation, that for a-D-talose deviates 
greatly from a straight line during the initial period. This deviation is an 

48. C. S. Hudson, Z. physik. Chem. 44, 487 (1903). 
49. H. S. Isbell and W. W. Pigman, J. Research Natl. Bur. Standards 18, 141 (1937). 
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TABLE I I I 

MUTAROTATION C O E F F I C I E N T S AND ACTIVATION E N E R G I E S FOR SOME SUGARS 

Sugar 

a-D-Glucose 
iS-D-Glucose 
a-D-Mannose 
ß-D-Mannose 
a-D-Xylose 
a-D-Lyxose 
jff-D-Lyxose 
a-Lactose-H20 
ß-Lactose 
/3-Maltose-H20 

kx + k2 
(20°C.) 

0.00632 
0.00625 
0.0173 
0.0178 
0.0203 
0.0568 
0.0591 
0.00471 
0.00466 
0.00527 

0 
(cal.) 

17,200 
17,200 
16,700 
17,100 
16,800 
15,300 
15,700 
17,300 
17,600 
17,500 

Composition of equi-
librium solution (%) 

From 
rotations 

fa—36.2 
1/3—63.8 
Ja—68.8 
\ß—31.2 

— 
fa—76.0 
1/8—24.0 
[a—36.8 
\ß—63.2 

— 

From 
oxidation 
studies 

37.4 
62.6 
68.9 
31.1 
— 

79.7 
20.3 
37.5 
62.5 
— 

indication of the lack of the conformity of the talose mutarotation with the 
first-order equation. 

In general, the mutarotations which cannot be expressed by the first-order 
equation conform to equations derived on the assumption of three compo-
nents in the equilibrium mixture. The equilibrium involved may be: 

<χτ±μτ±β (5) 

Equations fitting this condition were derived by Riiber and Minsaas (50) 
and by Smith and Lowry (51). The Smith and Lowry type of equation is 
represented by equation (6). 

[a] = A X 10-^1 « + B X 10-*«« + C (6) 

In this equation, C is the equilibrium rotation, A is the total change in 
optical rotation due to the slowly mutarotating component, and B is 
(r0 — Γβο) —A. Methods for applying these equations are described else-
where (49). The constants mi and m% are functions of the velocity constants 
for the various reactions represented in equation (5). 

Changes in other properties such as the solution volume, the refractive 
index, and the heat content have been shown by Riiber and his associ-
ates (50) to parallel the changes in rotations. 

Mutarotations which cannot be expressed by the first-order equation but 
which are expressed by equation (6) must represent the establishment of 

60. C. N . Riiber and J . Minsaas. Ber. 59, 2266 (1926). 
61. G. F . Smith and T . M. Lowry, / . Chem. Soc. p . 666 (1928). 
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20 40 Equil. 60 80 100 
Time (minutes) 

FIG. 2. Mutarotation of L-ribose in water at 0°C. 
(Reprinted from: / . Research Nail. Bur. Standards 18, 164 (1937)). 
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FIG. 3. *'Simple" and "complex" mutarotations. 

(Reprinted from "Polarimetry, Saccharimetry and the Sugars" 
by F. J. Bates and Associates.) 

equilibria in which three or more components are present in appreciable 
quantities. Hence, equilibrated solutions of sugars such as galactose, arabin-
ose, talose, and, particularly, ribose must have appreciable quantities of 
isomers other than the pyranose modifications. The ease of conversion of 
galactopyranose to furanose and free-aldehyde modifications is shown by 
the formation of appreciable quantities of such isomers in the products of 
the acetylation (see p. 144). 

The mutarotation reactions which follow equation (6) may be considered 
to consist of two simultaneous or consecutive reactions, one of which is slow 
and the other of which is rapid. The values of rrti (which represents the reac-
tion constant for the slowest reaction) are about the same as those 
for ki + k2 for glucose, and the activation energies also have almost the 
same value as for glucose (49). I t is probable then that the slower reactions 
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TABLE IV 

QUANTITY OF REDUCIBLE FORM PRESENT IN SOLUTIONS OF SEVERAL SUGARS 

Sugar 

Glucose 
Mannose 
Galactose 
Allose 
Xylose 
Arabinose 
Lyxose 
Ribose 

Reducible forms (mole per cent of 
total sugar) 

0.024 
0.064 
0.082 

(1.38) 
0.17 
0.28 
0.40 
8.5 (0.1 M) 

are a,ß-conversions between pyranose isomers. The reactions represented 
by m2 are 5 to 10 times more rapid, and the activation energy is 
much smaller! (about 13,200 cal./mole as compared with 16,900 for the 
normal mutarotations). For the rapid mutarotation reactions of galactose, 
talose, and ribose, the magnitude of the reaction constant, the small activa-
tion energy, and the influence of pH on the rate of mutarotation are similar 
to those for the mutarotation of the furanose modification of fructose. Since 
the mutarotation of fructose probably represents mainly a pyranose-furan-
ose change {25), the fast mutarotations of the other sugars also may repre-
sent pyranose-furanose interconversions. 

I t is usually considered that the interconversion of the a- and ß-isomers 
and of pyranose and furanose forms takes place through the intermediate 
formation of the aldehydo or keto forms of the sugars. 

a-Glucopyranose < 1 | ► 0-Glucopyranose 

aldehydo-Glucose 

a Glucoiuranose <- -> /3-Glucofuranose 

There is no direct proof for the existence of the open-chain forms. However, 
small quantities of the acetylated open-chain forms are obtained along with 
the ring forms when some sugars are acetylated (see under Acetyl sugars). 
Sugar solutions contain isomers which are reducible at the dropping-merc-
ury electrode of the polarograph {52). The amounts of the reducible form 
present in 0.25 M solutions of several aldoses at pH 7.0 and 25°C. are shown 
in Table IV. As may be seen from the table, the amount of the reducible 

52. S. M. Cantor and Q. P. Peniston, J. Am. Chem. Soc. 62, 2113 (1940); J. M. Los 
and K. Wiesner, ibid. 76, 6346 (1953) ; J. M. Los, L. B. Simpson, and K. Wiesner, ibid. 
78, 1564 (1956). 
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form in glucose solution is very small (0.024 mole per cent). Solutions of 
other sugars, particularly ribose, contain fairly large amounts. The quantity 
of reducible material increases rapidly as the pH becomes greater. These 
data, obtained by Cantor and Peniston, are said to agree with those reported 
by Lippich (58) for the amount of material in solution which reacts "in-
stantaneously" with hydrocyanic acid. 

The mutarotation reactions are catalyzed by both hydrogen and hydroxyl 
ions. The rate of mutarotation of glucose and galactose is at a minimum 
between the pH limits 3.0 to 7.0. At pH values greater than 7.0 and less 
than 3.0, the velocity increases rapidly. The curve for mutarotation velocity 
vs. pH is represented by a catenary. The influence of hydrogen and hydroxyl 
ions on the rate was found by Hudson to be expressible by equations of the 
type: 

k1 + k2 = A + B[R+] + C[OH-] (7) 

where A, B, and C are constants. For glucose at 20°C. the equation is (25): 

ki + k2 = 0.0060 + 0.18[H+] + 16,000[OH~] (8) 

According to equation (8), glucose mutarotates most slowly at pH 4.61. 
Acids and alkalies influence the mutarotation of lévulose and some other 
sugars much more markedly than glucose although the minimum for lévu-
lose occurs near that for glucose. As may be seen from equations (7) and (8), 
at pH 4.6 the portion of the catalysis which is due to the water (term A) is 
much greater than that caused by the hydrogen and hydroxyl ions. In turn, 
the hydroxyl ions are much more effective catalysts than the hydrogen ions 
(compare values for B and C). 

Equations (7) and (8) are special cases for aqueous solutions of the equa-
tion for generalized acid-base catalysis. As shown by Lowry (54a), the muta-
rotations of sugars are reactions involving simultaneous catalysis by both 
acids and bases, in the generalized concept of acids and bases proposed by 
Lowry and by Brönsted. Water functions as a complete catalyst because of 
its amphoteric dissociation into ions: H20<->H+ + OH~ . Acids or bases 
alone are not effective catalysts but in mixture are complete catalysts. 

Thus in a mixture of pyridine and cresol, tetra-O-methylglucose was 
found to mutarotate, whereas in either pyridine or cresol, mutarotation was 
insignificant (54b). Lowry, therefore, proposed that the mutarotation of 
sugars is basically a ternary reaction involving simultaneous acid-base catal-
ysis. The ternary reaction involves the simultaneous transfer of a proton 
from the acid catalyst to the sugar in the same step that a proton is trans-

58. F. Lippich, Biochem. Z. 248, 280 (1932). 
54a. T. M. Lowry and E. M. Richards, J. Chem. Soc. 127, 1385 (1925). 
54b. T. M. Lowry and I. J. Faulkner, J. Chem. Soc. 127, 2883 (1925). 
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ferred from the sugar to the base catalyst yielding the sugar aldehyde (or 
hydrate) directly (54c , 55). 

ÇH2OCH3^>) ÇH2OCH3(g) ÇH2OCH3 

H/<? ° \ Ö H <g> H / 9 ° H 0 ( H T B ) H / ? \ H 

, \OCH, H/V " V\OCH, H/V " V\OCH, Η / Ϊ + VH3> 

l | I l I I ^—-^ 
H ÔCH3 H ÔCH3 H 0CHo 

Strong evidence exists for the intermediary role of the free aldehyde in 
the mutarotation reaction in the observation that no carbon-bound hydro-
gen atoms and no oxygen atoms exchange with water during the mutarota-
tion reaction. Since one oxygen atom per mole is only slowly exchanged, the 
possible hydrated aldehyde is formed too slowly to be the intermediate. 
The dependence of mutarotations on acid and base catalysis accounts for 
the observation that the rate of mutarotation decreases in aqueous meth-
anol and ethanol solutions as the alcohol concentration is increased (56), 
since the alcohols exhibit less amphoteric properties than does water. In 
heavy water, the mutarotation of glucose proceeds more slowly than in 
ordinary water (45). 

The findings of Swain and Brown (55) support the ternary mechanism 
proposed by Lowry for the mutarotation of tetra-O-methylglucose. I t was 
found that the mutarotation of tetra-O-methylglucose in benzene in the 
presence of both an acid (phenol) and a base (pyridine) followed third-order 
kinetics but was first-order with respect to each component : tetra-O-methyl-
glucose, pyridine, and phenol (55). 2-Hydroxypyridine was found to be a 
very effective bifunctional catalyst, and since both acid and base functions 
were in the same molecule, the mutarotation followed second-order kinetics. 
Its catalytic action was essentially independent of the other acid and base 
species present. Although it is a much weaker acid or base than either phenol 
or pyridine, its catalysis of the mutarotation of tetra-O-methylglucose in 
benzene was much greater than that of either pyridine or phenol, or a mix-
ture of both (55). 

Although basically a ternary reaction, mutarotation may follow first- or 
second-order kinetics. As indicated earlier (p. 50), under the usual experi-
mental conditions which involve water as the solvent in large excess and a 
fixed hydrogen-ion concentration, first-order kinetics are followed. Actually, 
the reaction usually appears to be second-order in aqueous system when the 
concentration of the catalyst is taken into consideration. This special situa-

t e . T. M. Lowry, / . Chem. Soc. p. 2554 (1927). 
55. C. G. Swain and J. F. Brown, Jr., J. Am. Chem. Soc. 74, 2534, 2538 (1952). 
56. H. H. Rowley and W. N. Hubbard, J. Am. Chem. Soc. 64, 1010 (1942). 
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tion has led to the interpretation that two consecutive bimolecular reactions 
are involved; in one, a proton is added and in the other, a proton is removed 
in a separate step (57, 58). 

According to combustion data (59) for the crystalline sugars, the com-
plete conversion of a- to ß-glucose is accompanied by a heat absorption of 
1500 cal./mole and a free energy change of 500 cal./mole. 

B. IN THE PRESENCE OF ACIDS 

The mildest type of reaction of the sugars induced by acids is the inter-
conversion between a- and ß-isomers or between ring isomers. This type of 
change has been discussed above under the general subject of mutarotation. 
Dilute acids at room temperatures have little or no additional action on the 
sugars, but hot concentrated acids produce profound changes. 

The action of acids is that of dehydration. The dehydration may take 
place by the formation of anhydro rings or of double bonds. The configura-
tion of altrose favors anhydro formation, and the 1,6-anhydroaltropyranose 
is formed by a brief treatment of the sugar with boiling dilute acids (see 
under Anhydro sugars). Stronger acids produce furfural, 5-methylfurfural, 
and 5-hydroxymethylfurfural or levulinic acid from pentoses, 6-deoxyhex-
oses, and hexoses, respectively. (60) The formation of these materials, in par-
ticular furfural from the pentoses, proceeds so well that the reaction is used 
for their estimation (61, 62). Although for pentoses furfural is the relatively 
stable end-product, for hexoses the corresponding 5-hydroxymethylfurfural 
(I) undergoes further reaction with the formation of formic and levulinic 
acids (II) (63). 

D-Glucose ~ * HOCH2—C C—CHO -> CH3—CO—CH2—CH2—COOH 

HC CH 

-^Ü> HOCH2—C C—CHO -> CH3-

0 
(I) 

HCOOH 

+ 
-CO—CH2—CH2 

(Π) 

Yields of hydroxymethylfurfural as high as 54 % and of levulinic acid as 
high as 69 to 79 % have been reported by the use of sucrose as the initial 

57. K. J. Pedersen, J. Phys. Chem. 38, 581 (1934). 
58. C. G. Swain, / . Am. Chem. Soc. 72, 4578 (1950). 
59. H. M. Huffman and S. W. Fox, / . Am. Chem. Soc. 60, 1400 (1938). 
60. F. H. Newth, Advances in Carbohydrate Chem. 6, 83 (1951). 
61. W. E. Stone and B. Tollens, Ann. 249, 227 (1888). 
62. C. A. Browne and F. W. Zerban, "Sugar Analysis," p. 904. Wiley, New York, 

1941. 
68. W. Alberda van Ekenstein and J. J. Blanksma, Chem. Weekblad 6, 717 (1909) ; 

7, 387 (1910). 
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material (64,65). Levulinic acid has been prepared commercially from 
starch by the Moyer patent (66) and from wood hydrolyzates. Its ester, 
salts, and derivatives such as the a- and jö-angelica lactones (III, IV) have 
considerable commercial interest. 

CH 3 —CH—CH=CH CH 3 — C — C H — CI12 

o- -co o-
(III) (IV) 

-co 

Ketohexoses react with acids much more rapidly than aldohexoses and, 
hence, give better yields of 5-hydroxymethylfurfural. The reaction proceeds 
at an appreciable rate in aqueous solutions of fructose, and even glucose, at 
100 to 150° without added acids. Since furfurals readily undergo further 
reactions with the formation of brown-colored products, it is probable that 
many of the brown colors produced in food processing and in autoclaved 
solutions result from the intermediary formation of furfurals (60). (See also 
p. 446). When concentrated hydrochloric or hydrobromic acid is used, the 
corresponding 5-halogenomethylfurfural is produced. 

The enediol (V), as in the alkaline rearrangements, is a likely intermedi-
ate. The great difference in the rate of conversion of glucose and fructose to 

CHOH 
II 
COH 
I 

(CHOH), 
I 3 

CH2OH 
(V) 

HOCH— 
I 

HOCHo-CH 
2 xo-

-CHOH 
I 
C=CHOH 

HC-
II 

H O C H 2 - a ^ 
x 0 ^ 

-CHOH 
I 
C=CHOH 

(VI) 

HC-
II 

HOCH9-C 

-CH HC-

^ θ " 

(I) 

C-CHO H O C H , - a 

-CHOH 
I 
CH-CHO 

v O ' 

hydroxymethylfurfural (I) would, according to this mechanism, indicate 
that the formation of the enediol is the rate-determining step. Haworth and 
Jones (64) explain the ease of reaction of fructose as a direct conversion of 
fructofuranose (the ring form) to the anhydro enol (VI), whereas glucose 
proceeds through the intermediary of the enediol (V). This mechanism is 
supported by the ease of conversion to furfurals of compounds with 2,5-an-
hydro rings (67). 

64. W. N. Haworth and W. G. M. Jones, J. Chem. Soc. p. 667 (1944). 
65. L. F. Wiggins, Advances in Carbohydrate Chem. 4, 306 (1949). 
66. W. W. Moyer, U. S. Patent 2,270,328 (January 20, 1942). 
67. M. Cifonelli, J. A. Cifonelli, R. Montgomery, and F. Smith, J. Am. Chem. 

Soc. 77, 121 (1955). 
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On the other hand, mechanisms differing from the above in the order of 
dehydration have been proposed by Hurd and Isenhour, by Isbell (68), and 
by Wolfrom, Schuetz, and Cavalieri (69). The mechanism of the latter in-
volves in the first two dehydrations the production of α,β double bonds 
in a manner generally characteristic of ß-hydroxy carbonyl compounds. To 
be noted also is the apparent greater ease of dehydration (indicated by the 
Dische diphenylamine test, presumably a measure of the hydroxylevulinic 
aldehyde formed) of arabinal and xylal as compared to 2-deoxyribose (70), 
although the former are known to have pyranose rings. 

According to Pummerer and Gump (71), levulinic acid is formed as a 
result of the following series of reactions: 

CHO 
I 
c — 

HC 

I 
HC 

CHO 

COH 

HOH 
HC1 

HC 

HC 

CHO 

1 CO 

CH2 
1 1 
CH2 

HOH 

HCOOH 
+ 
CHO 

I 1 
C H 2 

CH2 

—> 

coc 
1 1 
CH2 

CH2 

COH CO CO CO 

CH2OH CH2OH CH2OH CH2OH CH3 

The first step, ring opening, is a characteristic reaction of furan derivatives. 
The final step is an intermolecular oxidation-reduction reaction. Evidence 
for this mechanism (71) is given by the isolation under similar conditions of 
the acetal derivative of the intermediate five-carbon keto aldehyde, and by 
the high yield of levulinic acid produced from it by the action of 
acids. Yields as high as 80 % of levulinic acid have been obtained from 5-hy-
droxymethylfurfural. Furthermore, radioactive formic acid is derived by 
this reaction from D-glucose-1-C14 whereas the accompanying levulinic acid 
is devoid of activity (72). 

Acids also catalyze the condensation of two sugar molecules to form disac-
charides and products (oligosaccharides) of a greater degree of polymeriza-
tion. In the presence of alcohols, the condensation takes place with forma-
tion of the glycosides of the alcohols. A true equilibrium is approached and 
condensation is favored by a high concentration of the reactants. Condensa-

is. See H. S. Isbell, J. Research Natl. Bur. Standards 32, 45 (1944). 
69. M. L. Wolfrom, R. D. Schuetz, and L. F. Cavalieri, J. Am. Chem. Soc. 70, 514 

(1948); 71, 3518(1949). 
70. R. E. Deriaz, M. Stacey, E. G. Teece, and L. F. Wiggins, J. Chem. Soc. p. 1222 

(1949). 
71. R. Pummerer and W. Gump, Ber. 56, 999 (1923); R. Pummerer, O. Guyot, and 

L. Birkofer, Ber. 68, 480 (1935). 
72. J. C. Sowden, J. Am. Chem. Soc. 71, 3568 (1949). 
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tion takes place preferentially between the primary hydroxyl group of one 
molecule and the reducing group of another molecule, but small amounts 
of the products from the condensation of the reducing group with most of 
the secondary hydroxyls have been isolated (73). This process is known as 
''reversion.'' Combined with carbon chromatography, it is suitable for the 

I I 
—c— —c— 

I 1 
CH2OH + HOCH CH2—O—CH 

— C — O — C — O 

II II 
preparation of gentiobiose and "isomaltose" (see under Isomaltose). 

C. I N THE PRESENCE OF ALKALIES* 

Although the sugars exhibit moderate stability to acids, particularly at 
room temperature, they are profoundly affected (74) by alkalies even under 
very mild conditions. Contrary to what might be expected, the sugars ex-
hibit their maximum stability at acid conditions rather than at pH 7. Thus, 
the optimal pH for the stability of D-fructose (75) and for D-glucose (76) 
lies between pH 3 and 4. When methylglyoxal production is used as a meas-
ure of the stability, the optimal pH is around 1 (77). 

The action of alkalies follows three general courses: isomerizations mainly 
at the reducing end of the molecule, fragmentation into substances that 
have fewer carbon atoms than the original sugar, and internal oxidations 
and reductions. 

The simplest isomerization reaction of the reducing sugars is the Lobry 
de Bruyn and Alberda van Ekenstein transformation (78). Thus, when 
glucose is treated with dilute alkalies at room temperature, the optical ro-
tation decreases, and from the products of reaction, glucose, mannose, and 
fructose can be separated. The treatment of sugars with alkalies has con-
siderable value for preparatory purposes, particularly for obtaining ketoses. 

* Prepared by Mary Grace Blair. 
73. A. Thompson, K. Anno, M. L. Wolfrom, and M. Inatome, J. Am. Chem. Soc. 

76, 1309 (1954); J. C. Sowdenand A. S. Spriggs, ibid. 78, 2503 (1956); J. H. Pazurand 
T. Budovich, ibid. 78, 1885 (1956). 

74. For summary see W. L. Evans, Chem. Revs. 31, 537 (1942) ; 6, 281 (1929). 
76. J. A. Mathews and R. F. Jackson, Bur. Standards J. Research 11, 619 (1933). 
76. W. Kröner and H. Kothe, Ind. Eng. Chem. 31, 248 (1939); E. J. McDonald, J. 

Research Natl. Bur. Standards 45, 200 (1950). 
77. C. Enders, Biochem. Z. 312, 349 (1942). 
78. C. A. Lobry de Bruyn and W. Alberda van Ekenstein, Rec. trav. chim. 14, 156, 

203 (1895); 15, 92 (1896); 16, 241, 257, 262, 274, 282 (1897); 18, 147 (1899); 19, 1 (1900); 
W. Alberda van Ekenstein and J. J. Blanksma, ibid. 27, 1 (1908). 
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Disaccharides undergo similar isomerizations, also useful for the prepara-
tion of the ketoses (p. 481), but some cleavage of the glycosidic linkage oc-
curs (79). 

On the basis of the usual methods of analysis, which involve the deter-
mination of reducing sugars, ketoses, and mannose, Wolfrom and Lewis (80) 
concluded that very few side reactions take place if the glucose is treated 
with lime water saturated at 35°C. After about five days, the equilibrated 
mixture had the following composition : 

Per cent 

Glucose 63.5 
"Fructose" (ketoses) 31.0 
Mannose . 2.5 
Other substances (probably saccharinic acids) 3 

However, analyses by isotopic dilution (81) reveal that with 0.035 N sodium 
hydroxide at 35° (hence, presumably also with lime water) more deep-seated 
changes are slowly occurring, which ordinarily are undetected. A neutral 
nonfermentable fraction, which is predominantly ketose, is accumulating. 
The apparent equilibrium reached under mild conditions is probably de-
pendent upon the neutralization of the original alkali by the acidic products 
formed. 

For the interpretation of the mechanism of the Lobry de Bruyn-Alberda 
van Ekenstein transformation, the formation of an intermediate enediol 
usually is postulated. In the formation of the double bond, the asymmetry 
of carbon atom 2 is destroyed, and the two epimeric aldoses and the corre-
sponding ketose will be in equilibrium. 

H2COH 

C = 0 Ketose 

HCO 
I 

<=* HCOH 
I 

—c— 

Aldose 

79. See L. Hough, J. K. N. Jones, and E. L. Richards, J. Chem. Soc. p. 295 (1954) ; 
W. M. Corbett and J. Kenner, ibid. p. 1789 (1954). 

80. M. L. Wolfrom and W. L. Lewis, J. Am. Chem. Soc. 50, 837 (1928). 
81. J. C. Sowden and R. Schaffer, J. Am. Chem. Soc. 74, 499 (1952). 

— C -

HCO 

1 
HOCH <= 1 —c— 

1 
Aldose 

u 
HCOH 

II 
± COH 1 —c— 
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Enediol 
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The enediol shown in the illustration would be expected to exist in ionic 
form in an alkaline solution. Each of the enol ions should be stabilized as a 
resonance hybrid : 

HCO- HCO HCOH HCOH 

COH ^ -COH CO" _ CO 

I I I I 
—c— —c— — c— —c— 

I I I I 
As would be expected from this mechanism, 2,3,4,6-tetra-O-methyl-

glucose gives only 2,3,4,6-tetra-O-methylmannose when treated with 
alkali (saturated lime solutions). The same equilibrium point is reached 
from tetra-O-methylmannose (80). In this instance, ketose formation is 
precluded because of the absence of an ionizable hydrogen atom on carbon 2 

HCO HCOH HCO 

I II I 
HCOCH3 OH" , COCH3 OH" , CH3OCH 

I < I < I 

—COCH3 —COCH3 —COCH3 

I I I 
of the enol form. However, the enolic methoxyl group is relatively unstable, 
and the 1-O-methyl group attached to fructose is removed under similar 
conditions (82). 

The ready removal of the hydrogen atom next to the carbonyl group is 
consistent with the expected activities of such atoms in alkaline solutions, 
as in the aldol condensations. Experimental evidence is provided by the 
observation that one carbon-bound deuterium atom is formed when tetra-
O-methylglucose (45) or glucose (83) is dissolved in alkaline heavy water. 

Further confirmation of the intermediary enediol has been obtained by 
studies of the rearrangement in saturated lime solutions of 1-deuterio-glu-
cose (84) made by the reduction of gluconic 7-lactone in D20. 

By a continuation of the enolization process, the enediol grouping may 
move along the carbon chain and additional isomerizations are possible. 

Epimerization at the third carbon or formation of ketoses that have a 
carbonyl group at carbon 3 may take place. These reactions explain the 
formation of D-psicose from D-glucose (85), D-g^co-heptulose from v-glycero-
D-gala-heptose (86), the interconversions of D-sorbose and D-galactose (78), 

82. J. Kenner and G. N. Richards, J. Chem. Soc. p. 1784 (1954). 
88. J. C. Sowden and R. Scharfer, J. Am. Chem. Soc. 74, 505 (1952). 
84. Y. J. Topper and D. Stetten, Jr., J. Biol. Chem. 189, 191 (1951). 
85. L. Hough, J. K. N. Jones, and E. L. Richards, J. Chem. Soc. p. 2005 (1953). 
86. E. M. Montgomery and C. S. Hudson, / . Am. Chem. Soc. 61, 1654 (1939). 
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and the occurrence of allitol among the products of the electrolytic reduc-
tion of D-glucose in mildly alkaline solution (87). Lobry de Bruyn and Al-
berda van Ekenstein (78) considered that they had obtained a nearly pure 
3-ketose, which they called gait ose, from the action of lead hydroxide on 
galactose, and the same product in lower purity from the action of other 
bases. A corresponding fraction, glutose, from glucose could not be freed 
completely from contaminants, but it was obtained in supposedly high 
purity from the action of lead hydroxide on fructose. Glutose was described 
as the acid-labile nonfermentable component of the isomerization mixture 
(contrary to later work, psicose was considered to be fermentable) and was 
said to be identical with the corresponding fraction of sugar-cane molasses. 

Often, later workers have used the term glutose as synonymous with the 
nonfermentable reducing fraction of the alkali-isomerization mixture from 
D-glucose or molasses. Much of the nonfermentable reducing fraction of 
sugar-cane molasses was shown later to be composed of complex substances 
from a browning (Maillard) reaction (Chapter VIII) involving the interac-
tion of sugars and amino acids (88). A trace of psicose from distillery "slop" 
has been reported (89). 

On the other hand, the product from glucose is an exceedingly complex 
mixture, the composition of which varies with the conditions of treatment. 
D-Psicose (from treatment with ammonia) (85) and (DL + D)-sorbose (from 
treatment with a strong base resin) (90) have been identified definitely in 
the mixture. D-Glucose is readily converted to D-fructose. From the latter 
has been isolated after treatment with potassium hydroxide (DL + D)-sor-

87. M. L. Wolfrom, B. W. Lew, and R. M. Goepp, Jr., / . Am. Chem. Soc. 68, 1443 
(1946). 

88. W. W. Binkley and M. L. Wolfrom, J. Am. Chem. Soc. 72, 4778 (1950); C. Erb 
and F. W. Zerban, Ind. Eng. Chem. 39, 1597 (1947). 

89. F. W. Zerban and L. Sattler, Ind. Eng. Chem. 34, 1180 (1942). 
90. M. G. Blair and J. C. Sowden, J. Am. Chem. Soc. 77, 3323 (1955). 
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bose and (DL + D or L)-allose (91). Evidence was obtained indicating the 
presence of D- and L-psicose also. 

In any one investigation, only a small amount of the unfermentable ma-
terial has been identified, but it is evident, when the fragmentary results 
are assembled, that any hexose may be expected from any other hexose 
among the products under suitable conditions of treatment by alkali. For 
completion of the sequence from D-glucose to all D- and L-hexoses, only the 
isolation of one member of the trio L-glucose, L-mannose, and L-fructose is 
needed. 

The mechanisms by which D-sorbose and L-sugars are formed are not 
known. Conceivably 3,4- and 4,5-enediols might be formed. On the other 
hand, the possibility exists of the cleavage of the carbon chain through a 
reversed aldol condensation. If a hexose was cleaved to two glyceraldehyde 
molecules, they would be expected partially to isomerize immediately to 
dihydroxyacetone. A very rapid aldol condensation of glyceraldehyde and 
dihydroxyacetone occurs (p. 113) with the formation of fructose and sor-
bose. These ketohexoses have a trans arrangement of the hydroxyls at the 
new asymmetric centers {92 y 93). 

CH2OH CH2OH 

I I 
CO CO 

CH2OH 0H_ CHOHl 
+ ( > I Hrans 
CHO CHOHj 

CHOH CHOH 

I I 
CH2OH CH2OH 

In the reaction mixtures of the action of alkali on hexoses, small amounts 
of methylglyoxal (pyruvic aldehyde) and much lactic acid appear; this is 
proof that the molecule is sensitive to a cleavage of some kind at the center 
of the chain. These products also occur in the alkali-treated solutions of 
trioses, along with traces of acetol, lactic aldehyde, and pyruvic 
acid (74, 93). However, the trioses so rapidly condense to sugars that the 
appearance of common reaction products does not establish the sequence of 
reactions. If trioses deliberately are added to an alkaline hexose solution 

91. M. L. Wolfrom and J. N. Schumacher, J. Am. Chem. Soc. 77, 3318 (1955). 
92. H. O. L. Fischer and E. Baer, Helv. Chim. Ada 19, 519 (1936) ; W. G. Berl and 

C. E. Feazel, J. Am. Chem. Soc. 73, 2054 (1951). 
98. E. Waldmann and V. Prey, Monatsh. 82, 856 (1951); 83, 65 (1952); V. Prey, E. 

Waldmann, H. Berbalk, and F. Ludwig, ibid. 84, 551 (1953); V. Prey, E. Waldmann, 
H. Berbalk, and F. Sommer, ibid. 85, 1186 (1954). 
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to check on proposed procedures of isolation, they rapidly disappear (98). 
(See also Acrose, Chapter II) . 

Similar cleavages between carbons 1 and 2 to give formaldehyde and an 
aldopentose or between carbons 2 and 3 to give glycolaldehyde and a tetrose 
should not be excluded from consideration, although the bulk of the sugar 
fraction is hexose. Compounds having one or two carbon atoms are found 
(formic and acetic acids), but these are also products of the trioses. The 
quantities produced from hexoses and from trioses are similarly affected by 
changes in temperature and in concentration of alkali (74). Schmidt (94) 
has offered a theoretical argument for cleavage of hexoses mostly to trioses, 
which assumes that in the 1,2-enediol the 3-4 bond is weakened by the pres-
ence of the double bond. 

If fragmentation and recombination of trioses is occurring during the 
alkaline isomerization of the hexoses, branched-chain hexoses (not yet iso-
lated) are also to be expected. Dihydroxyacetone undergoes aldol condensa-
tion with itself under the influence of dilute sodium hydroxide to, among 
other products, " dendroketose" (96). 

In addition to the isomerizations to other sugars, internal oxidations and 
reductions and migrations of groups occur (see below) and make impossible 
the establishment of a true equilibrium. In the presence of excess alkali the 
reaction eventually proceeds almost completely to nonreducing substances. 
In carbonate buffer at pH 10 and at 100°, reducing power is lost very rapidly 
and the reaction is reported to be first-order with respect to both sugar and 
hydroxyl-ion concentrations (96). 

Some workers have reported a cation dependence and others an inde-
pendence. Any differences, if noted, were attributed usually to the strength 
of the base. Thus, Lobry de Bruyn and Alberda van Ekenstein (78) reported 
the reaction products of lead hydroxide to be different from those of numer-
ous other bases which they studied. Notably, with lead hydroxide the 
ketose of the 1,2-enediol "equilibrium" was missing. This was attributed 
to its very rapid conversion to the supposed " 3-ketose." Kusin (97) recorded 
a similar observation with calcium hydroxide as compared to sodium hy-
droxide, but he believed the ketose was never formed. Under the conditions 
studied, lime acting on glucose gave mannose but no detectable amounts of 
fructose, whereas sodium hydroxide gave a measurable amount of fructose 
but only a trace of mannose. Sowden and Schaff er (81) found no differences 
in the initial " mutarotation" of D-mannose in the presence of 0.035 N so-
dium and calcium hydroxides at 35°, but differences in the direction of 

H. O. Schmidt, Chem. Revs. 17, 137 (1935). 
95. L. M. Utkin, Doklady Akad. Nauk S.S.S.R., 67, 301 (1949); Chem. Abstr. 44, 

3910 (1950). 
96. L. J. Heidt and C. M. Colman, / . Am. Chem. Soc. 74, 4711 (1952). 
97. A. Kusin, Ber. 69, 1041 (1936). 
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"mutarotation" were observed for 0.5 N solutions. They obtained 29% 
D-fructose from D-glucose and 20 % from D-mannose with 0.035 N sodium 
hydroxide at 35°. Gottfried and Benjamin (98), working at high tempera-
tures, could find no important difference in the glucose, fructose, mannose 
"equilibrium" with a variety of bases: sodium hydroxide, sodium carbonate, 
calcium hydroxide, magnesium hydroxide, trisodium phosphate, and sodium 
sulfite. They obtained a maximum conversion of D-glucose to true D-fructose 
(as fermentable ketose) of about 21 %, although the apparent ketose con-
tent was as high as 31 %. 

Lactic acid occurs amongst the products of the action of alkali on hexoses. 
From 1 mole of D-glucose, treated at 25°C. with benzyltrimethylammonium 
hydroxide, Evans reported the production of 1.2 moles of racemic lactic acid 
(60 % of a theory of 2 moles per mole hexose). The substance apparently can 
be obtained by the action of alkali on any sugar (inclusive of trioses, pent-
oses, disaccharides, etc.) (99). Its preparation from sucrose under condi-
tions of high temperature and pressure has been extensively studied from 
the viewpoint of potential industrial application. Lactic acid may be con-
sidered as the saccharinic acid (see below) related to glyceraldehyde and 
may arise from the rearrangement of a triose fragment. 

Internal oxidations and reductions and migrations of groups occur which 
result also in the formation of a group of saccharinic acids isomeric with the 
sugars, and the corresponding lactones (saccharins). After Peligot (1839) 
and other workers had isolated acidic materials from among the products 
of the action of alkalies on glucose, Scheibler and Kiliani (100, 101) identi-
fied one of the products, saccharinic acid, as an isomer of D-glucose with 
the empirical formula CeHi2Oe. The saccharinic acid loses a molecule of 
water to form saccharin. The formulas of these substances resulting from 
the researches of Scheibler and Kiliani are shown below. 

COOH 
I 

CH3COH 

CHOH 

I 
CHOH 

I 
CH2OH 

Saccharinic 
acid 

98. J. B. Gottfried and D. G. Benjamin, Ind. Eng. Chem. 44, 141 (1952). 
99/ R. Montgomery, "The Chemical Production of Lactic Acid from Sugars," 

Scientific Report Series, No. 11. Sugar Research Foundation, New York, 1949. 
100. C. Scheibler, Ber. 13, 2212 (1880). 
101. H. Kiliani, Ber. 15, 701, 2953 (1882). 

CO 

I 
CH3COH 5 

CHOH 

I 
CH 

CH2OH 
Saccharin 



I. STRUCTURE AND STEREOCHEMISTRY OF SUGARS 67 

The branched-chain structure of saccharinic acid is demonstrated by the 
reduction of the acid by hydrogen iodide (and phosphorus) to 2-methyl-
pentanoic acid : 

CH3 

CH3— CH2— CH2— CH— COOH 

Nitric acid oxidizes the saccharinic acid to a dibasic acid which by reduction 
with hydrogen iodide is converted to 2-methylglutaric acid: 

CH3 

CH2OH—CHOH—CHOH—C—COOH HN0' > 

OH 

CHs 

COOH—CHOH—CHOH—C—COOH "* > 

OH 
CH8 

I 
COOH—CH,—CH2—CH—COOH 

The presence of the new carboxyl group in the terminal position rather than 
in the 2-position proves that the primary alcohol group is located at the 
terminal carbon atom and the methyl group is at carbon atom 2. 

Cuisinier found among the products of the action of lime on maltose and 
lactose a substance with the formula CeH^Oe which was termed isosaccha-
rinic acid. Kiliani prepared the same material from galactose. The corre-
sponding lactone was termed isosaccharin. As a result of the work of Kili-
ani (102) the isosaccharinic acids may be formulated as: 

CH2OH 

I 
CH2OH— CHOH— CH2—COH— COOH 

Only two D- and two L-stereoisomers of such a structure are possible, for 
only the penultimate ( " D , L " ) carbon atom and carbon atom 2 are asym-
metric. The isomers in the D-series are distinguished as a-isosaccharinic 
acid and 0-isosaccharinic acid according to the configuration of carbon 
atom 2. 

Still a third type of product was isolated by Kiliani (103) from the prod-
ucts of the action of alkalies on galactose and lactose. This material, isomeric 

102. H. Kiliani, Ber. 18, 2514 (1885). 
WS. H. Kiliani and H. Naegell, Ber. 35, 3528 (1902). 
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with saccharinic acid, was termed metasaccharinic acid and is a 3-deoxy-
aldohexonic acid: 

CH2OH—CHOH—CHOH—CH2—CHOH—COOH 
Metasaccharinic acid 

Two metasaccharinic acids have been obtained from glucose. These have 
retained the original configuration of the carbon atoms at 4 and 5, since 
they give 2-deoxy-D-ribose upon degradation and since one is identical with 
the synthetic 3-deoxy-D-ara?>mo-hexonic acid (104, 105), (See Chapter II, 
also.) 

The mechanism of the formation of the saccharinic acids and their deriva-
tives remains unclear. Nef has suggested that the reaction proceeds through 
the diketone produced by removal of a molecule of water. This suggestion 
was combined by Isbell (68) with current concepts of the benzilic acid re-
arrangement. Benzilic acid rearrangements of the diketones would produce 
the saccharinic acids, the nature of the acid being determined by the posi-
tion of dehydration. 

Dehydration appears to be facilitated by the presence of a substituent 
methoxy or glycosyl group (106), The distribution of activity in the meta-
saccharinic acid from D-galactose-1-C14 is in agreement with the Nef-Isbell 
mechanism (107). However, a distribution of C14 between carbon atom 2 
and the methyl group (in the ratio of 3:2) found in the saccharinic acid from 
D-mannose-1-C14 demands another or additional explanation. A recombina-
tion of fragments seems necessary to account for the appearance of C14 at 
the tertiary position (107). 

Kenner and Richards (82) have found that the relative yields of meta-
saccharinic and isosaccharinic acids from glucose increase at the expense of 
saccharinic acid as the concentration of alkali is increased. This is inter-
preted on the basis of the necessity of doubly charged ions as intermediates 
in the formation of the meta and iso acids and of singly charged ions in the 
saccharinic acid formation. High concentrations of alkali would favor the 
formation of doubly charged ions. Accompanying small amounts of 2,4-di-
hydroxybutyric acid could have been formed by a "meta" rearrangement 
of a tetrose formed by cleavage of glucose at the 2,3-position. 

Nef (108) after a long series of researches described the still more compli-
cated mixture obtained in the presence of oxidizing agents as a "furchtbares 

104. J. C. Sowden, / . Am. Chem. Soc. 76, 3541 (1954). 
105. G. N. Richards, ibid. 76, 3277, 3638 (1954). 
106. J. Kenner and G. N. Richards, / . Chem. Soc. p. 278 (1954) ; W. M. Corbett and 

J. Kenner, ibid. p. 1431 (1955). 
107. J. C.Sowden and D. J. Kuenne, J. Am. Chem. Soc. 75, 2788 (1953). 
108. J. U. Nef, Ann. 357, 294 (1907) ; 376, 1 (1910) ; 403, 204 (1913). 
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Gemisch/' but it would seem that the term could be applied aptly to the 
mixture obtained without the additional complication of oxidative reac-
tions. Even a methylcyclopentenolone was obtained in a yield of 1 to 2 % 
by the action of 1.8% sodium hydroxide on galactose at 100° {109). 

As is evident from the above discussion, the action of alkalies on the 
sugars is a complicated and still little understood process in spite of the ex-
tensive and excellent work by Nef, Evans, and many other workers. Very 
dilute alkalies catalyze the α,β and presumably the furanose-pyranose con-
versions. In greater amounts, they bring about isomerization between the 
epimeric aldoses and the corresponding ketoses, probably through the for-
mation of a 1,2-enediol. Higher concentrations of alkalies bring about con-
versions between all of the various sugars of the same chain length, probably 
partially as a result of the formation of 2,3- and 3,4-enediols and partially 
as a result of the recombination of the cleavage fragments of the carbon 
chain. Rearrangements occur in which saccharinic acids are formed from 
the original sugars and from their isomerization and cleavage products 
{109a). Finally, as shown by Nef, polymerization takes place with the 
formation of resins and "polysaccharides" of unknown composition. 

D. BEHAVIOR OF THE SUGARS WITH SHORT 

CARBON CHAINS 

The foregoing discussions of the sugars in solution mainly was devoted to 
the hexoses. The aldopentoses and the higher-carbon sugars may be ex-
pected to exhibit similar reactions because they can form pyranose and 
furanose rings and enediols similar to those for the hexoses. As the number 
of carbon atoms decreases, pyranose and finally furanose rings become im-
possible. Thus, the ketopentoses and the aldotetroses can form only furan-
ose rings; the trioses and glycolaldehyde cannot form even a furanose ring. 
Ring formation appears to take place when possible as is demonstrated by 
the mutarotation {110) of crystalline D-threose ([a]D + 29.Γ —> + 19.6°) 
and by the normal molecular weight of erythrose in solution {111). The 
lower sugars with two and three carbon atoms form dimers easily; for some 
of the substances both the monomeric and the dimeric forms have been 
isolated {112). The dimers of glycolaldehyde and of glyceraldehyde have 

109. T. Enkvist, Ada Chem. Scand. 8, 51 (1954). 
109a. See also: J. W. Green, J. Am. Chem. Soc. 78, 1894 (1956); R. L. Whistler and 

W. M. Corbett, ibid. 78, 1003 (1956); J. C. Sowden, Advances in Carbohydrate Chem. 
(in press). 

110. W. Freudenberg, Ber. 65, 168 (1932). 
111. V. Deulofeu, / . Chem. Soc. p. 2973 (1932). 
112. For example, see results for dihydroxyacetone as reported by H. O. L. Fischer 

and H. Mildbrand, Ber. 57, 707 (1924). 
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been formulated (113) as the products of an extramolecular acetal forma-
tion analogous to the formation of pyranose and furanose rings by the 
higher sugars: 

H2C—CHO 

OH OH 

OHC—CH2 

H2C—CH(OH) 

O O 

(HO)HC—CH2 

In conformity with the conversion of glucose to mannose and fructose, 
glyceraldehyde is converted partially to dihydroxyacetone in the presence 
of pyridine or dilute alkalies (114)> 

CHO 

CHOH 

CH2OH 

OH-

CH2OH 

CO 

CH2OH 

At 25°C. to 50°C, potassium hydroxide (0.2 to 6 N) converts glyceralde-
hyde to formic, acetic, and lactic acids (115). 

10. OPTICAL SUPERPOSITION, THE ISOROTATION RULES, 

AND THE INFLUENCE OF STRUCTURE ON OPTICAL 

ROTATION 

In optically active compounds that have more than one asymmetric 
center, the rotation of each compound might be considered as the sum of 
the partial rotations of the asymmetric centers. Thus, for the isomeric com-
pounds: 

R 

I 
HCOH (+a) 

I 
HCOH (+6) 

I 
HCOH (+c) 

I 
R' 
(I) 

R 

HCOH (+a) 

HCOH (+&) 

HOCH 

R' 
(ID 

(-e) 

R 

HCOH (+a) 

HOCH (-&) 

HCOH (+c) 

R 

HOCH (-a) 

HCOH (+*>) 

HCOH (+c) 

R' 
(III) 

R' 
(IV) 

US. M. Bergmann and A. Miekeley, Ber. 62, 2297 (1929); 64, 802 (1931); R. K. 
Summerbell and L. K. Rochen, J. Am. Chem. Soc. 63, 3241 (1941) ; E. Baer and H. O. L. 
Fischer, J. Biol. Chem. 150, 213 (1943) ; A. Wohl and C. Neuberg, Ber. 33, 3095 (1900). 

Hi. H. O. L. Fischer, C. Taube, and E. Baer, Ber. 60, 480 (1927). 
115. W. L. Evans and H. B. Hass, J. Am. Chem. Soc. 48, 2703 (1926). 



I. STRUCTURE AND STEREOCHEMISTRY OF SUGARS 71 

the partial rotations contributed by the individual asymmetric carbon 
atoms might be represented as ± a , 6, and c. If in all of the above stereoiso-
mers, the rotatory contribution of each asymmetric center remains the same 
and differs only in sign according to its configuration, the sum of the rota-
tions of compounds (II), (III), and (IV) should be equal to that of the com-
pound (I). Thus, 

For compound (I), the rotation is + a + b + c 
For compound (II), the rotation is + a + b — c 
For compound (III), the rotation is + a — b + c 
For compound (IV), the rotation is — a + b + c 

Sum (II + III + IV) is ( + a + b + c) 

The hypothesis of the additive nature of the rotatory contributions of the 
individual asymmetric centers of steroisomers in making up the total rota-
tion of each isomer was formulated by van't Hoff and has been known as 
the "principle of optical superposition.'' In its full generalization as applied 
to all substances, the hypothesis of optical superposition is definitely un-
sound and thus it is not a "principle"; nevertheless, it has been shown by 
Hudson (116) that the hypothesis holds in first approximation for a large 
number of carbohydrates, and the approximation is sufficiently close to 
permit valuable inferences concerning structure and configuration to be 
drawn from comparisons of the rotations of carbohydrates through the ap-
plication of his Isorotation Rules. 

According to these rules, the rotation of a glycoside or other sugar deriva-
tive may be considered to be composed of two parts: A, the partial rotation 
of the anomeric carbon atom, and B, the rotatory contribution of the other 
active centers. According to the configuration of the active centers, A and B 
may be positive or negative. 

HCOR 
.1-HCOH 

I 
HOCH 

I 
HCOH 

I 
HC 

+A 
I 

ROCH 
- J -

+B 

o 

+B 

CH2OH 

Alkyl a-D-glucoside 
[M\a=+A+B 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HC 
I 

Alkyl /3-D-glucoside 
[ Λ ί ] 0 - - Α + £ 

116. C. S. Hudson, J. Am. Chem. Soc. 31, 66 (1909); see also F. J. Bates and As-
sociates, Natl. Bur. Standards Cire. C440, 411 (1942). 
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The application of the optical superposition principle permits of the calcula-
tion of the partial rotations A and B. Thus, Ma — Mß=A+B + A — 
B =2A and Ma + Mß = A + B - A + B = 2B. Hence, the partial 
rotations may be obtained by adding the molecular rotations of anomers 
to give 2B and by subtracting the molecular rotation of the ß-isomer from 
that of the α-isomer to give 2A. The partial rotations are one-half of each of 
these sums and differences. As a result of the measurement of the rotation 
of many a-ß pairs in the sugar series, Hudson was able to formulate the two 
Rules of Isorotation: 
Rule 1: "The rotation of carbon 1 in the case of many substances of the 
sugar group is affected in only a minor degree by changes in the structure of 
the remainder of the molecule." 
Rule 2 : ' ' Changes in the structure of carbon 1 in the case of many substances 
of the sugar group affect in only a minor degree the rotation of the remainder 
of the molecule." 

According to the first rule, changes in the structure of a sugar or glycoside 
molecule at carbon atoms 2, 3, 4, 5, and 6 should have little influence on the 
partial rotation (A) of carbon atom 1. In Table V, the effects of substitu-
tions in the pyranose ring of glucosides on the rotatory contribution of the 
anomeric carbon atom (A) are indicated. As a first approximation, the sub-
stitution of methyl groups at carbon atoms 2 and 3 and of large glucosyl 
groups at carbon atoms 4 and 6 appear to affect the rotation of 
carbon atom 1 only to a minor degree. Even a difference in ring structure 
has but little influence. 

Although the first rule does not mention configurational changes, it is of 
interest to investigate the influence of variations in the configuration of the 
remaining carbon atoms on the rotatory contribution of carbon 1. For this 
purpose, the 2 A values of a number of glycosides are given in Table VI. I t 
will be noted that the 2A values for the upper four pairs of glycosides agree 
very well but that the values for the mannosides and rhamnosides differ 

TABLE V 

T E S T OF R U L E 1.—2A V A L U E S FOR SUBSTITUTED GLUCOSIDES 

Glucopyranoside 

Methyl 
Methyl 2,3-di-O-methyl-
Methyl 6-/3-0-glucosyl- (methyl gentiobiosides) 
Methyl 4-/3-0-glucosyl- (methyl cellobiosides) 
Ethyl (pyranosides) 
Ethyl (furanosides) 

Molecular rotation 

«-isomer 

30,860 
31,690 
23,340 
34,490 
31,700 
20,400 

/3-isomer 

-6,640 
-8,130 

-12,800 
-6,810 
-7,600 

-17,900 

2A 
(Ma-Mß) 

37,500 
39,800 
36,100 
41,300 
39,300 
38,300 
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TABLE VI 
2A VALUES FOR GLYCOSIDES 

Methyl glycosides of: 

L-Arabinose 
D-Galactose 
D-Glucose 
D-Gulose 
D-Mannose 
L-Rhamnose 

±2A 

37,460 
38,220 
37,500 
39,390 
28,930 
28,140 

appreciably from those for the other glycosides. The latter two pairs differ 
from the others in the configuration of carbon 2 which is immediately adja-
cent to carbon atom 1. The observed differences probably are to be ascribed 
to interaction between the groups attached to carbon 2 and those at car-
bon 1. As is shown by the2A values for glucosides, galactosides, andgulo-
sides, configurational changes at carbon atoms more distant from carbon 1 
than carbon 2 have only a secondary influence on the partial rotation of 
carbon 1. I t would be expected that the unknown idosides, altrosides, and 
talosides (which have the same configuration for carbon atom 2 as man-
nose) would have 2A values similar to those for the mannosides, whereas 
the rotational differences for the allosides should be similar to those for the 
glucosides. The interaction between groups should become less as the tem-
perature is increased. Actually at 80°C, the difference between the 2A val-
ues for mannose and glucose derivatives is much less (117) than at 20°C. 

The second Rule of Isorotation requires for each sugar type that the total 
rotatory contribution (B) of all carbon atoms except that of the anomeric 
carbon atom (A) be independent of the structure of the groups attached to 
the latter. Data for testing this rule are given in Table VII by a comparison 
of the 2B values for glucose and the glucosides. For the aliphatic glucosides, 
there is good agreement between the various 2B values. But, as pointed out 
by several writers, the phenyl glucosides exhibit appreciably larger 2B val-
ues (118). The average 2B value for the aliphatic glucosides is 23,200 (B = 
11,600) and for the aromatic glucosides is 32,200 (B = 16,100). Other sugars 
exhibit similar differences. These data prove the general validity of the sec-
ond rule but indicate that the rule should be modified to allow for the differ-
ences between the B values for the aromatic and the aliphatic glycosides. 

117. W. Kauzmann, J. Am. Chem. Soc. 64, 1626 (1942). 
118. E. F. and K. F. Armstrong, "The Carbohydrates/' p. 41. Longmans, Green, 

New York, 1934; W. W. Pigman and H. S. Isbell, J. Research Nail. Bur. Standards 27, 
9 (1941). See also W. A. Bonner, M. J. Kubitshek, and R. W. Drisko, J. Am. Chem. 
Soc. 74, 5082 (1952). 
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TABLE VII 

T E S T OF R U L E 2.—2B VALUES FOR GLUCOSIDES 

Glucoside 

H (glucose) 
Methyl 
Ethyl 
Propyl 
Ethylene glycol 
Allyl 
Cyclohexyl 
Benzyl 
Phenyl 
p-Nitrophenyl 
p-Hydroxyphenyl 

2B (Ma + Mß) 

23,600 
24,200 
24,000 
22,700 
23,500 
19,700 
24,100 
21,000 
31,400 
33,700 
31,300 

TABLE VIII 

2B VALUES FOR GLUCOPYRANOSIDES AND GLUCOFURANOSIDES 

c*-D-Glucose 
ß-D-Glucose 
Ethyl a-glucofuranoside 
Ethyl ß-glucofuranoside 
Ethyl a-glucopyranoside 
Ethyl ß-glucopyranoside 

[M]D 

20,2001 
3,400| 

20,40θ1 
-17,900] 

31,700\ 
-7,600/ 

2B 

23,600 

2,500 

24 100 

The second Rule of Isorotation has considerable value for the determina-
tion of the structure of the sugars. As mentioned elsewhere (p. 31), the struc-
tures of the glycosides can be determined by reliable methods, but the cor-
responding methods for the sugars are less trustworthy. However, if by 
application of the second rule the sugar is found to have the same B value as 
a glycoside of known structure, it usually may be assumed that the sugar 
has the same structure as the glycoside. As an example, the B value for the 
crystalline forms of glucose may be compared to those for the ethyl gluco-
pyranosides and the ethyl glucofuranosides (Table VIII). The agreement 
of the 2B value for the crystalline forms of glucose with that for the ethyl 
glucopyranosides provides strong evidence that the known isomers of glu-
cose are pyranose modifications.In the case of glucose, the pyranose struc-
ture also is confirmed by other methods (p. 33). 

In a similar fashion, application of the Isorotation Rules led to the in-
ference (119) that the biose constituent of the glycoside amygdalin is gentio-

119. C. S. Hudson, J. Am. Chem. Soc. 46, 483 (1924). 
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biose; this structure was established shortly afterwards by chemical syn-
thesis. 

The calculation of the A and B values requires that the rotations of both 
the a- and ß-isomers be known. However, a direct correlation between the 
molecular rotations of ß-glucosides and the corresponding rotatory contri-
butions (A) of the anomeric carbon atom has been shown. This correlation 
would be expected, for according to the Isorotation Principle, the molecular 
rotation of a 0-glucoside is represented as [M]ß = — A + B\ [M]ß should 
vary directly with A since B is a constant. I t is possible then to investigate 
the effect of the structure of the aglycon group of a glucoside on the partial 
rotation of the carbon atom 1 by a direct comparison of the molecular rota-
tions of the 0-glucosides. The molecular rotations are calculated from the 
specific rotations by multiplication by the molecular weights ([Μ]β = [<Χ]Ό 
X M.W.). They represent the influences of variations in the structure of the 
aglycon group (group R) on the total molecular rotation and probably on A. 

HO 

CH2OH 

Although the 0-glucosides of the primary and secondary alcohols have 
rotations usually falling in the interval —6,500 to —10,000, those derived 
from phenols exhibit molecular rotations greater than —17,000. The corre-
sponding derivatives of the tertiary alcohols have molecular rotations near 

^p-H0-C6H4 

p̂— CH3—C6H4 

-p-CH30-C6H4 

-C6H5 

o o-CH3-C0-C6H4 

m-CH30-C0-C6H4 

p-CH3-C0-C6H4 

- 1 6 - 1 8 -22 -24 - 2 6 - 28 - 3 0 
[M\D of jS-glucoslde x 10-3 

-32 - 3 4 

FIG. 4. Relationship between the pK values of phenols and the 
molecular rotations of the corresponding /3-glucosides. 
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—4,000. For the aromatic glucosides, there is an interesting correlation 
between the effect of substituent groups present in the phenyl nucleus on the 
rotations and the influence of the same groups on substitution reactions of 
benzene derivatives. The " ortho-para directing groups" when substituted 
in the aromatic nucleus of phenyl 0-glucoside have little or no effect on the 
rotation. However, "meta-directing groups" in positions meta and para to 
the glucosidic connection cause the rotation of the glucoside to become ap-
preciably more negative than for phenyl 0-glucoside. Thus, the value of 
— 31,000 for p-nitrophenyl 0-glucoside compares to that of —18,200 for the 
phenyl ß-glucoside. Diortho-substituted derivatives have anomalously low 
molecular rotations which are near those of the tertiary-alkyl 0-glucosides 
(-4,000 to -5,000). 

As shown in Fig. 4, the influence of substituents in the aromatic nucleus 
of phenyl ß-glucoside parallels the effect of the same groups on the acidity 
of the corresponding substituted phenols. 

Many of the ortho-substituted phenyl ß-glucoside tetraacetates have 
anomalous positive rotations. Thus, the o-nitrophenyl ß-glucoside tetra-
acetate has a molecular rotation of +21,100 ([a]D = 45) as compared to the 
negative values —17,400 and —19,200 for the meta- and para-isomers. The 
positively rotating derivatives have a very large temperature coefficient and 
their rotations become negative at higher temperatures, although the rota-
tions of the m- and p-isomers are affected only to a minor degree by an in-
crease of temperature. This and other evidence makes it probable that the 
positive rotation of certain of the o-substituted phenyl ß-glucoside tetra-
acetates is due to a bonding of the group in the ortho-position with an acetyl 
group in the sugar portion of the molecule {120). 

The relation of ring conformations to the optical rotations of sugar de-
rivatives offers promise in the interpretation of fine features of the struc-
tures {121). 

120. W. W. Pigman, / . Research Natl. Bur. Standards 33, 129 (1944). 
121. D. H. Wiffen, Chemistry & Industry p. 946 (1956). 




