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Aldonic acids, saccharic acids, ascorbic acids and analogs, and uronic 
acids are the most important classes of acidic carbohydrates. Some of these 
acids have achieved commercial importance, particularly ascorbic acid and 
gluconic acid, and the others have interesting potentialities. Slightly oxi-
dized polysaccharides, particularly starch and cellulose (discussed under 
these substances in Chapter XII) , provide commercially valuable modifica-
tions of these materials, although the nature of the oxidation has not re-
ceived much scientific investigation. Naturally occurring acids include 
ascorbic acid, tartaric acid, and the uronic acids. Other acids are produced 
as a result of the action of microorganisms on carbohydrates and are found 
in natural products. 

The characteristic oxidizable groupings in the carbohydrate series are: 
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Some typical examples of oxidation reactions and products are given below. 
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The most commonly employed oxidative agents are halogens and oxy-
halogen acids, nitric acid, and hydrogen peroxide. The general field of 
oxidants has not been explored systematically, and the oxidative mecha-
nisms have received but little study (1). Relatively few oxidation reactions 
follow a single course or give high yields of single products. Probably the 
bromine or hypoiodite oxidation of aldoses to aldonic acids, the nitric acid 
oxidation of galactose to mucic acid, and the periodic acid oxidation of glycol-
containing compounds represent reactions with highest yields. Ordinarily, 
the primary oxidation product may be further oxidized ("overoxidation"), 
or several groups may be attacked simultaneously. 

The technique of paper-partition chromatography, which has been used 
so successfully in the analysis of reducing sugars and methylated deriva-
tives, has been applied only very sparsely to the study of oxidation prod-
ucts {2-JÇ). A greater use of this method will undoubtedly lead to a better 
understanding of oxidations. 

The aldehyde (or hemiacetal) group is the most easily oxidized common 
group found in carbohydrates. Bromine and hypoiodite convert it readily 
to the carboxyl (or lactone) group. Most other agents simultaneously attack 
other points of the molecule, although nitric acid (or nitrous acid) may 
have some value for this type of reaction. 

Primary alcoholic groups (—CH2OH) may be converted to aldehyde and 
carboxyl groups by agents such as nitric acid, hypoiodites, and platinic 
oxide. 

Secondary alcoholic groups [—CH(OH)—], particularly those in the 2-
and 5-positions of hexose derivatives, can be converted to keto groups, es-
pecially if other oxidizable groups in the molecule are blocked. Permanga-

1. For such studies, see later sections on Hydrogen peroxide, Bromine, and Peri-
odic acid oxidation. 

2. F. N. Stokes and J. J. R. Campbell, Arch. Biochem. 30, 121 (1951); Can. J. 
J. Research C27, 253 (1949). 

8. A. Dyfverman, B. Lindberg, and D. Wood, Ada Chem. Scand. 5, 253 (1951); 
B. Lindberg and D. Wood, ibid. 6, 791 (1952); A. Dyfverman, ibid. 7, 280 (1953). 

4. B. Lindberg and O. Theander, Ada. Chem. Scand. 8, 1870 (1954). 
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nate and oxyhalogen salts, the latter in the presence of catalysts, have been 
used for the purpose, but the yields are poor. 

Most oxidative reagents will bring about cleavage of carbon-carbon 
bonds under sufficiently drastic conditions. Permanganates, chromâtes, and 
cerates may cause quantitative decomposition into carbon dioxide, formic 
acid, and formaldehyde. On the other hand, hydrogen peroxide (with ferric 
salts as catalyst) and oxygen in alkaline solution produce cleavage between 
carbons 1 and 2 of aldonic acids and sugars, respectively; the reactions are 
sufficiently specific to be of value for preparatory purposes. The cleavage of 
vicinal glycol groups (—CHOH—CHOH—) by periodic acid or lead tetra-
acetate, usually to dialdehydes, is extremely specific and important. 

The remainder of this chapter will be devoted, first, to a discussion of the 
preparation and chemistry of carbohydrate acids and oxidation products 
and, finally, to the effect of specific oxidants. 

1. PREPARATION AND REACTIONS 

A. ALDONIC ACIDS 

The aldonic acids are the initial oxidation products produced from aldoses 
by most oxidants and are usually isolated as the metallic salts or the lac-
tones. As a result of the ease with which the crystalline lactones, salts, 
amides, hydrazides, and other derivatives can be formed, aldonic acids are 

R— (CHOH)n— CHO °2 ) R—(CHOH)n—COOH 

valuable for characterization of the sugars. The preparation of an aldonic 
acid of the same number of carbon atoms has often been used as proof of 
aldehyde structure; the ketoses in contrast undergo chain splitting and form 
lower aldonic acids. The aldonic acids can also be reduced by HI to the 
corresponding aliphatic acids. A reducing disaccharide containing two dis-
similar sugar units can be converted to the aldobionic acid; subsequent 
hydrolysis will give an aldonic acid of one monosaccharide and an aldose, 
and show the position of the reducing group in the original disaccharide. 

The aldonic acids, especially gluconic acid in the form of soluble salts, 
are important as cation sequestering agents for the purpose of introducing 
appropriate metallic ions such as iron, bismuth, and particularly calcium 
into the body in a neutral and easily assimilable form. Calcium lactobio-
nate · CaBr2 may have value as a sedative. 

These acids are important precursors in the preparation of sugars with 
fewer carbon atoms. Oxidative degradation with H 2 0 2 and iron salts (see 
p. 118) produces an aldose of one less carbon atom; thus, D-gluconic acid is 
converted to D-arabinose, and D-galactonic acid to D-lyxose. Nitriles and 
amides can also be degraded (see p. 119). 
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Methods for lengthening the carbon chains of sugars may involve the 
formation of aldonic acids as intermediates. The Kiliani cyanohydrin syn-
thesis (see p. 106) creates two new aldonic acids with one more carbon atom 
than in the original aldose. The configuration of the new asymmetric atom 
can be assigned by use of the lactone rule discussed below. 

Finally, an aldonic acid can be converted to its 2-epimer by the action 
of alkaline agents (see below). 

Apparently, gluconic acid and its salts are not metabolized but are ex-
creted in the urine (5). When the acid or salts is administered orally, only a 
small portion is absorbed as such, because of decomposition by microorgan-
isms in the intestine. In proper amounts, gluconic acid and salts produce a 
decrease in the acidity of the urine. 

a. Preparation 

The synthesis of aldonic acids can be carried out in various ways. The 
methods involve not only the formation of a carboxyl group but frequently 
the creation or destruction of asymmetric carbon atoms. The methods given 
below are presented in a simplified manner, for side reactions and "over-
oxidation" often occur. 

Oxidation of an Aldose to the Corresponding Aldonic Acid. Bromine or 
nitric acid are the main oxidants, the latter under mild conditions. The best 
yields are obtained by the use of bromine in a slightly acid buffered solution 
(pH 5-6) (see p. 340). The products are generally isolated as the metallic 
salts by direct crystallization from the reaction solution or by precipitation 
into ethanol. Yields as high as 95% have been reported in the case of 
glucose. Commercially the indirect use of bromine as an oxidant is em-
ployed in the electrolytic oxidation process with calcium bromide as a 
"catalyst"; the constant regeneration of free bromine in the solution allows 
a very economical operation. In the case of rhamnose, the oxidation product 
can be isolated directly as the lactone ; this is one of the few cases for which 
recourse to metallic salts is not necessary. 

Oxidative Degradation. In this type of synthesis one or more asymmetric 
carbon^atoms is lost and several related sugars may give the same product. 
Fructose and glucose can be oxidized with oxygen in alkaline solution to 
give a 70% yield of sodium D-arabonate (6). L-Arabkrose gives 40% of 
L-erythronic acid (7). In such alkaline solutions the formation of enols is 

5. S. Hermann and associates, Naunyn-Schmiedeberg's Arch, exptl. Pathol. Phar-
makol. 154, 143 (1930); 190, 309, 681 (1938); Exptl. Med. Surg. 3, 35 (1945); M. B. 
Chenoweth, H. Civin, C. Salzman, M. Cohn, and H. Gold^J. Lab. Clin. Med. 26, 
1574 (1941). 

6. O. Spengler and A. Pfannenstiel, Z. Ver. deut. Zucker-Ind. 85, 546 (1933). 
7. J. U. Nef, O. F. Hedenburg, and J. W. E. Glattfeld, J. Am. Chem. Soc. 39, 1638 

(1917). 
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Time (days) 

FIG. 1. Mutarotation of methylated lactones. (After Haworth.) 
I. Tetra-O-methylmannonic 7-lactone VI. Tetra-O-methylmannonic δ-lactone 

II. Tetra-O-methylgalactonic 7-lactone VII. Tri-O-methylxylonic δ-lactone 
III . Tri-O-methylxylonic 7-lactone VIII. Tetra-O-methylgluconic δ-lactone 
IV. Tetra-O-methylarabonic 7-lactone IX. Tetra-O-methylgalactonic δ-lactone 
V. Tetra-O-methylgluconic 7-lactone X. Tri-O-methylarabonic δ-lactone 

undoubtedly important. Degradation of 2-ketohexonic acids with hydrogen 
peroxide and iron salts will give pentonic acids (£). 

L-Ascorbic acid, an enediol, has been oxidized by sodium hypoiodite and 
by potassium permanganate to L-threonic acid (9). Such oxidation of double 
bonds does not occur in the enols alone, for D-arabinal is oxidized by H202 

and Os04 in ter£-butanol to D-erythronic acid in addition to D-arabinose 
{10). Periodic acid and lead tetraacetate are useful for the cleavage of 
hexitols and glycosides to glyceraldehyde and glycolaldehyde (see Chapter 
II). 

Synthesis From Lower Aldoses. The Kiliani cyanohydrin synthesis has 
been discussed elsewhere (see p. 106). In this method a new asymmetric 
center is created, and two epimeric acids are formed in varying amounts 
(10a). 

Change of Configuration Without Change in Number of Carbon Atoms. 
Epimerization of carbon 2 of an aldonic acid can be carried out in the pres-
ence of alkaline agents. This reaction is discussed later. 

Synthesis of Acids from Noncarbohydrates. This reaction is a specialized 

8. T. S. Gardner and E. Wenis, J. Am. Chem. Soc. 73, 1855 (1951). 
9. R. W. Herbert, E. L. Hirst, E. G. V. Percival, R. W. Reynolds, and F. Smith, 

J. Chem. Soc. p. 1270 (1933). 
10. R. C. Hockett and S. R. Millman, J. Am. Chem. Soc. 63, 2587 (1941). 
10a. H. S. Isbell and R. Schaffer, J. Am. Chem. Soc. 78, 1887 (1956). 
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one utilized in the synthesis of tetronic acids, because of the rarity of the 
tetroses: threose and erythrose. Thus, the oxidation of 3-chlorocrotonic 
acid with Os04 and Ba(C103)2 followed by the action of Ag20 gives DL-
threonic acid. 

b. Equilibrium in Solution 

The free aldonic acids seldom exist as such in aqueous solution; instead 
they readily form lactones (inner esters) by elimination of water as shown 
below. Either of the hydroxyls in the 7- and δ-positions can take part in this 
reaction. The δ-lactones usually hydrolyze easily and mutarotate rapidly in 
aqueous solution. In contrast, the 7-lactones are more stable and are con-
verted only slowly in water to the equilibrium mixture of free acid and lac-
tones. In Fig. 1 is shown the mutarotation of several methylated lactones 
(11). The distinction between the two types of lactones is very evident. 

C=0 

HCOH 
O 

HOCH 

HCOH 

HC-

CH2OH 

COOH 

I 
HCOH 

HOCH 

I 
HCOH 

HCOH 

I 
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HCOH 
O 

HOCH 

HC-

HCOH 
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Solutions of aldonic acids or lactones equilibrate to mixtures of the free 
acids and the δ- and 7-lactones, the relative proportions of which depend 
upon the configuration of the asymmetric carbon atoms. The attainment of 
equilibrium conditions is reached only after many days at room temperature 
but is accelerated by the presence of strong acids. This equilibrium mixture 
of acid and lactone is often shown on a paper chromatogram; usually a 
slow-moving acid spot and a faster-moving lactone spot are obtained. For 
gluconic δ-lactone an initial rapid hydrolysis to a mixture consisting mainly 
of the free acid and δ-lactone occurs; subsequently a slow rise in rotation 
takes place until the value approaches that found for the other two forms. 
The changes in the rotation of gluconic acid and its lactones are given in 
Table I. 

Equilibrium solutions of acids and lactones of the mannose series contain 
large proportions of 7-lactones, whereas those of the glucose series contain 
large proportions of the δ-lactones and free acids. The lactone of O-glycero-

11. W. N. Haworth, "The Constitution of Sugars," p. 24. Arnold, London, 1929. 
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TABLE I 
OPTICAL ROTATIONS OF GLUCONIC ACID AND LACTONES (12) 

Carbohydrate 

D-Gluconic acid 
D-Gluconic 7-lactone 
D-Gluconic δ-lactone 

Initial rotation 

M D 

-6 .7° 
+67.5° 
+66° 

Final rotation 

1«JD 

+17.5° 
+17.7° 
+8.8° 

+ 11.5° 
+ 15.8° 

Time 

10 days 
14 days 
24 hours 
95 hours 
25 days 

D-tdo-heptonic acid mutarotates without an increase in acidity, and ap-
parently little or none of the free acid is formed. 

A solution supersaturated with respect to both free acid and lactone can 
often be seeded with the appropriate crystals and the desired product ob-
tained. Normally, the free aldonic acid is obtained by concentration of the 
aqueous solution at a low temperature in vacuo. The free acid can also be 
crystallized from a solution of the sodium salt in acetic acid. The lactones 
are formed by dehydration, often very easily. Water can be removed by dis-
tillation with butanol or dioxane or by heating in vacuo. The lactones are 
crystallized from an anhydrous solvent; in some cases, as with rhamnonic 
7-lactone, they are formed very easily and crystallize readily from water. 

Solvents have a definite effect on the equilibrium composition. Thus, 
mannonic acid dissolved in acetic acid with 16 % of water shows a higher 
positive rotation than in water. The mutarotation is slower, but there is 
apparently a greater conversion to the δ-lactone than to the γ-lactone. The 
pH, temperature, and concentration also have an effect on the final equilib-
rium. 

In addition to lactone formation, it is probable that extramolecular esteri-
fication may take place with the formation of aldonic esters of aldonic acids 
(e.g., gluconic acid gluconate) and chain polymerization also may occur. 
In such systems, the concentration of water present would be expected to 
exert a profound influence on the composition of the equilibrium solution. 
Lactic acid forms external esters (lactides), but this type of condensation 
through carboxyls and a-hydroxyls has not been observed for hexonic and 
pentonic acids. 

c. Epimerization 

The aldonic acids, in contrast to the reducing sugars, are relatively stable 
under alkaline conditions. The configuration of carbon 2 can be altered, 

12. H. S. Isbell and H. L. Frush, Bur. Standards J. Research 11, 649 (1933); J. U. 
Nef, Ann. 403, 322 (1914); O. F. Hedenburg, J. Am. Chem. Soc. 37, 345 (1915); H. S 
Isbell and C. S. Hudson, Bur. Standards J. Research 8, 327 (1932). 
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however, by prolonged heating with various alkaline agents. Gluconic acid, 
heated with barium hydroxide at 100° for 115 hours, is converted (13) to 
the 2-epimer (mannonic acid) in a yield of 20%. As the reverse reaction 
under the same conditions provides only 12% conversion to gluconic acid, 
the attainment of equilibrium is very slow. This type of inter con version 
was first (14) carried out with quinoline at 140°. Aqueous pyridine (15) 
produces 25% conversion of galactonic acid to talonic acid in 115 hours at 
100°. Dibasic acids behave similarly; mucic acid is transformed to DL-
talomucic acid (16). 

It is interesting that this epimerization can occur when the hydroxyl on 
carbon 2 is methylated. Both tetra-O-methylgluconic δ-lactone and tetra-
O-methylgluconic 7-lactone can be converted to the corresponding mannose 
derivatives (17). The tri-O-methylxylonic lactones are transformed to those 
with the lyxose configuration. 

The epimerization may take place through an intermediate enediol as 
for the sugars. The epimerization of methylated derivatives might occur 

I I 

c=o 
HOCH O 

I I 
since the methoxyl on carbon 2 is not involved. One possible objection to 
this concept is that the postulated enediol is also the enediol of an osone 
which should yield the same products and which might be formed from 
aldonic acids. No osones have been obtained from such reactions, but the 
compounds are very difficult to isolate. 

d. Optical Rotatory Relationships 

A number of empirical relationships between the optical rotations of 
acids, lactones, salts, and derivatives have been derived. The most impor-
tant use of these relationships is for the determination of the configurations 
of the epimeric acids produced in the cyanohydrin synthesis. 

The configurations of the hydroxyl groups on carbons 4 and 5 have a ma-
jor influence on the rotations of lactones. The "lactone rule" in its qualita-
tive form (18) stipulates that a lactone is more dextrorotatory than the free 

18. H. T. Bonnett and F. W. Upson, / . Am. Chem. Soc. 55, 1245 (1933). 
14. E. Fischer, Ber. 23, 799 (1890); 24, 2136 (1891). 
15. O. F. Hedenburg and L. H. Cretcher, J. Am. Chem. Soc. 49, 478 (1927). 
16. T. Posternak, Naturwissenschaften 23, 287 (1935). 
17. W. N. Haworth and C. W. Long, J. Chem. Soc. p. 345 (1929). 
18. C. S. Hudson, J. Am. Chem. Soc. 32, 338 (1910); F. J. Bates and associates, 

"Polarimetry, Saccharimetry and the Sugars," p. 434. Gov't Printing Office, Wash-
ington, D.C., 1942. 

C = 0 

HCOH O 

COH 

II 
COH O 
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acid if the hydroxyl group involved in lactone formation lies on the right 
side in the Fischer projectional formula. The lactone will be more levorota-
tory than the acid if the hydroxyl group lies on the left side. Since most 
aldonic acids have only small rotations, and the lactones, because of ring 
formation, possess fairly strong rotations, the lactones can be divided into 
levorotatory and dextrorotatory groups. Both y- and δ-lactones of gluconic 
and mannonic acid are dextrorotatory; gulonic and galactonic acids form 
levorotatory 7-lactones and dextrorotatory δ-lactones. D-Allonic 7-lactone 
provides an exception to the rule since it has a small negative rotation 
(MD — 6-8°) instead of the expected positive rotation. 

The differences in rotation of pairs of 7-lactones epimeric at carbon 2 
divide the lactones into two distinct classes (19): those with molecular 
epimeric differences in the range —3400 to —4000 (ribonic, arabonic, galac-
tonic, talonic, and homomorphous lactones) and those with differences of 
another magnitude and positive sign (+690 for the xylonic and lyxonic 
lactone pair, and +1460 for the gluconic and mannonic lactone pair). 

The configuration of carbon 2 exerts a major influence on the rotation 
of acyclic derivatives of the aldonic acids. The phenylhydrazides and 
amides are dextrorotatory when the hydroxyl group on carbon 2 lies to the 
right in the Fischer projectional formula (20). For these derivatives, glu-
conic and mannonic acid have rotations with different signs, whereas the 
derivatives of gluconic and galactonic acid have the same signs. The lactone 
and hydrazide rules are very valuable in the determination of configuration, 
especially of new aldonic acids formed by the cyanohydrin synthesis. These 
derivatives are generally used to characterize the acids and can also be 
employed for configurational identification. A similar rule also applies to 
the benzimidazole derivatives (21) and to the acetylated nitriles (22). 

Normally the alkali salts of the aldonic acids are slightly more dextro-
rotatory than the free acids, when the hydroxyl of carbon 2 lies on the right 
(23). This correlation might be considered to be an extension of the hydra-
zide rule. The lead salts present an exception, apparently because a complex 
is formed between the lead ion and the hydroxyl on carbon 2 (24). The lead 
salts are acidic in contrast to the normal type. The rotatory displacement 
in relation to the calcium salts is levorotatory when the hydroxyl of carbon 
2 is on the right. 

19. C. S. Hudson, J. Am. Chem. Soc. 61, 1525 (1939). 
20. C. S. Hudson, J. Am. Chem. Soc. 39, 462 (1917); 40, 813 (1918). 
21. N. K. Richtmyer and C. S. Hudson, J. Am. Chem. Soc. 64, 1612 (1942). 
22. V. Deulofeu, Nature 131, 548 (1933). 
28. P. A. Levene, J. Biol.Chem. 23, 145 (1915); P. A. Levene and G. M. Meyer, 

ibid. 31, 623 (1917). 
24. H. S. Isbell, J. Research Natl. Bur. Standards 14, 305 (1935). 
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e. Reactions of the Aldonic Acids 

The aldonic acids show the reactions typical of aliphatic organic acids. 
Their aqueous solutions have a pH of 2 to 3. The free acids are soluble in 
water and slightly soluble in ethanol; they are more soluble in nonpolar sol-
vents than the sugars, and less soluble than the lactones. Various salts can 
be formed and their utility depends upon the nature of the acid. Gluconic 
and galactonic acid, formed by the acidic oxidation of lactose, can be 
separated by the use of cadmium salts. Cadmium galactonate is less soluble 
in water than the gluconate; after removal of the former, the gluconic acid 
is isolated as the typical calcium salt. Some metallic salts are unstable; 
mercuric gluconate decomposes easily into free mercury, the mercurous 
salt, arabinose, and carbon dioxide. The use of lead salts for separating 
epimeric acids is described on page 108. 

The nature of the cation may influence the reactivity of salts greatly 
{25). Thus, cadmium D-ribonate can be acetylated in 85% yield, but other 
salts give smaller yields: ammonium salt, 46%; potassium salt, 25%; cal-
cium salt, 22 %; and barium salt, 4 %. 

Esters of aldonic acids are prepared from δ-lactones, slowly from γ-lac-
tones, by reaction with alcohols in the presence of hydrogen chloride or of 
the free aldonic acid {26). The acids may be recrystallized from boiling 
methanol without much esterification taking place {27). At the melting 
point, ethyl mannonate is converted to the 7-lactone with the loss of ethyl 
alcohol. 

Lactones will give a positive " ester test," forming a hydroxamic acid 
when treated with alkaline hydroxylamine; this acid gives an intense color 
with ferric chloride. This test has been used as a means of detecting lac-
tones on a paper chromatogram {28). Free acids do not give it, and the paper 
must be treated with diazomethane first in order to convert the acids pres-
ent to the esters. This method has also been used for the quantitative de-
termination of gluconic δ-lactone {28a). 

Toward alkali, the lactones are less reactive than the acids. A solution of 
free acid can be neutralized with calcium carbonate or barium benzoate. 
Sodium carbonate reacts with the δ-lactones and an excess of sodium hy-
droxide with the 7-lactones. 

The amides of the aldonic acids can be formed readily by the action of 
liquid ammonia on the lactones {29). These derivatives are often crystalline 

25. K. Ladenburg, M. Tishler, J. W. Wellman, and R. D. Babson, J. Am. Chem. 
Soc. 66, 1217 (1944). 

26. See: 0 . F. Hedenburg, J. Am. Chem. Soc. 37, 345 (1915). 
27. K. Rehorst, Ber. 63, 2279 (1930). 
28. M. Abdel-Akher and F. Smith, J. Am. Chem. Soc. 73, 5859 (1951). 
28a. O. Cori and F. Lipmann, J. Biol. Chem. 194, 417 (1952). 
29. J. W. E. Glattfeld and D. Macmillan, J. Am. Chem. Soc. 56, 2481 (1934). 
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and are useful for the characterization of the acids. The phenylhydrazides, 
prepared by reaction of acids or lactones with phenylhydrazine, can be con-
verted to the free acids or lactones. Hydrolysis of hydrazides by alkalies is 
often slow or incomplete. Boiling copper sulfate solution gives a 90 % yield 
of mannonic lactone, and the phenylhydrazine is oxidized to benzene and 
nitrogen (30). Nitrous acid has been used to convert hydrazides to the lac-
tones (31). 

OCNHNH2 

HCOH 
HN02 

OCN3 

HCOH 

OC-

HCOH O 

The aldonyl chlorides can be prepared (32) by treatment of acetylated 
aldonic acids with PCI5. These chlorides are used for the preparation of 
open-chain derivatives of aldoses by catalytic reduction with hydrogen in 
xylene solution (33). Keto acetates with one carbon atom more than the 
aldonyl chloride are formed by the action of diazomethane. Acetic acid re-
moves the diazo group. In this manner, L-fructose was made from L-arabonic 
acid (34), 

Cl CHN2 CH2OH 

C = 0 

HCOAc 

CH2N2 c=o 
HCOAc 

HOAc 
Cu(OAc)2 

c=o 
HCOAc 

+ N2 

The action of HBr on the diazo compound is similar to that of acetic acid, 
and a 1-bromo keto acetate is formed. Silver oxide causes a rearrangement 
to a 2-deoxyaldonic acid (35). 

CHN2 COOH 

C = 0 

HCOAc 

+ H20 
Ag2Q CH2 

HCOAc 

+ N2 

Reduction of thioesters to aldoses can be carried out by catalytic hydro-

80. R. M. Hann and C. S. Hudson, J. Am. Chem. Soc. 56, 957 (1934). 
81. A. Thompson and M. L. Wolfrom, J. Am. Chem. Soc. 68, 1509 (1946). 
82. R. T. Major and E. W. Cook, J. Am. Chem. Soc. 58, 2477 (1936) ; M. L. Wolfrom, 

R. L. Brown, anû E. F. Evans, ibid. 65, 1021 (1943). 
88. E. W. Cook and R. T. Major, J. Am. Chem. Soc. 58, 2410 (1936). 
84. M. L. Wolfrom and A. Thompson, J. Am. Chem. Soc. 68, 791 (1946). 
85. M. L. Wolfrom, S. W. Waisbrot, and R. L. Brown, / . Am. Chem. Soc. 64, 1701, 

2329 (1942). 
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genation methods. (See also p. 107.) Thus, ethyl thiol-D-ribonate tetra-
acetate gives aldehydo-O-ribose tetraacetate (36). 

Cl SR 

c=o 
HCOAc 

SR 
1 
1 
c= 

+ 
+ 

=0 

HCOAc 

RSH 
pyridine 

+ 2 H2 

—> 1 + pyridine HC1 

HCOAc 

H 
1 
1 

-> ? = ° + RH + H2S 
HCOAc 

By catalytic hydrogénation, aldonic esters and lactones are reduced to 
glycitols (37). The reduction of lactones to sugars by sodium amalgam was 
introduced by Fischer and has been extensively employed for the purpose 
(see Chapter II). Esters, but not the free acids, are reducible. In order to 
obtain maximal yields, the acidity must be maintained in the range 3 to 3.5. 
The temperature should be kept below 15°, and a minimum of 2.5 equiva-
lents of sodium are required (theory, 2) (38). Other methods are also avail-
able (see Chapter II) . 

B. SACCHARIC (OR ALDARIC) ACIDS (39) 

The saccharic acids are polyhydroxy dicarboxylic acids, HOOC— 
(CHOH),,—COOH, and are generally obtained from the sugars by the 
action of strong oxidizing agents. Several of these acids, tartronic, erythra-
ric, xylaric, allaric, and galactaric, are optically inactive. The acid salts are 
often used for characterization, because of their low solubility in water. 
Mannaric and glucaric acids show abnormal behavior in alkaline solution, 
with rearrangement to enolic forms. Commercially, the acids, especially 
threaric and glucaric, have been utilized for the preparation of salts of 
therapeutical importance. 

86. M. L. Wolfrom and J. V. Karabinos, J. Am. Chem. Soc. 68, 1455 (1946). 
87. J. W. E. Glattfeld and A. M. Stack, J. Am. Chem. Soc. 59, 753 (1937). 
88. N. Sperber, H. E. Zaugg, and W. M. Sandstrom, J. Am. Chem. Soc. 69, 915 

(1947); H. L. Frush and H. S. Isbell, ./. Research Bur. Standards 54, 267 (1955); 
R. Schaffer and H. S. Isbell, ibid. 66, 191 (1956). 

39. The term "aric" is used with the normal configurational prefix; the tartaric 
acids are threaric or erythraric acids, mucic acid is galactaric acid, and gluco-s&c-
charic acid is glucaric acid. The name xylaric acid is much shorter than xylo-trihy-
droxyglutaric acid. For an additional discussion see below and Chapter I, particu-
larly p. 28. In the present text both forms are used, but the new usage is pre-
ferred. 
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a. Tartronic and Malic Acid 

Tartronic acid, HOOC—CH(OH)—COOH, or hydroxymalonic acid, 
may be considered as the simplest of the aldaric acids. It has been obtained 
by the oxidation of glucose or fructose with hydrogen peroxide and ferrous 
sulfate {40). I t is also formed by the cyanohydrin synthesis from glyoxylic 
acid (41). The oxidation of glycerol gives only small amounts of this acid. 

HOOC—CHO + HCN-> HOOC—CH(OH)—CN -> HOOC—CH(OH)—COOH 

Malic acid, HOOC—CH2—CH(OH)—COOH, may be considered as a 
deoxytetraric (tartaric) acid. It occurs widely in nature in fruits and berries. 
I t is formed by the partial reduction of tartaric acids with HI or by the 
addition of the elements of water to fumaric or maleic acid. The natural 
acid is levorotatory in dilute solutions, but the rotation becomes positive 
with increasing concentration. This effect has also been noticed with L-tar-
taric (L-threaric) acid. 

b. Tetraric Acids {Tartaric Acids) {42) 

These acids exist in four forms: 
L-Threaric acid (L-tartaric acid) 
D-Threaric acid (D-tartaric acid) 
DL-Threaric acid (DL-tartaric or racemic acid) 
Erythraric acid (raeso-tartaric acid). 

L-Threaric acid occurs naturally as the monopotassium salt, especially 
in the juice of grapes. The sodium potassium salt (NaKC4H406-4H20) is 
known as Rochelle salt and the potassium antimonyl salt (K(SbO)C4H406· 
§H20) as tartar emetic. The D-acid can be obtained from the racemic 
mixture by resolution of the cinchonine salts {43). The O-glycero-D-gulo-
heptobenzimidazole forms a salt with L-threaric acid that allows of the 
resolution of the DL-form {44). Pasteur originally resolved this form by 
mechanical separation of crystals of the sodium ammonium salt. 

The DL-racemate and the inactive isomer are formed from the L-acid by 
heating with water at 150 to 170°. Heating with alkali has the same effect, 
but the yields of the two products vary according to conditions {45). 
Separation is effected on the basis of the much greater solubility of the 

40. C. F. Cross, E. J. Bevan, and C. Smith, J. Chem. Soc. p. 73, 469 (1898). 
41. C. Böttinger, Ber. 14, 729 (1881). 
42. A common form of designation of these acids was to use d and I for the sign 

of rotation rather than L and D, respectively, for indications of configuration. For 
further discussion see p. 27. 

48. W. Markwald, Ber. 29, 42 (1897). 
44. W. T. Haskins and C. S. Hudson, J. Am. Chem. Soc. 61, 1266 (1939). 
45. See "Organic Syntheses," Collective Vol. I, p. 484. 1932; "Beilsteins Hand-

buch der organischen Chemie," Vol. 3, p. 528. Springer, Berlin, 1921. 
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potassium hydrogen salt of the raeso-acid (8% in water at 19°) compared 
with that of the racemic acid (0.5 % in water at 19°). Oxidation of fumaric 
acid with chlorates and Os04 produces the DL-form, whereas the meso-
isomer is obtained from maleic acid (4#). 

The optical rotation of L-threaric acid in water is positive at high con-
centrations but drops with dilution and finally becomes negative. Complex 
formation with salts, borates, and molybdates affects the optical rotation 
greatly. Rotational values in alcohols are very low. 

The heating of L-threaric acid above 100° forms an anhydride; initially, 
gummy materials are formed as a result of external condensation, and 
finally at 170° an insoluble anhydride is produced. 

The solubility of the monopotassium salt of the DL-racemic acid differs 
little from that of the L-acid, but the solubility of the calcium salts differs 
sufficiently to allow a separation (47). 

The tartaric acids are formed by the oxidation of hexose sugars and of the 
keto acids. (See under Nitric acid and Alkaline oxygen oxidations, par-
ticularly.) The L-isomer has been recovered from grape residues by con-
centration on a basic ion-exchange resin (48). 

c. Pentaric and Hexaric Acids 

The four pentaric acids and ten hexaric acids are: 

Pentaric (Hydroxyglutaric) Acids 

Xylaric (meso) = zî/Zo-trihydroxyglutaric 
Ribaric (meso) = n&o-trihydroxyglütaric 
D- and L-Arabaric = D- and L-lyxaric 

= D- and L-ara&o-trihydroxyglutaric 

D- and L-Mannaric 
D- and L-Glucaric 

D- and L-Idaric 
D- and L-Talaric 

Allaric (meso) 
Galactaric (meso) 

Hexaric Acids 

= D- and L-raanno-sacchari 
= D- and ii-gluco-ssLCchsLric 
= L- and D-gularic 
= D- and L-tdo-saccharic 
= D- and L-talomucic 
= D- and L-altraric 
= allomucic 
= mucic 

The pentaric (hydroxyglutaric) acids-are important primarily as ref-
erence compounds in structural proofs. They can be prepared by oxidation 
of the corresponding pentoses with nitric acid. 

46. N. A. Milas and E. M. Terry, J. Am. Chem. Soc. 47, 1412 (1925); G. Braun, 
ibid. 51, 247 (1929). 

47. A. Holleman, Rec. trav. chim. 17, 69 (1898); J. M. Albahary, Compt. rend. 144, 
1232 (1907). 

48. J. R. Matchett, Ind. Eng. Chem. 36, 851 (1944). 
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Several of the hexaric acids are of especial interest. Galactaric (mucic) 
acid has a low solubility in water, and its formation by the nitric acid oxi-
dation of galactose is used for the quantitative determination of galactose. 
Its formation by bromine oxidation is considered satisfactory evidence of 
the presence of galacturonic acid. The acid can be prepared on a large scale 
by the nitric acid oxidation of galactans prepared from certain woods {49). 
It is interesting that acetylation increases the solubility of galactaric acid 
in water. Ammonium galactarate (mucate) forms pyrrole when heated. 

In contrast to galactaric acid, D-mannaric and D-glucaric acids are 
appreciably soluble in water. Glucaric acid is best prepared by the nitric 
acid oxidation of starch; yields as high as 65% are obtained in contrast to 
much lower yields from glucose or sucrose (50). This acid is generally char-
acterized as the potassium acid salt or silver salt. 

The saccharic acids do not reduce Fehling solution but will react with 
ammoniacal silver nitrate. However, the dilactones of mannaric and 
glucaric acids show an unexpected reducing action with Fehling solution 
(51). This same behavior is shown with the monoester monolactones of 
glucaric acid. The monolactones do not show this behavior. The alkali 
cleaves the lactone ring and the necessary hydrogen atom is provided from 
the neighboring carbon atom rather than from the solution. Uronic acid lac-

0 = C — 

HCOH 
O 

-CH 

HC-

OH-

O O 
HCOH 

-C=0 

COOH 

HCOH 

I 
—CH 

CH 

COH 

-C=0 
tones behave similarly. The resulting enol is the enolic lactone of a 4-deoxy 
5-keto dibasic acid related to the ascorbic acids. These enols react with only 
a small amount of iodine, in contrast to the behavior of the ascorbic acids. 
However, four atoms of chlorine are taken up, whereas the ascorbic acids 
react with only half of this amount. In alkaline solution ozone attacks the 
double bond, forming oxalic acid and either erythruronic or threuronic acid. 

2-Deoxy-D-galactaric acid forms a monolactone readily (52), whereas 
49. A. W. Schorger, U. S. Patent 1,718,837 (June 25, 1929). 
50. See H. Kiliani, Ber. 58, 2344 (1925) ; O. T. Schmidt, H. Zeiser, and H. Dippold, 

ibid. 70, 2402 (1937). 
51. See F. Smith, Advances in Carbohydrate Chem. 2, 101 (1946); see also J. W. W. 

Morgan and M. L. Wolfrom, J. Am. Chem. Soc. 78, 1897 (1956). 
52. W. G. Overend, F. Shafizadeh, and M. Stacey, J. Chem. Soc. p. 1487 (1951). 
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such a product is obtained only with difficulty from galactaric acid. The 
deoxylactone does not form an unsaturated acid with alkali, and behaves 
like the monolactone of glucaric acid. 

The saccharic acids can be used as starting materials for other carbo-
hydrate products. Epimerizations can be carried out with pyridine as with 
the aldonic acids. Galactaric acid is converted to DL-talaric acid. The two 
monolactones of D-glucaric acid are reduced by sodium amalgam to different 
products. The 3,6-lactone (IV) forms L-guluronic (V) and D-gluconic 
(VI) acids, and the 1,4-lactone (I) forms D-glucuronic (II) and L-gulonic 
(III) acids (53). The two lactones can be obtained from glucaric acid solu-
tions by seeding with the proper nuclei. 
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HOCH 
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HCOH 
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I 
HCOH 

HCOH 

CH2OH 
(VI) C. URONIC ACIDS (54a, b, c) 

a. Preparation and Occurrence (See also Chapter XII) 

The uronic acids may be defined as carbohydrate derivatives possessing 
both aldehyde (or hemiacetal) and carboxyl groups. The formulas for the 
three naturally occurring acids are given below. 

68. M. Sutter and T. Reichstein, Helv. Chim. Ada 21, 1210 (1938). 
54a. See C. L. Mehltretter, Advances in Carbohydrate Chem. 8, 231 (1953). 
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CHO CHO CHO 

HCOH 

HOCH 

I 
HCOH 
HCOH 

COOH 
D-Glucuronic acid 

HOCH 

HOCH 

HCOH 

HCOH 

COOH 
D-Mannuronic acid 

HCOH 

I 
HOCH 

I 
HOCH 
HCOH 

COOH 
D-Galacturonic acid 

The uronic acids biologically are very important. As shown in Table II , 
they occur as important building units in many polysaccharides, particu-
larly pectins and alginic acid (Chapter XII) . One, glucuronic acid, serves 
as a detoxifying agent in mammals, and some poisonous substances and 
metabolic products are eliminated in the urine as glucosiduronic acids (see 
Chapter X). The 4-O-methyl ether of D-glucuronic acid has been shown to 
be a building unit in mesquite gum (55) and other plant materials. 

The isolation of uronic acids from polysaccharides is not easy. Some of the 
linkages are very resistant to acid hydrolysis. Sulfuric acid (4%) at 120° 
for 10 to 24 hours (56) is often required. This harsh treatment may decom-
pose the products considerably, and the yields are generally low. Cold 80 % 
sulfuric acid, 3 % oxalic acid at 100°, boiling 98% formic acid 8 hours at 
100° (for methylated alginic acid), and boiling 90% formic acid have been 
used for the hydrolysis of alginic acid (57). In the pectin field, enzymic 
hydrolysis has been used for the isolation of galacturonic acid; the pro-
cedure is very mild and excellent yields are obtained. 

Two general methods for the synthesis of uronic acids have been de-
veloped: (1) the reduction of the monolactones of aldaric acids, and (2) the 
oxidation of primary alcoholic groups of sugars or derivatives. The mono-
lactones of dibasic acids can be reduced by sodium amalgam in acid solution 

54b. See N. E. Artz and E. M. Osman, "Biochemistry of Glucuronic Acid." Aca-
demic Press, New York, 1950; G. 0 . Aspinall, Advances in Carbohydrate Chem. 9, 
131 (1954). 

54c R. S. Teague, Advances in Carbohydrate Chem. 9, 185 (1954); H. G. Bray, 
ibid. 8, 251 (1953). 

55. E. V. White, J. Am. Chem. Soc. 70, 367 (1948). 
56. E. Anderson, F. H. Russell, and L. W. Seigle, J. Biol. Chem. 113, 683 (1936). 
57. C. L. Butler and L. H. Cretcher, J. Am. Chem. Soc. 51, 1914 (1929); W. A. G. 

Nelson and E. G. V. Percival, J. Chem. Soc. p. 58 (1942); S. K. Chanda, E. L. Hirst, 
E. G. V. Percival, and A. G. Ross, ibid. p. 1833 (1952); H. A. Spoehr, Arch. Biochem. 
14, 153 (1947). 
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TABLE II 
NATURAL OCCURRENCE OF URONIC ACIDS 

D-Glucuronic Acid 
1. Urine of animals (as conjugate). 
2. Polysaccharides (see Chapter XII) . 

Heparin (with D-glucosamine and sulfates). 
Chondroitin sulfate (with iV-acetylchondrosamine and sulfates). 
Hyaluronic acid (with AT-acetyl-D-glucosamine). 
Type II pneumococcus specific polysaccharide (with glucose and rhamnose). 
Type III pneumococcus specific polysaccharide (with glucose). 
Type VIII pneumococcus specific polysaccharide (with glucose). 
Azotobacter and Rhizobia capsular polysaccharides (with glucose). 
Friedländer's bacillus polysaccharides (with glucose). 
Cytophagae polysaccharide (with glucose). 

3. Gum arabic and straws. 
4. Saponins, glycosides, and oligosaccharides of certain types. 
5. Various woods as monomethyl ethers. 

D-Galacturonic Acid 
1. Pectins and pectic acid. 
2. Type I pneumococcus specific polysaccharide and limacoitin sulfate. 
3. Mucilages. 

D-Mannuronic Acid. Alginic acid from seaweeds, as the sole constituent. 

(68). Glucaric acid was converted to glucuronic acid, but the maximal yield 
was 20%. This method was later applied to the reduction of mannaric acid 
to mannuronic acid, and of allaric acid to the corresponding uronic acid. 

OC 1 CHO 

(HCOH)2 O Na~Hg > (HCOH)4 

HC * COOH 

HCOH 
I 
COOH 

Unsubstituted primary alcoholic groups of derivatives of sugars have 
been oxidized to carboxyl groups; the reducing group must be protected. 
The use of gaseous oxygen and an activated-platinum carbon catalyst gives 
excellent yields (59a, b, c). Thus, 1,2-O-isopropylidene-D-glucose has been 

58. E. Fischer and O. Piloty, Ber. 24, 522 (1891); C. Niemann and K. P. Link, 
J. Biol. Chem. 100, 407 (1933); C. Niemann, S. A. Karjala, and K. P. Link, ibid. 
104, 189 (1934). 

59a. C. L. Mehltretter, B. H. Alexander, R. L. Mellies, and C. E. Rist, J. Am. 
Chem. Soc.73, 2424 (1951). 

59b. C. A. Marsh, J. Chem. Soc. p. 1578 (1952). 
59c. S. A. Barker, E. J. Bourne, and M. Stacey, Chemistry & Industry p. 970 

(1951). 
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converted to 50 to 60% of the 1,2-O-isopropylidene-D-glucuronic acid at 
50°. ( — )-Menthyl a- and ß-D-glucosiduronic acids have been prepared in 
good yields from the corresponding glucopyranosides ; methyl a- and 
ß-D-galactosiduronic acid and methyl α-D-mannosiduronic acid have been 
obtained similarly in 42, 22, and 44% yields, respectively. This method is a 
great advancement over earlier oxidations of acetylated or acetonated 
sugars with permanganate (60). Methyl α-D-mannopyranoside has also 
been oxidized with barium hypobromite at 3° for 16 to 20 days to yield 12 % 
of "methyl a-mannuronide" (61). Treatment of 1,2-O-isopropylidene-D-
xylopentosedialdehyde with NaC14N has given D-glucurone-6-C14, a valu-
able tracer material (62). 

Mehltretter (54a) has emphasized the importance of the hydrolytic step 
in the synthesis of glucuronic acid. High yields of a glucosiduronic acid may 
be offset by degradation of the glucuronic acid during acid hydrolysis (see 
p. 315). Thus, an 87% yield of the crude sodium salt of methyl a-gluco-
pyranosiduronic acid was converted to only 16% glucurone (59c). In con-
trast, a 50 to 60% yield of 1,2-O-isopropylidene-D-glucuronic acid can be 
hydrolyzed to give 30 % of lactone. Interest has been shown in the more easily 
hydrolyzed furanosiduronic acids, and in the naphthyl and phenyl gluco-
pyranosiduronic acids (62a) ; the latter compounds can be hydrolyzed by 
the enzyme 0-glucuronidase (Chapter X). 

Much interest has been shown in the commercial production of glucuronic 
acid, because of the possible therapeutic effect in the treatment of rheumatic 
diseases (62b). 

Uronic acids of the pentose series have been prepared by the oxidative 
degradation of amides. Mucic acid monoamide can be converted by the 
action of hydrogen peroxide and iron salts or by hypobromite to the cor-
responding lyxuronic acid (63). The acids were isolated as the phenylosa-
zone-phenylhydrazides, or as the tetraacetates of the amide. 

The biogenesis of glucuronic acid seems to be an oxidative process, in-
volving phosphorylation of glucose, and occurring in the liver (54c, 64a). 
Thus, a cell-free enzyme preparation, isolated from calf or guinea pig liver, 

60. M. Stacey, J. Chem. Soc. p. 1529 (1939); H. Ohle and Gertrud Berend, Ber. 
58, 2585 (1925); R. G. Ault, W. N. Haworth, and E. L. Hirst, J. Chem. Soc. p. 517 
(1935); M. Stacey and P. I. Wilson, ibid. p. 587 (1944). 

61. E. L. Jackson and C. S. Hudson, J. Am. Chem. Soc. 59, 994 (1937). 
62. J. C. Sowden, J. Am. Chem. Soc. 74, 4377 (1952). 
62a. K-C. Tsou and A. M. Seligman, J. Am. Chem. Soc. 74, 5605 (1952); ibid. 75, 

1042 (1953). 
62b. E. A. Peterman, J. Lancet 67, 451 (1947) ; E. A. Peterman U. S. Patent 2,520,255 

(1950) ; C. L. Mehltretter, U. S. Patent 2,559,652 (1951) ; D. H. Couch and E. A. Cleve-
land, U. S. Patent 2,592,249 (1952); D. M. Gallagher, U. S. Patent 2,592,266 (1952). 

63. M. Bergmann, Ber. 54, 1362 (1921). 
64a. A. Hemingway, J. Pryde, and R. T. Williams, Biochem. J. 28, 136 (1934); 

W. L. Lipschitz and E. Bueding, J. Biol. Chem. 129, 333 (1939). 
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has converted uridine diphosphate glucose to uridine diphosphate glu-
curonic acid {64b). The feeding of borneol and glucose labeled with C14 

at carbon 1 or carbon 6 to animals has given bornyl glucosiduronic acid 
with most of the radioactivity at carbon 1 or carbon 6, respectively. Hence, 
the conversion probably goes through glucose or a C6 intermediate, and 
not through C3 fragments {65). Conversion of glucose labeled at carbon 6 to 
hyaluronic acid gave similar results {66). While glucose has been shown to 
be a definite precursor, labeled glucurone, when fed with borneol to ani-
mals, is converted only slightly to bornyl glucosiduronic acid; the resulting 
distribution of radioactivity can be explained only by the glucurone break-
ing down to C3 fragments which are then recombined {65). (See also 
p. 597.) 

Some work has been done on the formation of glucuronic acid from 
smaller fragments {67). Glycerol, labeled at carbon 1, when fed to rats gave 
a "glucuronide" with a distribution of radioactivity that would be predicted 
by a condensation of C3 units. However, lactate labeled at carbon 3 gave a 
glucosiduronic acid with all the radioactivity at carbon 6. 

The identification of the uronic acids is difficult {68). The alkaloidal salts 
frequently are used; cinchonine and brucine have value for glucuronic acid. 
Various hydrazines have been used to prepare derivatives, but often the 
products are complex, for hydrazides, hydrazones, and osazones are formed. 
A common method of identification is to convert the uronic acids by mild 
oxidation to the dibasic acids. 

When hexuronic acids are boiled with strong acids and naphthoresorcinol, 
a blue color is formed. This reaction has been developed into a quantitative 
method {69). The coloring matter formed is extracted with benzene and 
determined photometrically. (See also Chapter XII , for identification and 
analysis.) 

b. Aldobiouronic Acids 

An aldobiouronic acid (I) may be defined as a disaccharide in which one 
of the sugar components is a uronic acid linked in glycosidic union to a 

64b. J. L. Strominger, H. M. Kalckar, J. Axelrod, and E. S. Maxwell, J. Am. 
Chem. Soc. 76, 6412 (1954). 

65. J. F. Douglas and C. G. King, J. Biol. Chem. 202, 865 (1953). 
66. S. Roseman, J. Ludowieg, F. E. Moses, and A. Dorf man, Arch. Biochem. and 

Biophys. 42, 472 (1953). 
67. A. P. Doerschuk, J. Biol. Chem. 195, 855 (1952); T. G. Bidder, / . Am. Chem. 

Soc. 74, 161 (1952). 
68. See E. Anderson and L. Sands, Advances in Carbohydrate Chem. 1, 329 (1945); 

M. Stacey, ibid. 2, 170 (1946). 
69. See S. W. F. Hanson, C. T. Mills, and R. T. Williams, Biochem. J. 38, 274 

(1944); E. M. Knapp, J. Biol. Chem. 134, 145 (1940). 



VI. ACIDS AND OXIDATION PRODUCTS 319 

hexose or pentose unit. Conceivably a disaccharide could exist which would 
contain a uronic acid unit with a glycosidic linkage at the hexose or pentose 
portion, as in (II) below, but compounds of this type are not known at 
present to occur naturally. A dihexuronic acid, probably 4-0-(a-D-galacto-
pyranosyluronic acid)-D-galacturonic acid, has been isolated by the enzymic 
degradation of pectic acid (70), and a 4-0-(/3-D-glucopyranosyluronic acid)-
D-glucuronic acid has been synthesized by the oxidation of cyclohexyl 
0-maltoside pentaacetate (71). The last compound was made in a study 
of glycyrrhinic acid, which contains two glucopyranosyluromc acid 
units linked /3,1 —> 2'. 
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Pseudoaldobiouronic acid 

Aldobiouronic acids are readily isolated because of the strong resistance 
of the biouronic linkage to acid hydrolysis. Whereas 4 % acid at 100 to 120° 
is often used for the isolation of uronic acids, O'Dwyer (72) isolated an aldo-
biouronic acid from oakwood hemicellulose by the action of 1 % sulfuric 
acid at 100°. This resistance to hydrolysis may explain the occurrence of 
uronides in soil. Some 10 to 15 % of the organic carbon in surface soil appears 
to be combined uronic acids, and the amount increases with the depth of 
the soil (73) (see also p. 669, 717, 719). 

In Table III the various known aldobiouronic acids are listed. Wood 
hemicelluloses, plant mucilages, gums, and bacterial polysaccharides pro-
vide the natural sources. In addition, several have been synthesized. Ex-
treme interest has been evidenced in the bacterial products because of their 
relationship to immunological properties. 

Hyalobiouronic acid, isolated from the mucopolysaccharide hyaluronic 
acid, contains à glucosamine unit, and has been identified as 3-0-(β-Ό-

70. J . K . N . Jones and W. W. Reid, J.Chem.Soc. p. 1361 (1954). 
71. B. Lythgoe and S. Tripett, J. Chem. Soc. p. 1983 (1950). 
72. M. H. O'Dwyer, Biochem. J. 28, 2116 (1934) 
78. A. G. Norman and W. V. Bartholomew, Soil Sei. 56, 143 (1943). 
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TABLE I I I 

SOURCES OF ALDOBIOURONIC ACIDS 

Name 

A. Aldobiouronic Acids from Bacterial 
Polysaccharides 

0-(Glucosyluronic acid)-glucose 

6-0- (Glucosyluronic acid) -glucuronic 
acid (gentiobiouronic acid) 

B . Aldobiouronic Acids from Plants 
2-0- (a-D-Glucopyranosyluronic acid) -

D-xylose 
3-0- (a-D-Glucopyranosyluronic acid) -

D-xylose 
4-0- (<*-D-Glucopyranosyluronic acid) -

D-xylose 
(?)-0-(D-Glucop3'ranosyluronic acid)-

D-xylose 
2-0- (/3-D-Glucopyranosyluronic acid) -

D-mannose 
6-0- 0?-D-Glucopyranosyluronic acid) -

D-galactose 

2-0-(4-0-Methyl-<*-D-glucopyranosyl-
uronic acid)-D-xylose 

4-0-(4-0-Methyl-a-D-glucopyranosyl-
uronic acid)-L-arabinose 

6-0-(4-0-Methyl-a-D-glucopyranosyl-
uronic acid)-D-galactose 

2-0-(D-Galactopyranosyluronic acid)-
L-rhamnose 

Acid composed of D-xylose and an 
O-methyluronic acid 

Ο-α-D-Glucopyranosyluronic acid-(l —> 
4)-0-/3-D-xylopyranosyl-(l —> 4 ) - D -
xylose 

Aldotriouronic acid composed of two 
xylose units and one O-methyluronic 
acid uni t 

Source 

Type I I I pneumococcus specific poly-
saccharide (74-76) Type A Friedlan-
der 's bacillus 

Synthet ic (75) 

Corn-cobs (77) 

Wheat s traw (78), pear wall xylan (79) 

Corn-cobs (77) 

Ju t e (87), cottonseed hulls (88), wheat 
s traw (89) 

Damson gum (80), cherry gum (81), 
tubers of Asparagus fulcinus (82) 

Gum arabic (gum acacia) (83-85), black 
wat t le gum (86), egg plum gum, al-
mond tree gum, and peach tree gum 

Aspen wood (90), corn-cobs (91), West-
ern hemlock (91a) 

Lemon gum (92) 

Mesquite gum (98-95) 

Mucilage of slippery elm (96, 97) flaxseed 
mucilage (98, 99), okra mucilage (100) 
mucilage of Plantago arenaria (101) 

Oakwood (102) 

Corn-cob (102a) 

Cottonwood (108) 

74. M. Heidelberger and W. F . Goebel, J. Biol. Chem. 74, 613 (1927). 
75. R. D. Hotchkiss and W. F . Goebel, J. Biol. Chem. 115, 285 (1936). 
76. M. Heidelberger and W. F . Goebel, J. Biol. Chem. 74, 619 (1927). 
77. R. L. Whistler and L. Hough, J. Am. Chem. Soc. 75, 4918 (1953). 
78. G. A. Adams, Can. J. Chem. 30, 698 (1952); C. T . Bishop, ibid. 31, 134 (1953). 
79. S. K. Chanda, E . L. Hirst , and E. G. V. Percival, J. Chem. Soc. p . 1240 (1951). 
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glucopyranosyluronic acid)-2-amino-2-deoxy-D-glucose (104)* The tetra-
saccharide, containing two glucosamine and two uronic acid units, has also 
been isolated. Chondrosine, a disaccharide from the polysaccharide chon-
droitin sulfate, is 3-0-(ß-D-glucopyranosyluronic acid)-2-amino-2-deoxy-D-
galactopyranose (104a), (See Chapter XII.) 

Aldobiouronic acids represent the penultimate stage of hydrolysis of the 
polyuronides. The action can be stopped at earlier stages. From mesquite 
gum, acids representing several stages of hydrolysis were isolated (93). 
The aldobiouronic acid contained a galactose and an O-methylglucuronic 
acid unit, and the less-hydrolyzed acids two or three galactose units. 
Products of still lesser extent of hydrolysis contained four units of L-arabi-
nose and three of galactose in addition to the uronic acid. An aldotriouronic 

80. E . L. Hirst and J . K. N . Jones, J. Chem. Soc. p . 1174 (1938). 
81. J . K. N . Jones, J. Chem. Soc. p . 558 (1939). 
82. P . S. Rao, O. N . Rozdon, and R. P . Budhiraja, Proc. Indian Acad. Sei. 32A, 

264 (1950). 
88. M. Heidelberger and F . E . Kendall , J. Biol. Chem. 84, 639 (1929) ; W. F . Goebel 

and R. E . Reeves, ibid. 124, 207 (1938); P . A. Levene and R. S. Tipson, ibid. 125, 345 
(1938); C. L. Butler and L. H. Cretcher, J. Am. Chem. Soc. 51, 1519 (1929); S. W 
Challinor, W. N . Haworth, and E. L. Hirst , J. Chem. Soc. p . 258 (1931). 

84. P . A. Levene, G. M. Meyer, and M. Kuna, J. Biol. Chem. 125, 703 (1938). 
85. S. N . Mukherjee and K. B. Ghosh, J. Indian Chem. Soc. 26, 277 (1949). 
86. A. M. Stephen, J. Chem. Soc. p . 646 (1951). 
87. D . B. Das, P . K. R. Choudhury, and J . F . Wareham, Science and Culture (In-

dia), 18, 197 (1952). 
88. M. H. O'Dwyer, Biochem. J. 20, 664 (1926). 
89. G. O. Aspinall and R. S. Mahomed, J. Chem. Soc. p . 1731 (1954). 
90. J . K. N . Jones and L. E . Wise, J. Chem. Soc. p . 3389 (1952). 
91. R. L. Whistler, H. E . Conrad, and L. Hough, J. Am. Chem. Soc. 76, 1668 (1954). 
91a. G. G. S. Du t ton and F . Smith, J. Am. Chem. Soc. 78, 2505 (1956). 
92. P . Andrews and J . K. N . Jones, J. Chem. Soc. p . 1724 (1954). 
98. E . Anderson and L. Otis, J. Am. Chem. Soc. 52, 4461 (1930). 
94. E . V. White, J. Am. Chem. Soc. 70, 367 (1948). 
95. M. Abdel-Akher, F . Smith, and D. Spriestersbach, J. Chem. Soc. p . 3637 (1952). 
96. E . Anderson, J. Biol. Chem. 104, 163 (1934). 
97. R. E. Gill, E . L. Hirst , and J . K. N . Jones, J. Chem. Soc. p . 1469 (1939). 
98. E . Anderson and J . A. Crowder, J. Am. Chem. Soc. 52, 3711 (1930). 
99. R. S. Tipson, C. C. Christman, and P . A. Levene, J. Biol. Chem. 128, 609 (1939). 
100. R. L. Whistler and H. E . Conrad, J. Am. Chem. Soc. 76, 3544 (1954). 
101. E . L. Hirst , E. G. V. Percival, and C. B. Wylam, J. Chem. Soc. p . 189 (1954). 
102. M. H. O'Dwyer, Biochem. J. 28, 2116 (1934). 
102a. R. L. Whistler and D. I . McGilvray, J. Am. Chem. Soc. 77, 2212 (1955). 
103. E . Anderson, R. B. Ras ter , and M. G. Seeley, J. Biol. Chem. 144, 767 (1942) 
104. B . Weissmann and K. Meyer, J. Am. Chem. Soc. 76, 1753 (1954); B . Weiss-

mann, K. Meyer, P . Sampson, and A. Linker, J. Biol. Chem. 208, 417 (1954). 
104a. E . A. Davidson and K. Meyer, J. Am. Chem. Soc. 76, 5686 (1954); M. L. 

Wolfrom, R. K. Madison, and M. J . Cron, ibid. 74, 1491 (1952). 
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acid, of proven structure, isolated from the hemicellulose B of corncob, 
is listed in Table III . 

Oxidation of an aldobiouronic acid with bromine under nonhydrolytic 
conditions produces a dibasic acid in which the new carboxyl is formed 
from the original hexose or pentose unit. This is shown by the fact that 
such an acid (when the reducing portion of the original biouronic acid is a 
hexose) will form the same amount of furfural as the original acid under the 
action of 12% HC1. Evidently, the glycosidic linkage is formed from the 
hemiacetal group of the uronic acid. Oxidation with bromine under hydro-
lytic conditions produces a dibasic and an aldonic acid and allows identifica-
tion of the two units. 

c. Reactions of Uronic Acids 

One of the most important reactions observed with uronic acids is the 
decarboxylation caused by heating with strong acids (usually about 12% 
hydrochloric acid). The quantitative evolution of one mole of carbon 
dioxide was first observed by Lefevre and Tollens (105) and has been de-
veloped as an analytical method by many workers. The formation of the 
carbon dioxide is quantitative according to the following equation : 

C6Hio07 -► C5H4O2 + C 0 2 + 3 H 2 0 

The liberation of carbon dioxide has also been observed for nonuronic 
carbohydrates, but the evolution is generally very slow (106). Glucose will 
give 1.2% carbon dioxide by weight in 15 hours, when treated with 3.29 
N HC1 under a nitrogen atmosphere, but nonuronic acids, such as glucaric 
or gluconic acid, will give greater amounts, up to 8% carbon dioxide (107). 

The mechanism of the decarboxylation is not well known. The above 
equation is not entirely correct, for the maximal yield of furfural (C5H4O2) 
is only about 40%. It is unlikely that the reaction proceeds through the 
formation of a pentose. Pentoses have never been isolated from such a 
reaction, when the decarboxylation is conducted under mild conditions 
such that any added pentose could be recovered (108). Also, in the case of 
arabinose, the action of boiling 12 % hydrochloric acid causes a 70 to 80 % 
conversion to furfural, but in the case of galacturonic acid only 42 % fur-
fural is obtained. 

Zweifel and Deuel (108a) have recently demonstrated the catalytic 
decarboxylation of uronic acids with heavy metal ions under slightly acidic 

105. K. U. Lefevre and B. Tollens, Ber. 40, 4513 (1907). 
106. See R. L. Whistler, A. R. Mart in , and M. Harris , J'. Research Natl. Bur. 

Standards 24, 13 (1940). 
107. E . W. Taylor, W. F . Fowler, Jr . , P . A. McGee, and W. O. Kenyon, J. Am. 

Chem. Soc. 69, 342 (1947); S. Machida, J. Chem. Soc. (Japan) 64, 1205 (1943). 
108. C. M. Conrad, J. Am. Chem. Soc. 53, 2282 (1931). 
108a. G. Zweifel and H. Deuel, Helv. Chim. Ada 39, 662 (1956). 
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conditions. D-Galacturonic acid is partially decarboxylated in water at 96°, 
the products being carbon dioxide and arabinose; no furfural is formed. 
The catalytic activity increases in the order: Mg++ < Zn++ < Ni"H_ < 
A1+++ < Pb"*-*. The reaction is more complete in pyridine at 80° with 
nickel acetate as the catalyst. Arabinose was isolated from the pyridine 
medium and identified; ribose and two unknown products were detected 
on the paper chromatogram. The methyl ester and methyl ethers of 
galacturonic acid, di-galacturonic acid and glucurone are also decarbox-
ylated in pyridine. However there is practically no decomposition of methyl 
galactosiduronic acid, poly-galacturonic acid, glucaric or galactonic acids. 
The mechanism suggested is a coordinate linking of the metal ion at the 
C-l hydroxyl; the displaced proton reacts with the nucleophilic C-5 atom 
to cause an electron pair between C-5 and C-6 to shift to C-5 and effect loss 
of carbon dioxide. 

2-Keto and 5-keto aldonic acids also give carbon dioxide and furfural 
(see below) in yields similar to those for the uronic acids. However, ascorbic 
acid, as discussed later, gives a very high yield (above 80%) of furfural. 
"Reductic acid," an enolic substance similar in structure to the ascorbic 

CH2—CH2—C=C—C=0 

OH OH 

acids, has been isolated (109) by the action of strong acid on pentoses and 
uronic acids. I t is conceivable that decarboxylation and furfural formation 
proceed through an enolic intermediate of this type. The conversion of 2-
keto acids to the ascorbic acid analogs is always accompanied by some fur-
fural formation. 

The aldobiouronic acids liberate carbon dioxide and form furfural in a 
manner similar to the uronic acids. With polysaccharide materials, the for-
mation of carbon dioxide is considered very strong evidence for the pres-
ence of uronic acids. The evidence for a biological formation of pentosan 
material by the decarboxylation of uronic acid groupings is very weak, 
however, for some polyuronide materials contain both arabofuranose and 
galactopyranose units (see Chapter XII) . 

All uronic acids are thermally decarboxylated by heating 15 minutes at 
255°; one mole of carbon dioxide is obtained, whether the starting material 
is the free acid, lactone, or salt. Nonuronide carboxyl-containing com-
pounds give about 0.7 mole of carbon dioxide. The residues obtained from 
such treatment of hexuronic acids correspond in analysis to a five-carbon 
skeleton with 1.5 atoms of oxygen (110). 

109. T. Reichstein and R. Oppenauer, Helv. Chim. Ada, 16, 988 (1933); 17, 390 
(1934). 

110. A. S. Perlin, Can. J. Chem. 30, 278 (1952). 
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The presence of both aldehydic and acidic groups in uronic acids allows 
the formation of numerous types of derivatives. Phenylhydrazine will form 
hydrazides, hydrazones, and osazones. The action of acidic methanol leads 
to the formation of the ester of the "glycuronide". Rate studies have shown 
that the esterification reaction is 25 to 55 times as fast as glycoside forma-
tion, in the case of galacturonic acid (111). Reaction for 66 hours at 0° 
gave a good yield of the pure ester of methyl glucosiduronic acid. If the un-
esterified glycoside is desired, the ester grouping can be hydrolyzed with 
alkali and either the uronide or the uronide salt prepared. 

In the preparation of the salts of glucuronic acid, titration with aqueous 
alkali causes extensive degradation. To avoid this effect, the lactone is 
added directly to alkali in aqueous alcohol, and the sodium, potassium, and 
ammonium salts crystallize directly in 80% or better yields (112). 

The a-D-glucuronic acid 1-phosphate has been prepared by catalytic 
oxidation of glucose 1-phosphate, and the 0-isomer from acetobromoglu-
curonic acid methyl ester and silver phosphate (118). Reaction of the bro-
moacetate with various blocked phenol amino acids in the presence of silver 
oxide and quinoline give the O-glucosiduronic acids (114)· 

All three natural uronic acids have been isolated as the free acids in 
crystalline form. Glucuronic acid is known only as the ß-form, whereas the 
other two exist as a- and ß-pyranoid forms. The crystalline γ-lactones of 
glucuronic and mannuronic acid have been prepared, and are known as 
glucurone and mannurone. 

HOCH 

I 
HCOH 

I 
HOCH 

HCOH 

I 
HC 

I 
COOH 

/8-Glucopyranuronic Glucurone 
acid 

The structure of D-glucurone has been shown to be a 3,6-lactone with a 
1,4-hemiacetal or furanose ring. Methylation gives methyl 2,5-di-O-

111. E. F. Jansen and R. Jang, J. Am. Chem. Soc. 68, 1475 (1946). 
lie. W. Hach and D. G. Benjamin, J. Am. Chem. Soc. 76, 917 (1954). 
US. O. Touster and V. H. Reynolds, J. Biol. Chem. 197, 863 (1952). 
114. A. Taurog, S. Abraham, and I. L. Chaikoff, J. Am. Chem. Soc. 75, 3473 (1953). 

HOCH 

HCOH 

I 
— C H 

I 
HC 

O 

0 HCOH 
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methyl-a-D-glucofuranosidurono-3,6-lactone, originally called trimethyl-
glucurone (115). The formation of high yields of crystalline methyl a- and 
ß-glucofuranosiduronic acids (3 and 59%, respectively) from glucurone and 
methanolic HCl directly at room temperature is further evidence of the 
furanose ring. These furanosiduronic acids can then be reduced with sodium 
borohydride to the corresponding furanosides. A 72% yield of the 3,6-lac-
tone of methyl ß-D-glucofuranosiduronic acid has been obtained from 
glucurone, boiling methanol and the cation-exchange resin Nalcite HCR 
{116). This product can be changed by the action of hot methanol-HCl to 
the pyranosiduronate methyl ester. I t is interesting that the furanosiduronic 
lactone reduces Fehling solution and has an abnormal absorption curve in 
alkali. These reactions have been attributed to the presence of two five-
membered rings, one of which splits with the formation of enols as has been 
noted for the dilactones of aldaric acids (see p. 313). 

Mannurone has been shown to have a 1,4-hemiacetal ring and a 3,6-
lactone ring; with periodic acid, only the unblocked hydroxyls at carbons 1 
and 2 are attacked, and D-araburonic acid is the product (117). 

D-Glucuronolactone isonicotinylhydrazone has been reported to have 
a very high antitubercular activity in vitro and in vivo and comparatively 
low toxicity (118). 

D. KETO ALDONIC ACIDS 

The keto aldonic acids of the hexose series are of the 2- and 5-keto types. 
The 2-keto acids have been called osonic acids because of their preparation 
by the oxidation of osones. The 5-keto acids have been termed keturonic 

COOH COOH 

C=0 HCOH 

I I 
HOCH HOCH 

I I 
HCOH HCOH 
HCOH C=0 

I I 
CH2OH CH2OH 

2-Ketogluconic acid 5-Ketogluconic acid 
115. R. E. Reeves, J. Am. Chem. Soc. 62, 1616 (1940) ; ibid. 76, 934 (1954) ; F. Smith, 

/ . Chem. Soc. p. 584 (1944); L. N. Owen, S. Peat, and W. J. G. Jones, J. Chem. Soc. 
p. 339 (1941). 

116. Elizabeth M. Osman, K. C. Hobbs, and W. E. Walston, J. Am. Chem. Soc. 
73, 2726 (1951). 

117. C. F. Huebner and K. P. Link, Abstracts American Chemical Society Meeting, 
Chicago (Sept. 1950). 

118. P. P. T. Sah, J. Am. Chem. Soc. 75, 2512 (1953). 
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acids, uronic acids related to ketoses, whereas the normal uronic acids are 
alduronic acids. Both types of keto acids show a great similarity to uronic 
acids in their color reactions and in the property of decarboxylation on 
heating with acids. The 2-keto acids, however, show a distinct difference 
in their ready enolization to ascorbic acid analogs (see p. 330). In this dis-
cussion, the term uronic acid will be reserved for the alduronic acids. 

2-Ketogluconic acid has been isolated from a polysaccharide occurring in 
Irish moss (119), but no other similar product has been found in nature. 
Both 2-keto- and 5-ketogluconic acids have been prepared by the action of 
bacteria. Pyruvic acid and a-ketoglutaric acid (Chapter XIII) are also 
keto acids. 

A number of methods are available for the synthesis of 2-keto acids. 
Gluconic acid methyl ester can be oxidized (120) with NaC103 and V206 

(see also under Halic acid oxidations). Similar reactions produce the corre-
sponding 2-keto acids of galactose, glucoheptose, and galaheptose. Galac-
tosazone is oxidized by bromine to 2-ketogalactonic (or galactosonic) acid 
(121). Similarly, maltosazone is converted to the 2-ketomaltobionic acid. 
"Beta-diacetonefructose" is oxidized by potassium permanganate to di-O-
isopropylidene-2-ketogluconic acid (122). Careful oxidation of unsubstituted 
ketoses with nitric acid has been partially successful. Bacterial action on 
glucose has given (123) yields as high as 80 % of the 2-keto acid (see later in 
this chapter). Finally, direct synthesis of 2-keto-L-erythronic acid from 
2-hydroxy-3-butenenitrile in a series of steps has been reported (124). 

The 5-keto acids have been prepared by three general methods. Bacterial 
oxidation of glucose gives a 90% yield of 5-ketogluconic acid (125). 5-Keto-
L-galactonic acid has been formed from D-galacturonic acid by the action of 
calcium and strontium hydroxides (126), but barium hydroxide gives dif-
ferent, strongly reducing products. Glucuronic acid appears to behave 
similarly. The permanganate oxidation of di-O-isopropylidenetagatose 
leads to the formation of 5-ketogalactonic acid (127). 

The keto acids show some similarity to ketoses in their behavior toward 
oxidizing agents (128). 5-Ketogalactonic acid is not affected by bromine 

119. E. G. Young and F. A. H. Rice, J. Biol. Chem. 164, 35 (1946). 
120. P. P. Regna and B. P. Caldwell, J. Am. Chem. Soc. 66, 243 (1944). 
121. T. Kitasato, Biochem. Z. 207, 217 (1929). 
122. H. Ohle and R. Wolter, Ber. 63, 843 (1930). 
128. J. J. Stubbs, L. B. Lockwood, E. I. Roe, B. Tabenkin, and G. E. Ward, Ind. 

Eng. Chem. 32, 1626 (1940). 
124. A. T. Kiichlin, Jr., Rec. trav. Mm. 49, 705 (1930). 
125. L. B. Lockwood, B. Tabenkin, and G. E. Ward, J. Bacteriol. 42, 51 (1941). 
126. F. Ehrlich and R. Guttmann, Ber. 67, 573 (1934). 
127. T. Reichstein and W. Bosshard, Helv. Chim. Ada 67, 753 (1934). 
128. H. Ohle, Ber. 17, 155 (1934). 
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water at 15 to 20°. It reacts with sodium hypoiodite, but only one atom of 
iodine is consumed ; 2-ketogluconic acid does not react with this agent in the 
cold. Highly purified salts of the acid reduce Fehling solution in the cold 
very slowly. A modified Benedict solution reacts readily with 5-ketogluconic 
acid; complete oxidation occurs at 25° in 7 to 14 minutes, whereas 2-keto-
gluconic acid, glucose, fructose, uronic acids, and simple aldehydes do not 
react appreciably under these conditions {129). Hence, a quantitative 
estimation is possible in the presence of these latter materials. Quantitative 
estimation of 2- and 5-keto acids has been carried out {123) by theShaffer-
Hartmann method; 2-ketogluconic acid has 87% of the reducing power of 
glucose and 5-ketogluconic acid, 80%. 

The similarity of the keto aldonic acids and uronic acids has been men-
tioned earlier. 2-Ketogluconic acid gives a 33 % yield of furfural in 4 hours 
and the 5-keto acid 42.5%, when heated with 12% hydrochloric acid {130). 
The evolution of carbon dioxide from the 5-keto acid is quantitative. 

2-Keto-L-arabonic acid, prepared from the osone, loses carbon dioxide 
similarly, but the final product is not furfural but L-erythrose, isolated as 
the phenylosazone or as calcium L-erythronate after bromine oxidation 
{131). 

The well-known naphthoresorcinol color is slowly developed by 2-keto-
gluconic acid in a manner resembling galacturonic acid. 

2-Ketogluconic acid and its lactone exist only as sirups although hygro-
scopic crystals of the former have been reported {124). Esters can be easily 
prepared by the action of methanol and sulfuric acid on the sodium salt 
{122,132). The ester and salt mutarotate in the same direction as fructose. 
Ultraviolet absorption spectra {133) of solutions of the salts and acid indi-
cate the absence of carbonyl or carboxyl groups, and, for alkaline solutions, 
the absorption is typical of an ethylenic or enolic linkage. 

The keto aldonic acids have been investigated primarily as intermediates 
in the synthesis of ascorbic acids; 2-keto-L-gulonic acid is the most impor-
tant of this series. The degradation of these acids to simpler acids has 
been utilized. Thus, 5-keto-D-gluconic acid can be oxidized by oxygen in 
alkaline solution with various catalysts or by nitric acid to tartaric and 
oxalic acids {134, 135). 

2-Keto aldonic acids can be converted by a Ruff degradation to aldonic 

129. W. E. Militzer, J. Biol. Chem. 154, 325 (1944). 
180. E. G. Young and F. A. H. Rice, J. Biol. Chem. 164, 35 (1946); F. Ehrlich and 

R. Guttmann, Ber. 67, 573 (1934). 
131. A. M. Gakhokidze, J. Gen. Chem. (U.S.S.R.) 11, 109 (1941). 
132. H. Ohle and G. Berend, Ber. 60, 1159 (1927). 
133. P. Niederhoff, Z. physiol. Chem. 181, 83 (1929). 
134. R. Pasternack and P. P. Regna, U. S. Patent 2,203,923 (June 11, 1940). 
185. W. E. Barch, J. Am. Chem. Soc. 65, 3653 (1933). 
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acids with one less carbon in the chain; thus L-xylonic acid is formed from 
2-keto-L-gulonic acid {8). 

5-Ketogluconic acid in sirupy form is unstable, turns black in a short 
time, and froths with the liberation of gas {135). 

A 3-deoxy-2-ketogluconic acid 6-phosphate was isolated as an inter-
mediate in the enzymic oxidation of gluconic acid 6-phosphate {135a). The 
formation of this acid by a dehydration mechanism is reminiscent of that 
of the saccharinic acids. 

3-Keto derivatives are very rare compounds. Lindberg reported the for-
mation of methyl 3-keto-D-glucopyranoside by chromic acid oxidation of 
the glucoside (4). 2-0-Methyl-L-x?/Zo-3-hexulose has been prepared by 
reduction of a derivative of ascorbic acid {135b). 

E. ASCORBIC ACIDS {136) 

a. General Properties and Reactions 

Ascorbic acids, of which the best known is vitamin C or L-xyloascorbic 
acid, may be considered as reductones (I) or as represented by the general 

O 

R—C=C—C—-R' 

I I 
HO OH 

(I) 

formulas (II) and (III). The compounds are characterized by an enediolic 
system. Varying degrees of antiscorbutic activity are shown by compounds 
of this group, but only the compounds of type (II), with the lactone ring 
on the right, are active in this respect. 
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185a. J. MacGee and M. Doudoroff, J. Biol. Chem. 210, 617 (1954). 
186b. J. K. N. Jones, Abstr. Papers Am. Chem. Soc. Minneapolis, 16D, 1955. 
186. F. Smith, Advances in Carbohydrate Chem. 2, 79 (1946). 
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The nomenclature of the ascorbic acids is based on the configuration of 
the osone actually or hypothetically used in its preparation (see below); 
the portion concerned is that shown in the bracket. Since carbon atom 3 

0=C-i 0=C-i 

HOC HOC 
O O 

HOC 

HC-1 

HOC 

HC-1 

HOCH 

CH2OH 
(IV) 

HCOH 

I 
CH2OH 
(V) 

is not asymmetric, several names are possible. For vitamin C the names 
L-xylo- or L-lyxoascorbic acid (IV) have been used. Actually in these ascor-
bic acids there are only two asymmetric carbon atoms, and a better "nick-
name" for (IV) would be L-ifereo-hexoascorbic acid. A seven-carbon ascorbic 
acid would then be defined as D-rci/Zo-heptoascorbic acid. There can be no 
confusion here, as both the configuration and the number of carbon atoms 
are given. A more definitive name, based on the carbohydrate rules, would 
be 2-keto-L-2Areo-hexono-7-lactone 2,3-enediol (137). 

The ascorbic acids can be considered as enolic lactones of the 2-keto and 
3-keto aldonic acids. For vitamin C, there apparently exists an equilibrium 
between the ascorbic acid and the 3-keto acid. The latter has not been 
isolated, but hydrazone and "osazone" derivatives have been prepared 
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(138). Under normal conditions, the 2-keto acid apparently does not par-

137. Personal communication from M. L. Wolfrom and L. T. Capell. 
138. E. G. Cox, E. L. Hirst, and R. J. W. Reynolds, Nature 130, 888 (1932). 
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ticipate in the equilibrium. The kinetics of conversion of 2-keto acids to the 
ascorbic acids has been studied (139). The yields ranged from 70% for the 
2-ketogulonic acid system to only 6% for 2-keto-D-galactoheptonic acid. 

Four general methods are available for the preparation of ascorbic acids. 
The two most applicable involve the enolization of keto acids; the others 
involve condensations. 

Enolization and Lactonization of2-Keto Aldonic Acids {HO). By the action 
of sodium methylate on the methyl esters, 2-keto acids are transformed into 
ascorbic acids (see (VII) and (VIII)). The reaction is almost quantitative. 
Lactonization and enolization take place simultaneously. Heat treatment 
of an aqueous solution of the free acid causes only a limited amount of 
conversion. Acids also act as catalysts (see above). From the acid hydroly-
zate of the methyl glycoside of 3,4-0-isopropylidene-2-keto-L-ribonic acid, 
the 2-keto-L-ribonic acid could not be isolated, because L-erythroascorbic 
acid was formed very rapidly {HI). 

Cyanohydrin Synthesis from Osones (1^2). For this method, 3-keto 
aldonic acids are formed as intermediates which are not isolated. The first 
product, the nitrile, immediately enolizes with simultaneous ring formation 
to an imino analog (XI) of the ascorbic acid, and the latter is formed by 
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removal of the imino group with dilute acid. The osones must be in a very 
pure state in order to insure a good yield of final product. The customary 
configurational names of ascorbic acids are based on this method. 

Condensation of Hydroxy Aldehydes with Ethyl Glyoxalate or Mesoxalate 
(14S). The intermediate 3-keto ester is not isolated. D-Glucoheptoascorbic 
acid was prepared in this way from glucose. 

139. P. P. Regna and B. P. Caldwell, / . Am. Chem. Soc. 66, 246 (1944). 
HO. K. Maurer and B. Schiedt, Ber. 66, 1054 (1933). 
141. T. Reichstein, Helv. Chim. Ada 17, 1003 (1934). 
142. T. Reichstein, A. Grüssner, and R. Oppenauer, Helv. Chim. Ada 16, 561 

(1933); R. G. Ault, D. K. Baird, H. C. Carrington, W. N. Haworth, R. W. Herbert, 
E. L. Hirst, E. G. V. Percival, F. Smith, and M. Stacey, J. Chem. Soc. p. 1419 (1933). 

143. B. Helferich and O. Peters, Ber. 70, 465 (1937). 
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0 = C . 
I 

HOC I 

II o 

HOC I 

HC 1 

Condensation of Esters of Hydroxy Acids (144)- This method is similar to 
the Claisen condensation. 

0 = C 1 

HOC I 

Il o 
CH2OBz HOC I 
I NaOEt ) I 

COOEt HC 1 

CH2OH (CHOH)n 

I 
CH2OH 

The ascorbic acids are weak acids as a result of the presence of the enolic 
groups rather than of the lactone ring {188,145). They reduce Fehling solu-
tion, and the double bond is oxidized by acidic iodine solution. The reaction 
with iodine is used as a quantitative method to distinguish them from 2-keto 
acids. The action of boiling 12 % HCl causes the formation of furfural in 
very high yields, above 80% (see above). 

b. Vitamin C (h-Xyloascorbic Acid) (146) 

Vitamin C is widely distributed in nature, especially in green vegetables 
and citrus fruits. It has been found in conifer needles, and its presence in the 
lowly potato provides an excellent dietary source for those unable to secure 
other foods. I t is universally distributed in plant tissues, normally in the 

144. F. Micheel and H. Haarkoff, Ann. 545, 28 (1940). 
145. R. W. Herbert, E. L. Hirst, E. G. V. Percival, R. J. W. Reynolds, and F. 

Smith, J. Chem. Soc. p. 1270 (1933). 
146. H. R. Rosenberg, "Chemistry and Physiology of the Vitamins," p. 289. Inter-

science, New York, 1942; A. P. Meikeljohn, Vitamins and Hormones 11, 61 (1953); 
Lind Bicententary Symposium Proc. Nutrition Soc. 12, 202 (1953); B. B. Lloyd and 
H. M. Sinclair in "Biochemistry and Physiology of Nutrition*' (G. H. Bourne and 
G. W. Kidder, eds.), Vol. I, p. 369. Academic Press, New York, 1953; W. H. Sebrell 
and R. S. Harris, eds., in "The Vitamins," Vol. I, Chapter 2, p. 177. Academic Press, 
New York, 1954. 
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reduced form. When the tissues are damaged, the ascorbic acid is oxidized 
as a result of various causes, including the presence of a specific ascorbic 
oxidase. The equilibrium between the ascorbic acid (IV) and the oxidation 
product, dehydroascorbic acid (XIII), is very important to plant and 
animal life (147). The ascorbic acid apparently functions as a hydrogen 
carrier. 

0 = C -
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(XIII) 

COOH 

C = 0 

I 
C = 0 
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HCOH 

HOCH 

CH2OH 
(XIV) The 2,3-diketo-L-gulonic acid (XIV) is formed spontaneously on dissolu-

tion of dehydroascorbic acid (148). Dehydroascorbic acid may be stored as 
a methanol complex, which is far more stable than the parent substance 
(148a). 

Ascorbic acid is very sensitive to oxygen, especially in neutral solution, 
and to acidic iodine. The enolic grouping can be split by hypoiodite to form 
oxalic and L-threonic acids (149)> Methylation with diazomethane at 0° 
forms a 3-methyl ether, which no longer reduces, but which is still acidic 
(150). Methylation at 20° forms a 2,3-dimethyl ether which does not react 
with hydrazines. 

The stability of ascorbic acid in plant products is very important in the 
food industry. Oxidation in milk is accelerated by copper and sunlight. 
Low-temperature storage of foods (below 42°F.) is helpful in preventing 
loss. 

In 1928 a strongly reducing "hexuronic acid" was isolated from adrenal 
cortex, oranges, and cabbages in a study of oxidation-reduction factors 
(151). This product was shown later to be identical with vitamin C, iso-

147. W. O. James and J. M. Cragg, New Phytologist 42, 28 (1943); L. W. Mapson, 
Vitamins and Hormones 9, 1 (1953). 

148. J. R. Penney and S. S. Zilva, Biochem. J. 39, 1 (1945). 
148a. B. Pecherer, J. Am. Chem. Soc. 73, 3827 (1951). 
149. E. L. Hirst, J. Soc. Chem. Ind. 52, 221 (1933). 
150. T. Reichstein and R. Oppenauer, Helv. Chim. Ada 17, 390 (1934). 
151. A. Szent-Györgyi, Biochem. J. 22, 1387 (1928). 



VI. ACIDS AND OXIDATION PRODUCTS 333 

lated from lemon juice {162). The constitution {163) was established in 
1933, and the first successful synthesis was described in the same year {142). 

The first synthesis was based on the addition of HCN to L-xylosone. 
D-Galacturonic acid was the starting material; reduction gave L-galactonic 
acid, and the amide was then degraded to L-lyxose, which was converted to 
L-xylosone. The most important commercial method utilizes sorbitol as the 
starting material {164). Bacterial oxidation produces L-sorbose, and the 
diacetone derivative (XV) is oxidized with permanganate to di-O-iso-
propylidene-2-keto-L-gulonic acid (XVI), which after hydrolysis of the 
acetone groups (XVII) can be converted to ascorbic acid (IV). 
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The conversion of D-galacturonic acid to L-galactonic acid, and subse-
quent oxidation to 2-keto-L-galactonic acid, has been suggested as a method 
{166). Sorbose can be oxidized directly to the 2-keto-L-gulonic acid, but 
better yields are obtained with the diacetone derivatives. 

F. OSONES 

The osones are known primarily in the form of their hydrazine deriva-
tives, the osazones. These "dicarbonyl" sugars have achieved importance 
as intermediates in the synthesis of ascorbic acids. They also can be oxi-
dized to 2-keto aldonic acids. 

152. C. G. King and W. A. Waugh, Science 75, 357 (1932); W. A. Waugh and C. G. 
King, J. Biol. Chem. 97, 325 (1932). 

158. R. W. Herbert, E. G. V. Percival, R. J. W. Reynolds, F. Smith, and E. L. 
Hirst, J. Soc. Chem. Ind. 52, 221, 482 (1933); F. Micheel and K. Kraft, Z. physiol. 
Chem. 222, 235 (1933). 

164- T. Reichstein and A. Grüssner, Helv. Chim. Ada 17, 311 (1934). 
156. H. S. Isbell, J. Research Natl. Bur. Standards 33, 45 (1944). P. P. Regna and 

B. P. Caldwell, J. Am. Chem. Soc. 66, 243 (1944); R. Pasternack and P. P. Regna, 
U. S. Patent 2,207,991 (July 16, 1940); U. S. Patent 2,338,534 (Jan. 4, 1944). 
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The osones exist only as amorphous or sirupy materials. They are very 
labile and show the characteristics of enediols of the reductone type. For 
this reason the formula for D-glucosone, for example, might be represented 
best by (II) below, rather than (I). This formula is similar to a "reduced" 

H 

CHO HOC-

! I 
C=0 HOC 

HOCH HOC 

I I 
HCOH HCOH 

I I 
HCOH HC 

O 

CH2OH CH2OH 
(I) (II) 

ascorbic acid. Reduction occurs with Fehling solution in the cold, and de-
rivatives are obtained with hydrazines and diamines. 

A hemiacetal ring structure, linked to carbon 5 or to carbon 6, has been 
suggested for D-glucosone, based on oxidation with lead tetraacetate. As 
no significant amount of formaldehyde was found (156), the —CHOH— 
CH2OH grouping was apparently not present in the molecule. In contrast 
to this evidence, periodic acid oxidation gave formaldehyde and showed the 
structure to be a straight chain (157). Glucosone also condenses with 
acetone in the presence of concentrated sulfuric acid to give a crystalline 
l,2:2,3:5,6-tri-0-isopropylideneglucosone hydrate (158), converted by 
partial hydrolysis to a 1,2:2,3-di-O-isopropylidene derivative. The con-
stitution of the latter was shown by periodate oxidation, and also by 
methylation and hydrolysis to the known 5,6-di-O-methylglucosone. Evi-
dently this derivative must have a furanoid structure. In contrast, 2,3,4,6-
tetra-O-acetylglucosone has a pyranose structure, for this compound was 
prepared from acetobromoglucose which contains a pyranose ring. Gluco-
sone shows a slight mutarotation in aqueous solution (156) and also reacts 
with Schiff's reagent. Until a crystalline form is obtained, the structure of 
glucosone in solution has little significance. 

Several methods are available for the preparation of these compounds. 
Osazones can be hydrolyzed by acids or by carbonyl compounds. (See 

156. C. E. Becker and C. E. May, J. Am. Chem. Soc. 71, 1491 (1949). 
157. P. Fleury and V. Vievet-Guinard, Ann. pharm. franc. 6, 404 (1947). 
158. S. Bayne, G. A. Collie, and J. A. Fewster, J. Chem. Soc. p. 2766 (1952); see 

also M. G. Blair, Advances in Carbohydrate Chem. 9, 97 (1954). 
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under Osazones.) Alcohol-insoluble osazones are generally hydrolyzed with 
concentrated hydrochloric acid at a low temperature. Alcohol-soluble 
osazones can be split by the action of benzaldehyde. Pyruvic acid has also 
been used. 

Catalytic oxidation of sugars and alcohols is a more direct method. 
Hydrogen peroxide and iron salts were used originally (see under Hydrogen 
peroxide oxidations). However, much better yields have been obtained by 
the direct oxidation with cupric salts (159). The action of a limited excess of 
cupric acetate for a short time on methanol solutions of L-sorbose or L-
xylose has given a 60 % yield of the osone. 

The simplest osone, glycerosone or hydroxypyruvic aldehyde, has been 
prepared by the oxidation of dihydroxyacetone. This compound is enolic in 
character, reducing cold Fehling solution and forming acidic aqueous solu-
tions (160). I t exists normally as the trimer. 

Glucose has been oxidized with A. parasitions Speare and another un-
identified mold (161). Yields of 8.6% of glucosone were obtained from 
glucose and 17% from maltose. Starch and sucrose gave 15 and 13.6% 
yields, respectively. 

Substituted osones can be synthesized by the Grignard reaction. Di-O-
isopropylidene-2-ketogluconic acid and phenyl magnesium bromide react 
to form l-C-phenyl-2,3,4,5-di-0-isopropylideneglucosone (162). Some 1,1-
C-diphenyl-2,3,4,5-di-0-isopropylidenefructose is also formed. Hydrolysis 
with boiling normal sulfuric acid in propanol forms the 1-C-phenylgluco-
sone. This product is the first osone prepared in crystalline form. 

A tetra-O-acetylglucosone hydrate is prepared by the treatment of 
tetra-0-acetyl-l,2-glucoseen with chlorine followed by silver carbonate 
(see under Glycoseens). 

G. DIALDOSES 

Several compounds of the dialdose type (see formula, p. 299) have been 
prepared. Catalytic reduction of tetra-O-acetylgalactaric acid gave 2 ,3 ,4 ,5-
tetra-O-acetyl-0aZado-hexodialdose (163). Lead tetraacetate oxidation of 
tetra-O-acetyl-rm/o-inositol, tetra-O-acetyl-aZ/o-inositol, and di-O-isopropyl-
idene-D-inositol, respectively, gave the corresponding zdo-hexodialdose, 

159. J. K. Hamilton and F. Smith, J. Am. Chem. Soc 74, 5162 (1952). 
160. W. E. Evans, Jr., C. J. Carr, and J. C. Krantz, Jr., J. Am. Chem. Soc. 60, 

1628 (1938); R. G. W. Norrish and J. G. A. Griffiths, J. Chem. Soc. p. 2829 (1928). 
161. C. R. Bond, E. C. Knight, and T. K. Walker, Biochem. J. 31, 1033 (1937); 

see also R. C. Bean and W. Z. Hassid, Science 124, 171 (1956). 
162. H. Ohle and I. Blell, Ann. 492, 1 (1931). 
168. F. Micheel, "Chemie der Zucker und Polysaccharide," pp. 176-177. Akade-

mische Verlagsges., Leipzig, 1939. 
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aZZo-hexodialdose and D-manno-hexodialdose derivatives (164). Periodate 
oxidation of 1,2-0-isopropylidene-D-glucose cleaves the terminal carbon 
with the formation of the D-xz/Zo-pentodialdose derivative (165); 2,3-0-
isopropylidene-D-£Äreo-tetrodialdose (166) was similarly prepared from 
3,4-0-isopropylidene-D-mannitol. 

None of these dialdoses is crystalline, but they give crystalline bis-
hydrazones with phenyl- and p-nitrophenylhydrazine and also form tetra-
ethyl thioacetals. 

Methyl ß-D-0Zi£CO-(5-formyl-pentopyranoside) has been prepared in 
amorphous condition by chromic acid oxidation of the methyl glucoside 
(4). This compound can be considered as the 1-methyl glucoside of O-gluco-
hexodialdose. 

2. OXIDATIVE AGENTS 

A. HALOGEN OXIDATIONS (167) 

The halogens and their oxyacids probably are the most important oxi-
dants used in the carbohydrate field. They are widely used as bleaching 
agents, but the mechanism of this action remains to be clarified. As reagents 
for preparatory purposes (particularly for aldonic acids and lactones) and 
for analytical procedures, they are very important. Periodic acid, discussed 
in a later section, has an important application for the elucidation of struc-
tures of carbohydrates. A number of valuable commercial products are 
made by treatment of polysaccharides with halogens, particularly chlorine 
or hypochlorous acid, but the nature of these actions, such as the modifica-
tion of starch, has not been clarified. 

Bromine and hypoiodite oxidations are particularly suitable for the prep-
aration of aldonic acids from aldoses. Similarly, uronic acids are converted 
to saccharic acids. Of less value is the oxidation of primary alcoholic to 
aldehydic groups. In this manner, glycosides can be converted to uronides 
and polyols to aldoses and aldonic acids. 

Secondary alcoholic groups are oxidized to keto groups, and the 2-keto 
and 5-keto acids are formed in this manner. More extended oxidation re-
sults in the cleavage of carbon-carbon bonds and the production of short-
chain acids. 

Periodic acid i& of great value in that it usually produces quantitative 

164. G. Dangschat, Naturwissenschaften 30, 146 (1942); G. Dangschat and H. O. L. 
Fischer, ibid. 27, 756 (1939); C. E. Ballou and H. O. L. Fischer, J. Am. Chem. Soc. 
75, 3673 (1953); ibid. 75, 4695 (1953). 

165. J. C. Sowden, J. Am. Chem. Soc. 73, 5496 (1951); K. Iwadare, Bull. Soc. 
Japan 16, 40 (1941). 

166. H. O. L. Fischer and H. Appel, Helv. Chim. Ada 17, 1574 (1934). 
167. J. W. Green, Advances in Carbohydrate Chem. 3, 129 (1947). 
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cleavage of pairs of vicinal hydroxyl groups and the formation of dialde-
hydes. Oxidations of this type are discussed in the next section. 

The chemistry of bleaching and oxidizing agents, with emphasis on the 
variations of oxidation-reduction potentials with pH, has been reviewed 
(168). However, a quantitative examination of the oxidation products is 
not feasible with present techniques, and, until such methods are readily 
available, reaction mechanisms can be suggested only in a tentative manner. 

I t is particularly interesting that in spite of the cheapness and availa-
bility, chlorine and hypochlorite are not common oxidative agents for pre-
paratory purposes. 

a. Halogens and Hypohalites 

The use of halogens and hypochlorites as oxidizing agents is complicated 
by the change in the nature of the oxidation as the conditions of tempera-
ture, acidity, and concentration vary. The halogens not only show consid-
erable difference in the position of the various equilibria and the speed at 
which the equilibria are attained, but also in the maximal concentrations as 
expressed by the solubilities. 

At 20°C. the solubility (169) of the halogens in water is: chlorine, 1.85 
g./100 ml.; bromine, 3.58 g./100 ml.; and iodine, 0.28 g./100 ml. In aqueous 
solution, hydrolysis occurs as expressed by the following equation: 

X2 + H20 τ± HOX + HX 

The equilibrium constants for the reaction are given (170) as: 

Chlorine, K = 4.5 X 10~4 

Bromine, K - 2.4 X 10~8 

Iodine, K = 3.6 X 10~13 

Evidently in acid solution, the equilibrium lies far to the left and the con-
centration of hypohalous acid is very small. 

When alkali is added to the system, the concentration of hypohalite ion 
increases: 

X2 + 2 NaOH <F± NaOX + NaX + H20 

Hence, the concentration of free halogen, halic acid, and hypohalite will 

vary greatly with the acidity. For 0.02 M chlorine solutions at room tern-

i e . G. Holst, Chem. Revs. 54, 169 (1954). 
169. A. Seidell, "Solubilities of Inorganic and Metal Organic Compounds," Vol. 

1. Von Nostrand, New York, 1940. 
170. J. W. Mellor, "A Comprehensive Treatise on Inorganic and Theoretical 

Chemistry," Vol. 2. Longmans, Green, New York, 1927. 
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perature, for example, Ridge and Little (171) have shown that at pH 1, 82% 
of the total chlorine exists as free chlorine and 18 % as hypochlorous acid. 
At pH 4, only 0.4% is free chlorine and 99.6% is hypochlorous acid. At 
pH 8, 21 % exists as hypochlorous acid and 79 % as hypochlorite. Obviously, 
the concentration of the oxidant and probably the nature of the oxidation 
will be influenced greatly by the acidity. 

Hypohalites are converted to halates according to the equation: 

2 HOX + OX- ^ 2 H X + XO3-

For hypochlorous acid, (172) the minimum stability exists at pH 6.7 and the 
maximum stability at pH 13. Various anions exert a catalytic effect. For 
hypobromite solutions, these positions of maximum and minimum stability 
are shifted to more alkaline conditions. The velocity of halate formation 
increases greatly in the order: C103 < BrOß < I 0 3 . 

Oxidation in Acid Solutions. In acid solutions the active oxidant is the 
free halogen or the hypohalous acid. As noted above, the proportions of 
these potential forms of the oxidant vary with the acidity of the solution 
and the nature of the halogen. However, unless a buffer or neutralizing 
substance is present, the solution will become strongly acid as a result of 
the formation of hydrohalic acid. 

RCHO + Br2 + H20 -> RCOOH + 2 HBr 

RCHO + HOBr -> RCOOH + HBr 

Hlasiwetz (17S) first used halogens for the oxidation of sugars. Lactose 
was treated with bromine and glucose with chlorine. Gluconic acid was 
formed from glucose and isolated as the calcium salt. Kiliani (174) found 
that sugars were oxidized readily by bromine at room temperature and ob-
tained yields of 50 to 70 % of various aldonic acids. 

The accumulation of HBr during the oxidation produces a definite inhi-
bition of the rate of oxidation. The effect is more than one of an increasing 
acidity, for, although other strong acids also inhibit the rate, the effect is 
largest for HBr and HC1 (175). To minimize this inhibiting influence, the 
reaction may be carried out in the presence of a buffer such as barium car-
bonate or barium benzoate (176). In general, the presence of buffers in-

171. B. P. Ridge and A. H. Little, J. Textile Inst. 33, T33 (1942). 
172. R. M. Chapin, J. Am. Chem. Soc. 56, 2211 (1934). 
178. H. Hlasiwetz, Ann. 119, 281 (1861); H. Hlasiwetz and J. Habermann, ibid. 

155, 120 (1870). 
174. H. Kiliani and S. Kleeman, Ber. 17, 1296 (1884). 
175. H. H. Bunzel and A. P. Mathews, J. Am. Chem. Soc. 31, 464 (1909). 
176. H. A. Clowes and B. Tollens, Ann. 310, 164 (1899); C. S. Hudson and H. S. 

Isbell, J. Am. Chem. Soc. 51, 2225 (1929); Bur. Standards J. Research 3, 57 (1929). 
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creases the yields of aldonic acids, and, in addition, hydrolysis of disac-
charides is prevented. Yields of 96 % of gluconic acid and of 90 % of xylonic 
acid (as salts) have been obtained when buffered solutions were employed. 

When the oxidation period is extended, particularly under unbuffered 
conditions, keto acids may be formed in small yields. Rhamnose gives 5-
ketorhamnonic lactone (177) and hexose sugars the 5-keto acids (178), 
Under more drastic conditions, carbon-carbon bonds are cleaved with the 
production of short-chain acids. 

A variation of the bromine oxidation process which seems to be par-
ticularly feasible for the commercial production of aldonic acids involves 
the electrolysis between carbon electrodes of solutions containing sugars, 
small amounts of bromides, and a buffer such as calcium carbonate (179). 
Presumably the reaction takes place by the formation of free bromine at 
the anode; the bromine oxidizes the aldose to the aldonic acid and is re-
duced to bromide. Yields are almost theoretical in many cases. If the elec-
trolytic method is not well controlled, saccharic acids and 2-keto and 5-keto 
aldonic acids may be produced (180). Whereas the normal electrolytic oxi-
dation is conducted with direct current, a yield of 55 % of gluconic acid has 
been obtained with alternating current (181) and platinum electrodes; a 
very low efficiency was observed with graphite electrodes. 

The ketoses are resistant to the action of bromine (182) ; bromine oxida-
tion is used sometimes to remove aldoses from mixtures such as invert 
sugar. By extending the period of oxidation and employing high tempera-
tures, Kiliani obtained oxalic acid, bromoform, and glycolic acid (183). 
Milder conditions give keto acids such as 5-keto-L-gulonic acid from fruc-
tose and 5-keto-L-gluconic acid from sorbose (184). Calcium 2-keto-D-
gluconate has yielded 65 % of calcium arabonate by an electrolytic bromine 
oxidation (185). 

For polyols, more drastic conditions for bromine oxidations are required 

177. E. Votocek and S. Malachata, Anales soc. espan. fis. y quîm. 27, 494 (1929). 
178. J. P. Hart and M. R. Everett, J. Am. Chem. Soc. 61, 1822 (1939). 
179. H. S. Isbell and H. L. Frush, Bur. Standards J. Research 6, 1145 (1931); H. S 

Isbell, U. S. Patent 1,976,731 (Oct. 16, 1934); E. L. Helwig, U. S. Patent 1,895,414 
(Jan. 24, 1933). 

180. R. Pasternack and P. P. Régna, U. S. Patent 2,222,155 (Nov. 19, 1940); E. W. 
Cook and R. T. Major, J. Am. Chem. Soc. 57, 773 (1935). 

181. A. N. Kappanna and K. M. Joshi, J. Indian Chem. Soc. 29, 69 (1952). 
182. H. Kiliani and C. Scheibler, Ber. 21, 3276 (1888). 
18S. H. Kiliani, Ann. 205, 182 (1880). 
184. M. R. Everett and F. Sheppard, 'Oxidation of Carbohydrates; Keturonic 

Acids; Salt Catalysis," University of Oklahoma Medical School, Norman, 1944. 
185. C. L. Mehltretter, W. Dvonch, and C. E. Rist, J. Am. Chem. Soc. 72, 2294 

(1950); C. L. Mehltretter and W. Dvonch, U. S. Patent 2,502,472 (1950). 
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than for aldoses. The oxidation product of sorbitol gives two osazones, gluc-
osazone and gulosazone (186). 

The mechanism of the oxidation of aldoses by bromine in the presence of 
barium carbonate and bromides (pH about 5.4) has been studied by Isbell 
and Pigman (187). Under these conditions the active oxidant is free bromine 
and not hypobromous acid. Molecular chlorine has been found to be the 
active oxidant in the oxidation of glucose by buffered chlorine water at pH 
2.2 and 3.0 (188). 

It is interesting that the ring forms of the sugars, rather than the free 
aldehyde, are oxidized directly under these conditions (189). Pyranoses 
yield δ-lactones and furanoses γ-lactones, directly. 

I 
HCOH 

HCOH 

HOCH O 

HCOH 
I 

HC 

Br2 

CO 

HCOH 

HOCH 0 + 2 HBr 

I 
HCOH 

! 
HC 

CH2OH 
Glucopyranose 

CH2OH 
Gluconic 5-lactone 

The yields are high. The direct formation of δ-lactones from the sugars 
provides strong evidence that the crystalline sugars, in general, have py-
ranoid structures (see Chapter I). 

In the hexose series as far as studied, the α-isomers are oxidized much 
more slowly than the ß-isomers (190). ß-Glucose, for example, oxidizes about 
35 times more rapidly than the α-isomer. The anomeric forms of galactose 
show a similar difference as shown in Fig. 2. The data for a number of sug-
ars are given in Table IV. When plotted on a semilogarithmic scale, the 
rate curves for the oxidation are approximately linear. Fig. 3 shows the 
data for several forms of mannose. 

The effect of an adjacent grouping on the speed of oxidation of the car-
bonyl group has been shown in the case of 2-deoxy-D-galactose ; this sugar 

186. C. Vincent and Delachanal, Compt. rend. I l l , 51 (1890); E. Fischer, Ber. 
23, 3684 (1890); H. W. Talen, Rec. trav. chim. 44, 891 (1925). 

187. H. S. Isbell and W. W. Pigman, Bur. Standards J. Research 10, 337 (1933). 
188. N. N. Lichtin and M. H. Saxe, J. Am. Chem. Soc. 77, 1875 (1955). 
189. H. S. Isbell, Bur. Standards J. Research 8, 615 (1932); H. S. Isbell and C. S. 

Hudson, ibid. 8, 327 (1932). 
190. H. S. Isbell and W. W. Pigman, / . Research Natl. Bur. Standards 18,141 (1937). 
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L_j I , I , I . 1 . 1 1 1 1 1 1 1 . 1 
0 40 80 120 160 200 240 280 320 360 

Time (minutes) 

FIG. 2. Rate of oxidation of D-galactose by bromine (ca. 0°C. pH = 5.4, buffered). 
(After Isbell and Pigman.) 

Time (minutes) 

FIG. 3. Rate of oxidation of D-mannose by bromine (ca. 0°C, pH = 5.4, buffered). 
(After Isbell and Pigman.) 

is oxidized by unbuffered bromine water at about three times the rate for 
D-galactose (191). 

The equilibrium solutions are oxidized at rates intermediate between 
those for the individual anomers (see Fig. 2 and 3), and the oxidation curve 
is composed of a rapid phase followed by a slow phase. Extrapolation of the 
slow portion (on a semilogarithmic plot) to zero time gives the amount of 
the two anomers in the equilibrium solution. The composition of equilib-
rium solutions of several sugars as determined in this manner agrees with 
that obtained by optical rotation studies (see Table III , Chapter I). 

191. W. G. Overend, F. Shafizadeh, and M. Stacey, J. Chem. Soc. p. 2062 (1951). 
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TABLE IV 

T H E RATES OF OXIDATION OF THE ALPHA AND BETA SUGARS IN AQUEOUS SOLUTIONS 

CONTAINING 0.05 MOLE SUGAR AND 0.08 MOLE F R E E BROMINE PER LITER 

AND BUFFERED WITH BARIUM CARBONATE AND CARBON D I O X I D E 

Sugar 

a-D-Glucose 
/3-D-Glucose 
a-D-Mannose 
/8-D-Mannose 
a-D-Galactose 
/3-D-Galactose 
a-D-Talose 
/3-D-Talose (from equilibrium solution) 
a-D-Gulose · CaCl 2 · H20 
0-D-Gulose (from equilibrium solution) 
0-L-Arabinose 
a-L-Arabinose · CaCl 2 · 4H20 
a -D -Xylose 
ß-D-Xylose (from equilibrium solution) 
a-D-Lyxose 
0-D-Lyxose 
D-Ribose (crystalline) 
D-Ribose (from equilibrium solution) 
L-Ribose (crystalline) 
L-Ribose (from equilibrium solution) 
α-L-Rhamnose, hydrate 
/3-L-Rhamnose (from equilibrium solution) 
a-Lactose, hydrate 
0-Lactose 
a-Maltose (from equilibrium solution) 
ß-Maltose, hydrate 

Oxidation with bromine water 

Average 
value for 
velocity 
constant 
k X 102 

32 
1255 

51 
781 
42 

1590 
78 

844 
71 

418 
95 

1658 
90 

1673 
156 
449 
196 

1010 
195 

1456 
90 

770 
29 

952 
24 

1528 

Relative 
reaction 

rates 
IC sugar 

"'α-ο -glucose 

1 
39 
1.6 

24 
1.3 

50 
2.4 

26 
2.2 

13 
3.0 

52 
2.8 

52 
4.9 

14 
6.1 

32 
6.1 

45.5 
2.8 

24 
0.9 

30 
0.8 

48 

Ratio of the 
rates for the 

a- and 
/8-isomers 

kß/ka 

39.2 

15.3 

37.9 

10.8 

5.9 

17.5° 

18.6 

2.9 

5.2 

7.5 

8.6 

32.8 

64.0 

a ka/kß . For the nomenclature difficulties for arabinose, see p. 43. 

One form of mannose (mannose-CaCl2*4H20, Fig. 3) exhibits an oxida-
tion curve intermediate between those for the a- and ß-forms, and consid-
erable mannonic 7-lactone is present in the solution. Consequently, it would 
appear that this modification is a mannofuranose. 

The action of chlorine is much slower than that of bromine. Xylose has 
been converted to 30 % of ammonium xylonate by the action of chlorine in 
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the presence of ammonia {192). Methyl ß-D-glucoside is converted first to 
gluconic acid, in 50 % yields, by the action of chlorine water at room tem-
perature for 14 days. Further oxidation for 25 days gives 5-ketogluconic 
acid; the products were identified by paper chromatography (3). The glu-
coside is apparently oxidized directly to gluconic acid, perhaps with an inter-
mediate 1-C-chloro methyl glucoside being formed, but the possibility of 
glucose being formed as a hydrolytic product before oxidation is ruled out. 
Glucaric acid is a minor product. Galactosides give galactonic and galactaric 
acid, but not the 5-keto acid. Mannosides give only mannonic acid, and 
xylosides the xyIonic acid and a small amount of the keto acid. All the ß-
glycosides (with the exception of the xylosides) react more rapidly than do 
the a-glycosides, in agreement with the oxidation of aldoses by bromine 
(190). Methyl 0-cellobioside gives gluconic, 5-ketogluconic, glucaric, and 
cellobionic acids. 

Oxidation with Hypohalites in Alkaline Solutions. In alkaline solution the 
halogens exist as hypohalous acid and hypohalite ions. The oxidation is 
likely to be more drastic than for the free halogens. Thus, whereas free io-
dine will not act as an oxidant, hypoiodite is a powerful oxidizing agent. 
Hypobromite and hypochlorite particularly are likely to produce oxidation 
of primary and secondary alcoholic groups and cause cleavage of carbon-
carbon bonds. As noted above, the processes are complicated by the ten-
dency of hypohalite to be converted to halate ions. 

The oxidation of 0-glucose by hypoiodous acid at pH 9.8 is initially at 
least 25 times as fast as that of the a-isomer (193). As the oxidation pro-
gresses, the simultaneous mutarotation tends to equalize the two rates. 
This difference in rates has been observed in the pH range of 7.6 to 11.8. 

Alkaline hypoiodite has been proposed as a reagent for the quantitative 
determination of aldehyde groups (194). With careful control of conditions, 
aldoses are converted practically quantitatively to aldonic acids (Chapter 
XI). Measurement of the iodine consumed gives the amount of aldose 
originally present : 

RCHO + I2 + 3 NaOH -> RCOONa + 2 Nal + 2 H20 

In the reaction, the rate of iodate formation should be slower than the 
oxidation of the aldose. The reaction is slowed down by the presence of buf-
fers such as borax (195). 

Hypoiodites are used for preparatory as well as analytical purposes. 

192. H. C. Fang, Iowa State Coll. J. Set. 6, 423 (1932). 
193. K. D. Reeve, J. Chem. Soc. p. 172 (1951). 
194. G. Romijn, Z. anal. Chem. 36, 349 (1897); see also discussion in Chapters III 

and XII. 
195. See K. Myrbäck and E. Gyllensvard, Svensk Kern. Tidskr. 54, 17 (1942). 
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Goebel used barium hypobromite for the preparation of calcium gluconate 
and maltobionate (196). In methanol solution, high yields of the aldonic 
acids are obtained (197). 

Ketoses are essentially inert to the action of hypoiodites under the con-
ditions used for the determination of aldoses, although for accurate work 
small corrections may be necessary. With excessive amounts of alkali and 
slightly elevated temperatures, oxalic acid is produced (198). 

More drastic oxidation of aldoses with hypoiodite leads to keto acids and 
finally to cleavage of carbon-carbon bonds. Honig and Tempus (199) 
claimed to have oxidized glucose step wise to gluconic acid, 2-ketogluconic 
acid, and D-arabonic acid. However, other workers claim that the main pro-
duct is 5-ketogluconic acid (200). 

Glycosides are converted by hypoiodite or hypobromite to uronides in 
rather low yields (201). Jackson and Hudson (202) obtained a yield of 12% 

I 
HCOCH3 

HOCH 

HOCH O 

HCOH 

HC 

Ba(BrO)s 

I 
HCOCH3 

HOCH 

HOCH O + 

HCOH 

I 
HC 

I 
HCOCH.3 

COOH 

O 

COOH 

HC-

CH2OH COOH CH2OH 

of the brucine salt of methyl α-mannosiduronic acid but showed that cleav-
age of carbon-carbon bonds also occurs. 

Polyols are oxidized by alkaline solutions of halogens. Fischer and Tafel 
(208) obtained 20 % yields of glycerosazone by the action of bromine and 
sodium carbonate on glycerol and subsequent treatment with phenylhy-
drazine. Galactitol gave an osazone which appeared to be galactosazone. 
Presumably, the oxidation takes place mainly at the primary alcoholic 
group. 

196. W. F. Goebel, J. Biol. Chem. 72, 809 (1927). 
197. S. Moore and K. P. Link, J. Biol. Chem. 133, 293 (1940). 
198. K. Bailey and R. H. Hopkins, Biochem. J. 27, 1965 (1933). 
199. M. Honig and F. Tempus, Ber. 57, 787 (1924). 
200. T. Reichstein and O. Neracher, Helv. Chim. Ada 18, 892 (1935); W. Ruzicka 

Z. Zuckerind. Böhmen-Mähren 64, 219 (1941). 
201. M. Bergmann and W. W. Wolff, Ber. 56, 1060 (1923); K. Smolenski, Rocznikt 

Chem. 3, 153 (1924). 
202. E. L. Jackson and C. S. Hudson, / . Am. Chem. Soc. 59, 994 (1937). 
208. E. Fischer and J. Tafel, Ber. 20, 3384 (1887); 22, 106 (1889). 
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Amides with free hydroxyl groups at carbon 2 are degraded to sugars 
with one less carbon atom by treatment with hypochlorites. This is the 
basis of the Weerman method of degrading sugars, discussed elsewhere 
(Chapter II). 

6. Halic Acids {HXOz) 

Chloric acid in conjunction with catalysts, particularly vanadium pent-
oxide {204), has as its principal use the oxidation of aldonic acids or lac-
tones to the 2-keto acids, intermediates in the preparation of ascorbic acid 
and analogs, as discussed in a preceding section. 

D-Gluconic 7-lactone and potassium D-galactonate in methanol solution 
in the presence of phosphoric acid and V2OB are oxidized by chloric acid to 
methyl 2-keto-D-gluconate and methyl 2-keto-D-galactonate, respectively 
{205). 

O C O H OCOCH3 
I HC103 I 

HÇOH C £ 8 ' H ' Ç = 0 

Iodic acid in strong sulfuric acid at 100°C. is reported to show a rather 
remarkable specificity; ketoses, sucrose, and pentoses are oxidized, but 
aldohexoses and lactose are not attacked {206). At still higher temperatures, 
hexoses are oxidized quantitatively to carbon dioxide and water {207). 

Under mild conditions of temperature and in the absence of a catalyst, 
aldoses, ketoses, and sucrose are inert to the action of chloric acid over 
several weeks time {208). Bromates in alkaline solution also exert no oxida-
tive action {209). 

c. Chlorous Acid {HCIO2) 

Chlorous acid is of particular interest because of its use for the removal 
of lignin and other noncarbohydrates from woody tissue without appre-
iable action on the carbohydrates. (See Chapter XII , under Holocellulose.) 
It also is reported to be an effective bleaching agent. 

Jeanes and Isbell {208) found that under mild conditions aldoses are 
oxidized to the aldonic acids but that nonreducing carbohydrates and ke-

204. R. Pasternack and P . P . Regna, U. S. Patent 2,203,923 (June 11, 1940); U. S. 
Patent 2,207,991 (July 16, 1940); U. S. Patent 2,188,777 (Jan. 30, 1940). 

205. P . P . Regna and B. P . Caldwell, J. Am. Chem. Soc. 66, 243 (1944); H. S. Isbell, 
J. Research Natl. Bur. Standards 33, 45 (1944). 

206. R. J . Williams and M. Woods, J. Am. Chem. Soc. 59, 1408 (1937). 
207. W. Hurka , Mikrochemie ver. Mikrochim. Acta 30, 259 (1942). 
208. A. Jeanes and H. S. Isbell, J. Research Natl. Bur. Standards 27, 125 (1941). 
209. P . Van Fossen and E. Pacsu, Textile Research J. 16, 163 (1946). 
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toses are only slowly attacked. The rapidity of oxidation is in the order: 
pentoses > hexoses > disaccharides; α-hexoses > ß-hexoses. The yields 
of aldonic acids, however, are less than for bromine oxidations (210). The 
equation for the oxidation in acidic solution was expressed as: 

RCHO + 3 HC102 -+ RCOOH + HC1 + 2 C102 + H20 

The quantitative stoichiometry of the glucose - chlorous acid reaction 
has been studied in detail (211) ; the reagent used was sodium chlorite in a 
phosphoric acid - phosphate buffer at pH 2.4-3.4. The molar ratio of oxi-
dant consumed to glucose consumed was 3:1, without overoxidation over 
extended time periods. The decomposition of the reagent throughout the 
oxidation was determined ; the rate was proportional to the geometric mean 
of the chlorite concentration. The method is recommended for the deter-
mination of aldehyde groups in carbohydrates, especially alkali-sensitive 
ones. 

Glucose in a mixture with fructose can be determined quantitatively by 
oxidation with sodium chlorite at pH 4.0; the chlorine dioxide evolved in 
the reaction is measured (211a). 

B. REAGENTS CLEAVING GLYCOLS 

A number of reagents exhibit relatively sharp specificity for the cleavage 
of bonds between adjacent carbon atoms carrying hydroxyl groups. The 
most important of these are periodic acid and lead tetraacetate. The req-
uisite properties of an oxidant of this type have been defined (212) as 
follows: 

1. "The central atom of the oxidant must have a diameter, about 2.5 to 
3.0 X 10~8 cm., which is large enough to bridge the space between hydroxyl 
groups in a 1,2-glycol. 

2. "The central atom of the oxidant must be able to coordinate at least 
two hydroxyl groups in addition to groups already attached to it. 

3. "The valence of the central atom must exceed by two units, rather 
than by one or three, the valence of the next lowest stable state. 

4. "The oxidant must have an E0 oxidation potential in the neighbor-
hood of about —1.7 volts with respect to the next lowest stable valence 
state." 

In general such oxidants are pictured (213) as operating by the formation 

210. See comments by J. W. Green, reference 167, p. 180. 
211. H. F. Launer and Y. Tomimatsu, Anal. Chem. 26, 383 (1954); J. Am. Chem. 

Soc. 76, 2591 (1954). 
211a. F. Stitt, S. Friedlander, H. J. Lewis, and F. E. Young, Anal. Chem. 26, 

1478 (1954). 
212. L. J. Heidt, E. K. Gladding, and C. B. Purves, Paper Trade J. 121, 81 (1945). 
218. R. Criegee, L. Kraft, and B. Rank, Ann. 507, 159 (1933). 
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of an ester with the glycol, the ester being decomposed with the oxidant 
liberated in its lower state of valence, and the remaining free radical rear-
ranging to the dialdehyde. (See below under Periodic acid.) 

For periodate and lead tetraacetate, the intermediate complexes are too 
unstable to enable isolation, but with similar materials crystalline esters 
have been obtained (thallic esters of fatty acids and potassium osmate). 

An alternative mechanism for this type of oxidation is based on a free 
radical mechanism (214)· Lead tetraacetate, for example, decomposes in 
hot solution according to the following equation: 

Pb(OCOCH3)4 -* Pb(OCOCH3)2 + 2 0COCH3 

The neutral acetate radicals may dehydrogenate 1,2-glycols as follows: 

I 
HCOH + O—COCH3 

I 
HCOH 

I 
I I 

HC—O· HCOH HC—O· HC=0 
2 | -> | + I -» 
HCOH HCOH HC—0· HC=0 

I I I I 
Periodic acid and lead tetraacetate are the most important agents of this 

type, but sodium perbismuthate (NaBi03) and hydrated trivalent silver 
ion (Ag+++) also possess the necessary properties and oxidize glycols in a 
similar manner (212). 

Periodic acid has its principal value for analytical and structural deter-
minations. Lead tetraacetate is used for structural determinations (Chap-
ter IV) and preparatory purposes (Chapter II) . For the latter purpose, 
sodium perbismuthate shows considerable promise because the original 
material and its reduction products are difficultly soluble in water and may 
be easily separated from reaction products of the glycol. 

Cis 1,2-glycols are oxidized more rapidly than trans gtycols by both lead 
tetraacetate and periodic acid, but the former reagent manifests such a 
marked difference in rate for eis and trans groups that it has been used for 
their estimation (pp. 217 and 396). Lead tetraacetate, because of its ease of 
hydrolysis, is usually employed in organic solvents, whereas aqueous solu-
tions of periodic acid usually are used. Toward oxalic acid and a-hydroxy 
acids, the two reagents exhibit a marked difference. Oxalic acid is not at-
tacked by periodic acid, and glycolic acid is attacked only slowly at room 

814. W. A. Waters, Trans. Faraday Soc. 42, 184 (1946). 

HC—O· + HOCOCH3 

HCOH 
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temperature (214a). In contrast, lead tetraacetate attacks oxalic acids and 
α-hydroxy acids readily (215). 

Periodic acid is an extremely valuable reagent. When hydroxyl groups, 
or an amino and a hydroxyl group, are located on neighboring carbon atoms, 
cleavage of the intermediate carbon-carbon bond occurs upon treatment 
with periodic acid : 

R'CHOH—CHOH—R + HI04 -> R'CHO + RCHO + HI03 + H20 

R'CHNH2—CHOH—R + HI0 4 -> R'CHO + RCHO + HI0 3 + NH3 

In many cases, the reactions are practically quantitative. 
The use of periodic acid as a reagent for glycols was first applied by 

Malaprade. In the glycol series, Fleury and associates (216) showed that it 
is specific for 1,2-diols. The general application of the reagent has been 
reviewed by Jackson and by Dyer (217). 

The oxidation appears to take place through the intermediate formation 
of an unstable ester. Criegee (213) postulated the reaction as: 

| - c o 
HCOH 

H+ + l o r + I -> 
HCOH 

I —CO 

10 r 3 

(IO3-) + 
HCO-

I 
HCO-

HCO 
(dialdehyde) 

HCO 

The ester formation is analogous to the formation of hydrates by periodate 
ions: 

H+ + l o r + 2 H20 — 5 H+ + I06~
5 

The general conditions necessary for cleavage of carbon-carbon bonds have 
been discussed earlier in this chapter. Lead tetraacetate behaves similarly 
in many ways. 

The oxidation with periodate is second-order with respect to polyol and 

214a. C. F. Huebner, S. R. Ames, and E. C. Bubl, J. Am. Chem. Soc. 68, 1621 
(1946). 

215. R. Criegee, Sitzber. Ges. Beforder, ges. Naturw. Marburg 69, 25 (1934); Chem. 
Abstr. 29, 6820 (1935). 

216. P. Fleury and J. Lange, Compt. rend. 195, 1395 (1932). 
217. E. L. Jackson, in 'Organic Reactions," Vol. 2, p. 341. Wiley, New York, 

1944; J. R. Dyer, in "Methods of Biochemical Analysis," (D. Glick, ed.), Vol. 3. In-
terscience, New York, 1956; J. M. Bobbitt, Advances in Carbohydrate Chem. 11,1 (1956). 
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periodate {218). It proceeds more rapidly in acid solution than in alkaline 
solution. Cis pairs of hydroxyls react more rapidly than trans groups. The 
effective oxidation potential in acid solution is about —0.8 volts (212). 

When more than two vicinal hydroxyl groups are available, the oxidation 
continues through this portion of the molecule with the formation of formic 
acid from secondary alcoholic groups and formaldehyde from primary alco-
holic groups: 

CH2OH— (CHOH)n—CH2OH HIO4 
-> n HCOOH + 2 HCHO 

Compounds containing carbonyl and hydroxyl groups are oxidized. 

RCO—CH2OH -► RCOOH + HCHO 

RCO—CHO -> RCOOH + HCOOH 

RCH(OH)—COOH -* C02 + RCHO (slow) 

Aldonic and saccharic acids yield glyoxylic acid (216, 219). 

CH2OH—(CHOH)4—COOH + 4 HIO4 -* 

CHO—COOH + HCHO + 3 HCOOH + H20 + 4 HI0 3 

COOH—(CHOH)4—COOH + 3 HI0 4 -+ 

2 CHO—COOH + 2 HCOOH + H20 + 3 HI0 3 

Glucose consumes five atoms of oxygen producing one mole of formaldehyde 
and five moles of formic acid. Inositol (a hexahydroxycyclohexane) is oxi-
dized to formic acid and glycolic acid, 4 moles of oxidant being consumed 
rapidly and 6.7 moles at the end of several days (Chapter V). 

In a carbon chain, the reaction stops when a carbon atom is reached 
which does not carry an unsubstituted hydroxyl, a carbonyl, or an amino 
group. Glycosides, for example, give dialdehydes: 

I 
HCOR 

I 
HCOH 

HCOH O 

HCOH 
I 

HC 

I 
HCOR 

HCO 

HCO 

H C — 

O 

CH2OH CH2OH 

218. C. C. Price and H. Kroll, J. Am. Chem. Soc. 60, 2726 (1938); C. C. Price and 
M. Knell, ibid. 64, 552 (1942). 

219. P. Fleury and J. Lange, J. pharm. chim. (8) 17, 313 (1933); P. Fleury, G 
Poirot, and J. Fievet, Compt. rend. 220, 664 (1945). 
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The amount of oxidant consumed as well as the nature of the reaction prod-
ucts provide proof for the structure of the glycoside. (For further discussion, 
see under Structure of glycosides, Chapter IV.) Periodic acid oxidation also 
provides information of great value for the determination of the structures 
of glycosans, ether derivatives, oligo- and polysaccharides (Chapters VII, 
IX, and XII) . I t is also an important method of correlating the configura-
tion of the anomeric carbon atoms, particularly in glycosides (p. 36 and p. 
218). 

In several instances, 1,2-glycols have been found to be resistant to the 
action of periodic acid {220). These include 1,6-anhydroglucofuranose, 
tetra-O-acetylinositol, and 1,6-anhydro-a-D-galactofuranose. The 2,3,6-
tri-O-methylglucose and 3,4-di-O-methylglucose resist attack by periodate 
at carbon 5 and the adjacent free OH group. Hence, lack of oxidation by 
periodic acid cannot be taken as conclusive evidence of the absence of 1,2-
glycol groups. 

The formaldehyde formed in a periodate reaction is determined gravimet-
rically with Dimedon, or colorimetrically with chromotropic acid, after 
the excess oxidant is destroyed with ethylene glycol, stannous chloride, so-
dium arsenite, or sodium bisulfite (221). The formic acid is generally titrated 
directly. Titration to pH 6.0 will measure all the formic acid present. Titra-
tion to higher alkalinities will usually measure any formic acid bound as an 
ester (222) but also other acidic products; the end-point may be indefinite. 
Sucrose will give 80 to 90 % of the theoretical formic acid, and maltose and 
lactose similarly low values. Both formaldehyde and formic acid are at-
tacked only extremely slowly by periodate, but light apparently accelerates 
an oxidation to carbon dioxide and water (223). 

The possibility of a formyl ester being formed during periodate oxidation 
has been considered by many workers (224). Thus, 2- and 3-mono-O-
methyl-L-rhamnose and 2,3- and 3,4-di-O-methyl-L-rhamnose are incom-
pletely oxidized by sodium periodate. The 3,4-di-O-methyl-L-rhamnose 
consumed only 70 % of the expected amount of oxidant and gave only 10 % 

220. R. J. Dimler, H. A. Davis, and G. E. Hubert, J. Am. Chem. Soc. 68, 1377 
(1948); G. Dangschat and H. O. L. Fischer, Naturwissenschaften 30, 146 (1942); B. H. 
Alexander, R. J. Dimler, and C. L. Mehltretter, J. Am. Chem. Soc. 73, 4658 (1951); 
G. D. Greville and D. H. Northcote, J. Chem. Soc. p. 1945 (1952). 

221. A. C. Corcoran and I. H. Page, J. Biol. Chem. 170, 165 (1947); M. Lambert 
and A. C. Neish, Can. J. Research B28, 83 (1950); W. E. Mitchell and E. E. Percival, 
J. Chem. Soc. p. 1423 (1954); R. E. Reeves, J. Am. Chem. Soc. 63, 1476 (1941). 

222. M. Morrison, A. C. Kuyper, and J. M. Orten, J. Am. Chem. Soc. 75, 1502 
(1953). 

228. F. S. H. Head and G. Hughes, J. Chem. Soc. p. 2046 (1952); p. 603 (1954). 
224. F. Brown, L. Hough, and J. K. N. Jones, J. Chem. Soc. p. 1125 (1950); G. R. 

Barker and D. C. C. Smith, Chemistry & Industry p. 1035 (1952); F. S. Head and G. 
Hughes, J. Chem. Soc. p. 603 (1954). 
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of the theoretical amount of formic acid. The remainder of the acid was con-
sidered to be bound as a formyl ester. Such an ester has been isolated after 
the oxidation of 3-O-mesyl-D-glucose, the product being a crystalline 2-0-
mesyl-4-formyl-D-arabinose ; the presence of the formate group was con-
firmed by elementary analysis and by infrared absorption analysis. The oxi-
dation course for cellobiose consists of a fast reaction to an intermediate 
compound, presumably a formic ester, and a slow reaction whose rate is 
determined by the rate of hydrolysis of the ester. Carbon dioxide was also 
produced in this last oxidation. 

Anomalies have also been shown in the oxidation behavior of lead tetra-
acetate (225). Oxidant is consumed in the case of derivatives of D-arabinose 
thioacetal; this consumption is affected by the position of the glycol groups 
in the various compounds relevant to the thioacetal group. 

The steric requirements for tetraacetate oxidations are higher than for 
periodate oxidations. As the common C-l ring conformation (Chapter I) of 
glycosides does not allow for true eis relationships, many of the glycosides 
are not oxidized by lead tetraacetate (225a). 

Periodate and lead tetraacetate can also act as oxidizing agents toward 
other easily oxidizable groups. Cleavage may occur in deoxysugars after 
oxidation of méthylène groups which are suitably activated by the produc-
tion of adjacent carbonyl groups during the initial stages of the reaction. 
Thus, although ribose consumes four moles, 2-deoxyribose consumes five 
moles of periodate (225b). Oxidation and further cleavage also occur some-
times at the position of ring closure (225c). The bornyl 0-D-glucosiduronic 
acid and the methyl a-D-galactosiduronic acid methyl ester consume five 
moles of periodate each. Ethyl 0-D-galactofuranoside consumes one mole 
more than the expected amount of lead tetraacetate. 

Huebner, Ames, and Bubl (214a) examined the reaction of periodate with 
many compounds containing active méthylène and potentially active méth-
ylène groups. They concluded that oxidation occurs at a hydrogen when 
the following set of requirements is fulfilled: There is present a three-carbon 
system consisting of a free carboxyl or aldehyde group, an α-carbon bearing 
one hydrogen, and a β-carbonyl which may be aldehydo, keto, carboxyl, or 
carbalkoxy. Certain other groups, for example, the benzimidazole nucleus, 
may also cause activation (225c). Cyclic ß-diketones may also be oxidized 
(Chapter IV). 

The variation in behavior of disaccharides has been used as a structural 

225. S. B. Baker, J. Am. Chem. Soc. 64, 827 (1952); A. S. Perlin, Abstracts Ameri-
can Chemical Society Meeting, New York (Sept. 12-17, 1954). 

225a. R. E. Reeves, J. Am. Chem. Soc. 72, 1499 (1950). 
225b. L. A. Manson and J. O. Lampen, J. Biol. Chem. 191, 87 (1951). 
225c. See C. F. Huebner, R. Lohmar, R. J. Dimler, S. Moore, and K. P. Link, 

J. Biol. Chem. 159, 503 (1945). 
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guide. Thus, 1,6-linked disaccharides consume the most oxidant and give 
the highest yield of formic acid, whereas 1,4-disaccharides give the least 
amount of formic acid, and a tetrose is obtained from the hydrolyzed oxida-
tion product. The oxidized 1,3-disaccharide can be hydrolyzed to a pentose 
(1 mole). Similar behavior is shown by the 2-, 4-, and 6-O-methyl-D-galac-
toses, the first alone giving formaldehyde. 

As a preparatory method, oxidation with periodic acid is of particular 
importance for the preparation of short-chain sugars. For example, 2,3-0-
benzylidene-D-arabitol (I) consumes one mole of periodic acid and yields 
2,3-0-benzylidine-D-threose (II) which can be converted to a crystalline 
isopropyliderie derivative (226). The oxidation of aldoses by one mole of 
lead tetraacetate in acetic acid will cause degradation to aldoses containing 
one less carbon; thus, D-arabinose and D-lyxose have been prepared in yields 
of more than 35% from D-glucose and D-galactose, respectively (227). The 

CH2OH 
I 

I—OCH 

HCOCHC6H5 

CHO 

(Π) 

reaction seems to be controlled by the formation of a stable formyl ester at 
carbon 5. Use of two moles of oxidant leads to the formation of D-erythrose 
and L-glyceraldehyde from D-glucose and L-arabinose, respectively. 

Limited periodate oxidation of 3-0-methyl hexoses has led to the forma-
tion of 2-0-methyl pentoses, thus allowing the preparation of valuable 
reference compounds (227a). The success of this reaction has been attributed 
to the stability of the intermediate formyl ester formed by cleavage of the 
glycol grouping at C-l and C-2. 

Greater utilization of periodate as an oxidant has been suggested in the 
development of an electrolytic method (228) ; starch is oxidized in 2 % sul-
furic acid containing iodic acid. This method is similar in concept to the 
electrolytic bromine method of Isbell and Frush (179). 

226. W. T. Haskins, R. M. Hann, and C. S. Hudson, J. Am. Chem. Soc. 65, 1663 
(1943). 

227. A. S. Perlin, J. Am. Chem. Soc. 76, 2595 (1954); A. S. Perlin and C. Brice, 
Can. J. Chem. 33, 1216 (1955). 

227a. G. W. Huffman, B. A. Lewis, F. Smith, and D. R. Spriestersbach, J. Am. 
Chem. Soc. 77, 4346 (1955). 

228. W. Dvonch and C. L. Mehltretter, J. Am, Chem. Soc. 74, 5522 (1952). 

CH20H 
I 

-OCH 

HCOCHC6H5
 H I°4 

HCOH 

CH20H 

(I) 
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C. NITRIC ACID AND NITROGEN OXIDES 

Oxidations with nitric acid under the best conditions convert primary 
alcoholic and aldehydic groups to carboxylic groups. Frequently, however, 
cleavage of carbon-carbon bonds occurs. For galactose the conversion to 
insoluble mucic acid, COOH—(CHOH)4—COOH, takes place to an extent 
greater than 70%, and the reaction is used for the quantitative determina-
tion of this sugar (229, 230). This oxidation has been halted before com-
pletion and a 10% yield of the L-galacturonic acid obtained (231). Smaller 

CHO COOH COOH 

(CHOH)4 (CHOH)4 (CHOH)4 

CH2OH CHO COOH 

D-Galactose L-Galacturonic Mucic 
acid acid 

yields of glucaric acid are obtained from glucose, and considerable quanti-
ties of oxalic acid and some tartaric acid are obtained (232). Among the 
products of the oxidation of fructose are formic acid, oxalic acid, meso-
tartaric acid, and glycolic acid, but the reaction seems to require more se-
vere conditions than for glucose, and with dilute acid (32 %) and low tem-
peratures the ketoses are not attacked. 

Oxidation of methylated sugars with nitric acid has been used extensively 
for the purpose of demonstrating the position of unsubstituted hydroxyl 
groups. (See under Structure of glycosides and sugars such as maltose, su-
crose, etc.) 

Cleavage of carbon-carbon bonds appears to be facilitated by the pres-
ence of catalysts such as vanadium salts, and tartaric and oxalic acids are 
formed in good yields at the expense of saccharic acids (233). Since hot nitric 
acid acts as a hydrolyzing agent as well as an oxidizing agent, oligo- and 
polysaccharides may be used. 

Kiliani (234) has made an extensive study of the nitric acid oxidations of 

229. See C. A. Browne and F. W. Zerban, "Sugar Analysis," pp. 691, 728. Wiley, 
New York, 1941; A. W. van der Haar, "Monosaccharide and Aldehydsäuren," Born-
traeger, Berlin, 1920. 

2S0. W. W. Pigman, B. L. Browning, W. H. McPherson, C. R. Calkins, and R. L. 
Leaf, Jr., J. Am. Chem. Soc. 71, 2200 (1949). 

281. W. E. Militzer and R. Angier, Arch. Biochem. 10, 291 (1946). 
232. H. Kiliani, Ann. 205, 163, 172 (1880) ; Ber. 54, 463 (1921) ; W. E. Stokes and W. 

E. Barch, U. S. Patent 2,257,284 (Sept. 30, 1941). 
288. J. K. Dale and W. F. Rice, Jr., J. Am. Chem. Soc. 55, 4984 (1933); S. Soltz-

berg, U. S. Patent 2,380,196 (July 10, 1945); A. F. Odell, U. S. Paient 1,425,605 (Aug. 
15, 1922). 

284. H. Kiliani, Ber. 54, 456 (1921); 55, 75, 2817 (1922); 56, 2016 (1923); 58, 2344 
(1925). 
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carbohydrates. He found that aldoses are oxidized to aldonic and saccharic 
acids or their lactones. Glucose, for example, gives gluconic acid and glu-
caric acid. Polyols can be oxidized to aldonic acids; glycerol gives glyceric 
acid. Aldonic acids are oxidized to 2-keto acids, saccharic acids, and uronic 
acids {235). The formation of these products indicates that the oxidation of 
aldoses without cleavage of carbon-carbon bonds probably proceeds 
through the following series of reactions: 

CHO COOH COOH COOH 

I I I I 
(CHOH)n -> (CHOH)n -> (CHOH)n -> (CHOH)n 

CH2OH CH2OH CHO COOH 

Alternatively, the reaction may proceed via the ring forms of the sugars and 
the lactones, but this refinement of the mechanism has not been clarified. 
Under the strongly acidic conditions of these oxidations, equilibria between 
the various ring and open-chain forms should be established quickly. In 
this connection, it should be noted that whereas galactose gives mucic acid 
(the open-chain form), mannonic acid gives a dilactone. 

The formation of 2-keto or 5-keto aldonic acids indicates that cleavage 
of carbon-carbon bonds may result from further oxidation of such inter-
mediates. Vanadium salts appear to promote this reaction. 

COOH COOH 

CO COOH 

| + 
CHOH COOH 
I HNOa I 

CHOH CHOH 
I I 
CHOH CHOH 

I I 
CH2OH COOH 

2-Keto aldonic Oxalic acid and 
acid Tartaric acid 

The specificity of the oxidation may be increased by the use of nitrogen 
dioxide (N02) rather than nitric acid {236). With this reagent in gaseous 
form or in nonaqueous solution, a marked specificity for the oxidation of 
primary alcoholic groups (in the absence of aldehyde groups) has been 

235. H. Kiliani, Ber. 54, 456 (1921); 65, 75 (1922); W. Militzer and R. Angier, Arch. 
Biochem. 10, 291 (1946). 

2S6. K. Maurer and G. Drefahl, Ber. 75, 1489 (1942); K. Maurer and G. Reiff, J. 
makromol. Chem. 1, 27 (1943); E. C. Yackel and W. O. Kenyon, J. Am. Chem. Soc. 
64, 121 (1942); C. C. Unruh and W. O. Kenyon, ibid. 64, 127 (1942). 
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shown. Glycosides are oxidized to uronic acids, cellulose to a polyglucuronic 
acid, and diethyl acetal to glyoxylic acid. 

R ^ R 

I N O 2 ) I 
CH2OH COOH 

The nature of the oxidant in such systems has received some study {230). 
Concentrated nitric acid exhibits an initial period of inhibition when used 
as an oxidizing agent and will not exert an oxidizing action in the presence 
of urea which removes nitrous acid. This period may be eliminated by the 
addition of fuming nitric acid, oxides of nitrogen, nitrous acid, or other 
materials (230, 237). Nitrogen dioxide appears to require the presence of 
water for its reaction. These facts indicate that nitric acid is not the true 
oxidant, but instead the effective agent is nitrous acid which in the presence 
of NO establishes an equilibrium (238) with nitric acid according to the 
equation: 

HNO3 + 2 NO + H20 τ± 3 HN02 

The catalytic effect of oxides of nitrogen and of sodium nitrite appears 
to operate by the establishment of the above equilibrium. The action of 
nitrogen dioxide may be similar, for in the presence of water, a similar 
equilibrium condition is reached: 

2 N02 + H20 τ± HN03 + HNO2 

By the employment of conditions favorable for the establishment of these 
equilibria and unfavorable for carbon-carbon bond cleavage, the specificity 
of the reaction is increased greatly. For example, mucic acid is produced in 
90 % yield (230), whereas with hot nitric acid the usual yield is about 75 %. 

Oxidation of primary alcoholic groups appears to take place through the 
intermediate formation of an ester of nitric (or nitrous) acid (239). In the 
initial stages of oxidation, cellulose contains combined nitrogen which in-
creases and then slowly decreases. Nitric acid appears to act as a catalyst 
for the deesterification. 

D. OXYGEN IN ALKALINE OR NEUTRAL SOLUTION 

The study of the action of molecular oxygen on sugars is of considerable 
interest from the standpoint of the mechanism of the in vivo oxidations of 

287. H. Kiliani, Ber. 54, 456 (1921); G. D. Hiatt, U. S. Patent 2,256,391 (Sept. 16, 
1941); J. G. M. Bremner, R. H. Stanley, D. G. Jones, and A. W. C. Taylor, U. S. 
Patent 2,389,950 (Nov. 27, 1945). 

288. V. H. Veley, Trans. Roy. Soc. 52, 27 (1893); J. Chem. Soc. (Abstracts) 64, 
413 (1893). 

289. P. A. McGee, W. F. Fowler, Jr., E. W. Taylor, C. C. Unruh, and W. O. Ken-
yon, J. Am. Chem. Soc. 69, 355 (1947). 
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sugars. The reaction also has considerable value for the degradations of sug-
ars to acids having shorter chains (see Chapter II) . 

In alkaline solution, oxygen degrades the sugars to aldonic acids having 
one carbon atom less than the sugar. Air or oxygen may be used and rela-
tively high yields of acids are obtained {240). For example, potassium D-
arabonate has been obtained from D-glucose in a yield of 60 to 75%. Keto-
ses act similarly, and in the case of L-sorbose, 2-keto-L-gulonic acid and 
L-xylonic acid are produced in good yield (241). The formation of 2-keto-
gulonic acid indicates that the reaction proceeds through the osone, prob-
ably formed from the enediol: 

CHO HCOH HCO OCOH HCOOH 

CHOH 0
K

2Q% » COH —^-> CO —^-> CO HQ° > OCOH 

R It R R R 

3-(a-D-Glucopyranosyl)-D-arabonic acid is obtained from maltose, and 
the ß-isomer from cellobiose (242). 3-(0-D-Galactopyranosyl)-D-arabonic 
acid is formed similarly from lactose. A quantitative experiment on the 
effect of oxygen on glucose in aqueous potassium hydroxide shows the main 
products to be D-arabonic acid and formic acid, with lactic, oxalic, and car-
bonic acids formed in minor amounts (243). 

In neutral solution in the presence of platinum catalyst, the process is 
mainly one of dehydrogenation, and the oxidation of mannose is postu-
lated (244) as follows: 

D-Mannose —> D-mannonic acid —» L-mannuronic acid —► mannaric acid 

For fructose, the reaction seems to proceed differently: 

Fructose —► glucosone —► 2-ketomannonic acid —► D-arabinose 

The platinum oxide catalyst converts the hexitols to the corresponding 
aldoses and ketoses which are carried through the above series of reactions 
by the oxygen. Mannitol is oxidized by Pt0 2 to D-mannose, isolated as 
methyl α-mannoside in a yield of 20%. Fructose is formed simultaneously. 
With a platinum-activated carbon catalyst, L-sorbose has been converted 
to 2-keto-L-gulonic acid, 2,3-O-isopropylidene-L-sorbose to 2,3-O-isopropyl-

240. J. U. Nef, Ann. 403, 204 (1914); O. Spengler and A. Pfannenstiel, Z. Wirt-
schaftsgruppe Zuckerind. 85, 546 (1935). 

HI. O. Dalmers and K. Heyns, U. S. Patent 2,190,377 (Feb. 13, 1939); H. S. Isbell, 
J. Research Natl. Bur. Standards 29, 227 (1942). 

242. E. Hardegger, K. Kreis, and H. El Khadem, Helv. Chim. ActaZb, 618 (1952). 
248. B. Warshowsky and W. M. Sandstrom, Arch. Biochem. and Biophys. 37, 46 

(1952). 
244. J. W. Glattfeld and S. Gershon, / . Am. Chem. Soc. 60, 2013 (1938). 
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idene-2,5-anhydro-L-gularic acid, and D-glucose to 54% of D-glucaric acid 
(245). Preparations of uronic acid derivatives have been discussed earlier 
(61). 

Under conditions simulating biological processes (neutrality and a tem-
perature of 37.5°C), oxygen attacks glucose, glyceraldehyde, glycerol, and 
related products (246). One mole of carbon dioxide is formed per mole of D-
glucose. Sodium ferropyrophosphate is used as catalyst. With phosphate 
and arsenate as catalysts, fructose is much more sensitive than glucose, and 
the rate of oxidation is dependent upon the concentration of salt present 
and not on the pH (247). 

In the absence of catalyst, alkaline solutions of aldonic acids and glyci-
tols are relatively stable to oxygen. However, in the presence of salts of 
iron, nickel, cobalt, and copper, oxygen is consumed (248). Carbon dioxide 
and formic acid are among the oxidation products. 

From the standpoint of the conditions encountered during the manufac-
ture of sucrose, the action of oxygen on sucrose solutions in the presence 
and absence of lime is important. Carbon dioxide is liberated from hot neu-
tral solutions, and acids are formed. The increase in acidity results in in-
version of the sucrose and decomposition of the resulting hexoses. The 
presence of lime or an increase in alkalinity speeds up the decomposition 
(U9). 

E. HYDROGEN PEROXIDE 

The principal value of oxidations with hydrogen peroxide is for the de-
gradation of aldonic acids to sugars with one less carbon atom; ferric sul-
fate is used as a catalyst (see p. 118). It is noteworthy that although ferric 
salts catalyze this reaction, ferrous salts are used for sugars and ferric salts 
are not effective. 

With sugars, the products depend upon the conditions and the presence 
and nature of the catalyst. In any case, the products are usually mixtures. 
At low temperatures and in the presence of ferrous sulfate, glucose and fruc-
tose are converted to glucosone and on further oxidation to glycolic acid, 
glyoxylic acid, and trihydroxy butyric acid (250). At low temperatures in 

$4δ. K. Heyns, Ann. 558, 177 (1948); N. R. Trenner, U. S. Patent 2,428,438 (Oct. 
7, 1947); C. L. Mehltretter, C. E. Rist, and B. H. Alexander, U. S. Patent 2,472,168 
(June 7, 1949). 

246. H. A. Spoehr and H. W. Milner, J. Am. Chem. Soc. 56, 2068 (1934). 
247. M. Clinton, Jr., and R. Hubbard, J. Biol. Chem. 119, 467 (1937). 
248. See W. Traube and F. Kuhbier, Ber. 69, 2664 (1936). 
249. See M. Garino, M. Parodi, and V. Vignolo, Gazz. chim. ital. 65, 132 (1935); 

Chem. Abstr. 29, 5419 (1935). 
250. C. F. Cross, E. J. Bevan, and C. Smith, J. Chem. Soc. 73, 463 (1898); R. S. 

Morrell and J. M. Crofts, ibid. 75, 786 (1899) ; 83, 1284 (1903) ; H. A. Spoehr, Am. Chem. 
J. 43, 227 (1910). 
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the absence of catalysts, oxidation is very slow, but at high temperatures 
{251) the main product is carbon dioxide with some formic acid. 

The nature of the products formed under various conditions and the 
mechanism of the reaction have been investigated by Küchlin (252). At 
low temperatures and for dilute solutions in the presence of ferrous sulfate, 
the following products were formed from glucose and identified as deriva-
tives: glucosone, 2-ketogluconic acid, and 2,3-diketogluconic acid; in con-
centrated solutions, formaldehyde also was found. The formation of these 
products at low temperatures was ascribed to the following series of re-
actions: 

HCO 

I 
(HCOH)4 

I 
CH2OH 

(I) 

H202 

Fe+ 

HCO 

CO 

(HCOH)3 

I 
CH2OH 

dilute 
solution 

cone. 
solution (Π) 

HCO 

CO 

COOH 

CO 

(HCOH)3 

COOH 

CO 

CO 

CH2OH (HCOH)2 

(HI) 
CH2OH 
(IV) 

HCHO 
+ 
COOH<-

CO 

I 
(HCOH)2 
CH2OH 
(V) 

CO 

(HCOH)2 

CH2OH 
(VI) 

At higher temperatures, carbon dioxide, formic acid, oxalic acid, glycolic 
acid, tartronic acid, glyeerie acid, and other acids were shown to be formed. 
The formation of carbon dioxide is ascribed to decarboxylation of the 2,3-
diketo acid (IV), and oxalic acid and trihydroxybutyric acid arise from 
cleavage of the C2-C3 bond. Compound (V) cleaves to glyoxylic acid and 
trihydroxybutyric acid. Compound (VI) is oxidized further to 2,3-dike-
toarabonic acid, which on cleavage gives oxalic acid and gly eerie acid. 

The catalytic effect of ferrous salts is ascribed by Küchlin to the forma-
tion of a complex between ferrous ions and the carbonyl group and its 

251. J. H. Payne and L. Foster, J. Am. Chem. Soc. 67, 1654 (1945) ; A. A. Kultyugin 
and L. H. Sokolova, Arch. sei. biol. (U.S.S.R.) 41, 145 (1936). 

252. A. T. Küchlin, Jr., Rec. trav. chim. 51, 887 (1932); and earlier papers. 
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neighboring hydroxyl group. This complex is oxidized, and the ferrous ion 
is converted to the ferric ion. Dissociation takes place, and the ferric ion is 
reduced to the ferrous state by further oxidation of the osones thus formed. 
Ferric ions will not catalyze the oxidation of sugars by hydrogen peroxide. 
Since ferric ions are used in the Ruff degradation of aldonic acids to sugars 
having one less carbon atom, ferrous ions if formed must be rapidly reoxi-
dized by the hydrogen peroxide to ferric ions. 

According to Haber and Weiss {253), ferrous salts bring about the de-
composition of hydrogen peroxide into free radicals: 

Fe++ + HO—OH -> Fe+++ + HO· + (:0—H)~ 

Waters {253) suggests that the neutral hydroxyl radicals are the catalysts 
in ferrous ion - catalyzed oxidations of α-hydroxy acids to 2-keto acids : 

OH 

H R—C—COOH 

R—C—CO OH + OH -> R—C—COOH 

OH OH 

+ H20 

In the absence of catalysts, the oxidation may proceed by quite a differ-
ent mechanism. Glucuronic acid has been prepared {254) in small yield by 
the oxidation of glucose with hydrogen peroxide without catalyst at 37°C. 
Küchlin {252) provided evidence that the main products at moderately high 
temperatures are formic acid and tartronic acid. He explains this type of 
oxidation as proceeding through the steps of uronic acid formation, oxida-
tive splitting-out of formic acid, and repetition of the process: 

HCOH HCOH HCOH 

HCOH H2°2 ) HCOH — H*° 2 ) COOH 
I I 

CH2OH COOH HCOOH 
The formation of carbon dioxide is believed to be a secondary reaction. In 
the absence of catalysts, other carbohydrates probably are also oxidized 
initially at the primary alcoholic group. 

The use of hydrogen peroxide with a platinum catalyst has been reported 
briefly {60). The action is similar to that of oxygen, and about 40% of 

253. See W. A. Waters, Ann. Repts. Progr. Chem. (Chem. Soc. London) 42, 145 
(1945). 

254. A. Jolies, Biochem. Z. 34, 242 (1911). 

H 0 ~ ° H ) OH + -OH 
i 

R—C—COOH 
II 
o 
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crude methyl a-D-galactosiduronic acid was obtained at 20° from the cor-
responding galactoside. 

The effect of variations in the conditions of the reaction have also been 
studied by Küchlin (255). For fructose with ferrous sulfate as a catalyst, 
the maximum velocity of reaction is between pH 3.2 and 5.4. The effect of 
an increase of temperature on the reaction is small in strongly acid solution 
but increases as the solution becomes more alkaline. The initial reaction 
velocity is proportional to the concentration of catalyst and is independent 
of the quantity of ferric salts. I t is proportional to the hydrogen peroxide 
concentration. 

Primary alcoholic groups are oxidized to aldehydes by peroxide and fer-
rous ions. Mannose (as the hydrazone) has been synthesized (256) from 

R— CH2OH H6
2O

+
2
 ) R — C H 0 

mannitol in yields of about 40%. In the absence of ferrous ions, even with 
ferric ions present, no reaction occurs. Presumably, the quantity of ferrous 
ions present is critical, for it would be expected that with sufficient catalyst 
the reaction would proceed further as indicated above. 

Everett and Sheppard (184) have studied the formation of reducing sub-
stances by the action of two molar equivalents of hydrogen peroxide on 
dilute solutions of gluconic δ-lactone at room temperature for a short time 
(30 minutes). Salts of K, Na, Li, Fe, Cu, and Ni (carbonates, sulfates, 
and acetates) catalyze the formation of reducing material. Of a number of 
anions tested, only bicarbonate, bismuthate, cyanate, and tungstate ions 
exhibited catalytic action. Some of the observed effect may be due to 
changes in the hydrogen-ion concentration. 

Lactones and polyols showed increasing reducing power when treated 
with hydrogen peroxide in the presence of potassium bicarbonate. Sugars 
were not affected greatly, and uronic acids lost in reducing power. For the 
polyols, copper sulfate is more effective than potassium bicarbonate. For 
gluconic <5-lactone and copper sulfate or potassium bicarbonate as catalysts, 
acetate, fluoride, and arsenate ions exert a synergistic effect manifested in 
an increased formation of reducing substances. On the other hand, many 
substances inhibit the reaction; iodides and p-aminobenzoates are example 
of such inhibitors. 

F. ORGANIC PER-ACIDS 

Various sugar mercaptals have been converted to the disulfones by the 
action of organic per-acids (257). Thus, D-glucose diethyl mercaptal penta-
acetate is oxidized by perphthalic acid to D-arafro-3,4,5,6-tetraacetoxy-

255. A. Th. Küchlin, Biochem. Z. 261, 411 (1933). 
256. H. J. H. Fenton and H. Jackson, J. Chem. Soc. 75, 1 (1899). 
257. D. L. MacDonald and H. O. L. Fischer, J. Am. Chem. Soc. 74, 2087 (1952); 
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1, l-bis(ethanesulfonyl)-l-hexene, and this unsaturated disulfone is split 
at the double bond by hydrazine to give D-arabinose. D-Lyxose is similarly 
prepared. The unacetylated mercaptals can be converted to the unsaturated 
disulfones with aqueous perpropionic acid, and the disulfones are degraded 
easily in aqueous ammonia to the corresponding aldose with one less car-
bon. Thus, D-erythrose and D-threose are obtained in high yields from the 
arabinose and xylose derivatives, and arabinose from the mannose mer-
captal. The ring in scyllo-myo-mosose has been broken, by conversion to 
the mercaptal, and xylo-di&ldose obtained. Fructose diethyl mercaptal in 
dioxane with perpropionic acid gives D-erythrose directly, instead of the 
disulfone. 

G. RELATIVELY UNSPECIFIC OXIDANTS 

Most of the oxidants considered in previous sections will under some 
conditions produce general carbon-carbon cleavage and general oxidation 
of the various possible products. However, under carefully controlled condi-
tions, it is possible to direct the reactions so that desirable products are 
obtained in appreciable yield. With other oxidants, the necessary condi-
tions have not been established, except in special instances, and the prod-
ucts are carbon dioxide and a complex mixture of short-chain compounds. 
This condition is particularly true for oxidations of reducing sugars. Among 
such oxidants are chromâtes, permanganates, silver oxide, copper sulfate, 
and cuprammonium, usually in alkaline solution. Interestingly enough, 
some of these oxidants are used for precise analytical work, under empirical 
but highly standardized conditions. (See also discussion of analytical meth-
ods in Chapter XI.) 

a. Chromic Acid and Ceric Sulfate {Acid Conditions) 

Wet Combustions. Hot acid solutions of chromic acid and of ceric sulfate 
oxidize carbohydrate materials to carbon dioxide, formic acid, and formal-
dehyde. The quantity of oxidant consumed constitutes a fairly precise 
measure of the amount of carbohydrate present {258). 

The equations for the oxidation of several sugars by ceric sulfate are : 

2 C6Hi206 (glucose) + 13 O -+ H20 + C02 + 11 HCOOH 

2 C6H1206 (fructose) + 13 O -> 3 H20 + 3 C02 + 7 HCOOH + 2 HCHO 

Ci2H220n (sucrose) + 13 O — 2 C02 + 9 HCOOH + HCHO + H20 

For sucrose, an accuracy of ±0.3 % is claimed. 

Biochem. et Biophys. Acta 12, 203 (1953); L. Hough and T. J. Taylor, Chemistry & 
Industry p. 575 (1954); D. L. MacDonald and H. O. L. Fischer, J. Am. Chem. Soc. 
77, 4348 (1955). 

258. G. Birstein and M. Blumental, Bull. soc. chim. (5) 11, 573 (1944); Chem. 
Abstr. 40, 2437 (1946). 
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TABLE V 

T H E OXIDATION OF VARIOUS ORGANIC COMPOUNDS USING ALKALINE 

PERMANGANATE, PERIODIC, SULFATO CERIC, AND CHROMIC ACIDS (260) 

Compound 

Acetic acid 
Oxalic acid 
Formic acid 
Glycolic acid 
Malonic acid 
Tartaric acid 
Succinic acid 
Malic acid 
Citric acid 
Pyruvic acid 
Ethylene glycol 
Glycerol 
Erythritol 
Arabitol 
Mannitol 
Phenol 
Salicylic acid 
Gallic acid 
Formaldehyde 
Glucose 
Fructose 
Sucrose 
Ethyl alcohol 

Formula 

CH3COOH 
COOH· COOH 
H · COOH 
CH2OHCOOH 
COOHCH2COOH 
COOH · CHOH · CHOH · COOH 
COOHCH 2 CH 2 COOH 
COOH · CHOH · CH2 · COOH 
(CH2COOH) 2 · COH · COOH 
CH3COCOOH 
CH2OHCH2OH 
CH2OHCHOHCH2OH 
CH2OH · (CHOH) 2 · CH2OH 
CH2OH · (CHOH) 3 · CH2OH 
CH2OH· (CHOH)4CH2OH 
C6H5OH 
CeH4OHCOOH 
CeH2(OH)3COOH 
H C H O 
CH2OH(CHOH)4CHO 
CH2OH · (CHOH) 3 · CO · CH2OH 
C12H22O11 

C2H6OH 

0> O 
.S ö 

le S 

<! 
X 

2 
6 

10 

12 
18 

(10) 
(14) 
(18) 

(26) 
(28) 
(28) 
24 
(4) 

(24) 
(24) 
(48) 

1:2 
'S s 
PH 

X 

X 
X 

2 

X 
X 

2 
4 
6 
8 

10 

X 
10 
8 

X 

3 "S 
• * 

2.2 
3 ° m 

X 
2 

X 
3.95 
6.66 
7.20 
X 

9.25 
15.85 

2 

8 

0 

'§2 0 0 

0 

X 

14 

Chromic acid acts similarly and has been used for the volumetric deter-
mination of cellulose materials (259). Acid permanganate under the same 
conditions presumably would exhibit similar reactions. 

C6Hio06 + 4 Cr207— + 32 H + -> 6 C 0 2 + 21 H 2 0 + 8 Cr+ + + 

A summary (260) of the effect of four oxidants on a number of organic 
materials is given in Table V. In the table, X indicates no reaction. The 
figures given are the number of equivalents of oxidant consumed. Whole 
numbers represent stoichiometrical reactions, and nonintegers, empirical 
reactions. Parentheses indicate results obtained by the improved perman-
ganate method of Stamm (261). Ceric sulfate oxidations were carried out 

259. See H. F. Launer, J. Research Natl. Bur. Standards 20, 87 (1938) ; 18, 333 (1937). 
260. G. F. Smith, "Cerate Oxidimetry," G. F. Smith Chemical Co., Columbus, 

Ohio, 1942. 
261. H. Stamm, Angew. Chem. 47, 791 (1934). 
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by the procedure of Willard and Young {262) and perchlorate - eerie acid 
(H2Ce(C104)6) by that of Smith and Duke (263). 

Mild chromic acid oxidation of methyl ß-D-glucoside has given both the 
3-keto and the 6-aldehydo derivatives (4). The yields were very low, as the 
reaction was carried out for only a limited time, and 90 % of the glucoside 
was recovered unaltered. 

b. Neutral and Alkaline Permanganate 

When relatively few functional groups are free, it is sometimes possible 
to use alkaline permanganate for the oxidation of specific groupings. 
l,2:3,4-Di-0-isopropylidenegalactose can be oxidized (264) to the corre-
sponding uronic acid. 3-O-Methyl-L-xyIonic acid is obtained from 1,2-0-
isopropylidene-3-O-methyl-D-glucofuranose by permanganate oxidation and 
subsequent reduction of the xyluronic acid (265). 

Glucose can be oxidized completely to carbon dioxide and water by hot 
alkaline solutions of potassium permanganate (266). As the alkalinity in-
creases above 0.03 N, oxalic acid is produced, and, in 1.8 N KOH, yields 
of 42% of oxalic acid are obtained (267). Similar results are obtained from 
other hexoses, pentoses, and glyceraldehyde (268). The ratio of carbon 
dioxide to oxalic acid differs for various sugars, but at high temperatures 
the differences become small. The polyols are oxidized to the same prod-
ucts as the sugars, and the effect of alkalinity is the same as for the corre-
sponding sugars (269). Hence, it would appear that the sugars are inter-
mediate products in the oxidation. The equivalents of oxidant required for 
several carbohydrates are given in Table V. 

Alkaline permanganate at 0° acting on glucaric acid gives small yields 
of tartaric acid (270). 

In neutral or slightly acid solution, at room temperature, the ease of 
reactivity (271) of a number of sugars to permanganate is: 

Maltose > fructose > arabinose > galactose > 

mannose > glucose > lactose; 0-glucose > a-glucose 

For fructose, the maximal rate of oxidation takes place at pH 3.5 to 4.5. 

262. H. H. Willard and P. Young, / . Am. Chem. Soc. 60, 1322 (1928). 
268. G. F. Smith and F. R. Duke, Ind. Eng. Chem. Anal. Ed. 13, 558 (1941). 
264. C. Niemann and K. P. Link, J. Biol. Chem. 104, 195, 743 (1934). 
265. W. Bosshard, Helv. Chim. Ada 18, 956 (1935). See also examples under Keto 

acids and Ascorbic acids, earlier in this chapter and also p. 291. 
266. A. Smolka, Monatsh. 8, 1 (1887). 
267. E. J. Witzemann, J. Am. Chem. Soc. 38, 159 (1916). 
268. W. L. Evans and associates, J. Am. Chem. Soc. 47, 3085 (1925); 47, 3098 (1925). 
269. W. L. Evans and C. W. Holl, J. Am. Chem. Soc. 47, 3102 (1925). 
270. E. Fischer and A. W. Crossley, Ber. 27, 394 (1894). 
271. R. Kuhn and T. Wagner-Jauregg, Ber. 58, 1441 (1925). 
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c. Silver Oxide 

Aldohexoses, fructose, arabinose, erythritol, glyceraldehyde, glucaric 
acid, and galactonic lactone are oxidized by silver oxide at 50°C. (in water 
or N KOH) to carbon dioxide, oxalic acid, formic acid, and glycolic acid 
(272). 

d. Copper Salts in Alkaline Solution 

The most important methods for the quantitative determination of re-
ducing sugars are based on oxidation with hot alkaline solutions of copper 
salts (see Chapter XI). The composition of the oxidation products has been 
investigated; in general, monobasic acids with one to six carbon atoms are 
formed accompanied by oxalic acid, carbon dioxide, and lactic acid. 

Copper sulfate in sodium carbonate solution (Soldaini's reagent) oxidized 
glucose (at 100°C. for 8 hours) to a mixture of acids, more than 60% of 
which are nonvolatile. In the nonvolatile fraction, the following acids were 
identified: gluconic, mannonic, D-arabonic, erythronic, threonic, glyceric, 
and glycolic acids (273). The same products are formed by the action of 
Fehling solution on glucose (274), although the Fehling solution has a 
higher alkali concentration. From 199 g. of fructose, Nef reported the iso-
lation of carbon dioxide (2.4 g.), formic acid (13.8 g.), and nonvolatile 
acids (106 g.) composed of: glycolic acid (22 g.), glyceric acid (18 g.), tri-
hydroxybutyric acids (35 g.), and aldohexonic acids (30 g.). According to 
Nef (275), the oxidation with copper acetate in neutral solution proceeds 
differently; much more oxygen is consumed, greater amounts of carbon 
dioxide are produced, and erythronic acid seems to be the main oxidation 
product. 

In ammoniacal solutions of copper salts, the oxidation products are likely 
to contain nitrogen atoms (276). Glucose, fructose, and mannose give oxalic 
acid, imidazoles, HCN, and urea. 

H. MICROBIAL OXIDATIONS (277) 

Fermentative processes are of considerable value for the production of 
carbohydrate materials or closely related substances from carbohydrates. 

272. H. Kiliani, Ann. 205, 191 (1880) ; K. Dreyer, ibid. 416, 203 (1918); W. L. Evans 
and associates, J. Org. Chem. 1, 1 (1936). 

273. F. W. Jensen and F. W. Upson, J. Am. Chem. Soc. 47, 3019 (1925). 
274. E. Anderson, Am. Chem. J. 42, 40 (1909); J. U. Nef, Ann. 357, 214 (1907); 

see also J. Habermann and M. Honig, Monatsh. 3, 651 (1882); 5, 208 (1884). 
275. J. U. Nef, Ann. 335, 332 (1904); 367, 259 (1907). 
276. J. Parrod and associates, Compt. rend. 190, 328 (1930); 192, 1136 (1931); 200, 

1884 (1935); 212, 610 (1941). 
277. For a general summary of the subject see J. R. Porter, "Bacterial Chemistry 

and Physiology," pp. 896-1030. Wiley, New York, 1946. 
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Large amounts of acetone, butyl alcohol, ethyl alcohol, acetic acid, lactic 
acid, citric acid, L-sorbose, and gluconic acid are made industrially by 
fermentative methods. In fermentative processes, oxidizing as well as re-
ducing conditions may be employed. Laboratory and industrial prepara-
tions of many other substances such as glycols have been carried out. The 
oxidation of polyols to ketoses is considered elsewhere as a preparatory 
method for ketoses. Microorganisms exhibit a marked specificity in their 
choice of substrates and in the reaction products. This property is 
useful for the qualitative and quantitative determination of sugars 
as well as for the identification of microorganisms. The formation of uronic 
acids and osones has been mentioned earlier. The present discussion will 
be limited to fermentative methods for the preparation of aldonic and 
keto aldonic acids. 

Gluconic acid is produced by the action of many species of bacteria and 
molds on glucose (278). Enzymes, glucose dehydrogenases, from molds, 
bacteria, and liver, bring about this reaction (279). Boutroux found gluconic 
acid to be a metabolic product of acetic acid bacteria. Numerous bacteria 
and fungi oxidize glucose to gluconic acid, and the process is used for the 
commercial production of gluconic acid and its lactones and salts. Molds of 
species of Aspergillus and Pénicillium are particularly suitable for large-
scale production. Using Aspergillus niger and fermentations under air pres-
sure in rotating drums, yields of 90 to 99 % of gluconic acid are obtained 
(280). When calcium carbonate is present, calcium gluconate will crystal-
lize directly. 

Some strains of A. niger will oxidize D-mannose to mannonic acid and 
D-galactose to D-galactonic acid (281). Many species of Pseudomonas and 
also Acetobacter xylinum will oxidize pentoses to the corresponding pentonic 
acids (282). The yields are not always high but probably can be increased 
by improvements in the strains and in the cultural conditions. 

Acetobacter suboxydans may oxidize glucose to 5-ketogluconic acid (288). 
Gluconic acid is formed initially and only subsequently is converted to the 

278. L. Boutroux, Compt. rend. 91, 236 (1880); A. J . Brown, J. Chem. Soc. 49, 172' 
435 (1886). 

279. See W. Franke and F . Lorenz, Ann. 532, 1 (1937). 
280. A. J . Moyer, P . A. Wells, J . J . Stubbs, H. T . Herrick, and O. E . May, Ind. 

Eng. Chem. 29, 777 (1937); E . A. Gastrock, N . Porges, P . A. Wells, and A. J . Moyer, 
ibid. 30, 782 (1938); N . Porges, T . F . Clark, and S. I. Aronovsky, ibid. 33, 1065 (1941). 

281. H. Knobloch and H. Mayer, Biochem. Z. 307, 285 (1941). 
282. L. B . Lockwood and G. E. N . Nelson, / . Bacteriol. 52, 581 (1946); G. Bert-

rand Compt. rend. 127, 124, 728 (1898). 
288. J . J . Stubbs, L. B. Lockwood, E . T . Roe, B . Tabenkin, and G. E . Ward, Ind. 

Eng. Chem. 32, 1626 (1940); A. J . Kluyver and A. G. J . Boezaardt , Rec. trav. chim. 
67, 609 (1938); K. R. Butlin and W. H. D . Wince, J. Soc. Chem. Ind. 58, 363 (1939). 
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5-keto acid. 2-Ketogluconic acid is formed by some Acetobacter species, but 
Pseudomonas species give yields of over 80 % after 25 hours when the solu-
tions are strongly aerated in rotating drums (284). (See also under Keto 
acids.) 

I. ENZYMIC OXIDATIONS 

Numerous enzymes exist in living tissues which in vivo or in vitro cata-
lyze the oxidation (and reduction) of carbohydrates, and are important in 
their metabolism. Usually these are dehydrogenations (or hydrogénations). 
These enzymes are discussed in detail in Chapter XIII . 

An enzyme, originally called "glucose oxidase,,, and now notatin or 
penicillin B, catalyzes the oxidation of glucose by molecular oxygen to 
gluconic acid. It has been isolated from various molds, especially Aspergil-
lus niger and Pénicillium glaucum (285). The enzyme is very specific for 
ß-D-glucose (286). Since the initial reaction product is gluconic δ-lactone, 
the glucopyranose ring is unbroken. Hydrogen peroxide is also formed. As 
indicated earlier, bromine oxidation also proceeds similarly. 

This enzyme has been called an oxidase, but experiments with ordinary 
molecular oxygen and water enriched with O18 have shown that the action 
is that of a dehydrogenase; the enzyme catalyzes the transfer of two hydro-
gen atoms from glucose to gaseous oxygen (287). 

A purified glucose dehydrogenase, isolated from animal liver, will also 
catalyze the oxidation of glucose to gluconic acid (288). A coenzyme (either 
TPN or DPN) is necessary in this type of reaction, to provide the phos-
phorylated intermediates. The reaction is reversible and specific for /3-D-
glucose; it will not proceed with a-D-glucose and only slowly with D-xylose. 
In this type of reaction the pyranose ring in the glucose 6-phosphate is 
unbroken, the δ-lactone of gluconic acid 6-phosphate being formed (289). 

284. L. B. Lockwood, B. Tabenkin, and G. E. Ward, J. Bacteriol. 42, 51 (1941). 
285. D. Müller, Biochem. Z. 199, 136 (1928); Enzymologia 10, 40 (1941). 
286. D. Keilin and E. F. Hartree, Biochem. J. 50, 331 (1952). 
287. R. Bentley and A. Neuberger, Biochem. J. 45, 584 (1949). 
288. H. J. Strecker and S. Korkes, Nature 168, 913 (1951); J . Biol. Chem. 196, 769 

(1952). 
289. B. L. Horecker, P. Z. Smyrniotis, and J. E. Seegmiller, J. Biol. Chem. 193, 

383 (1951); J. E. Seegmiller and B. L. Horecker, ibid. 194, 261 (1952). 




