
VIII. NITROGENOUS DERIVATIVES 

Glycosylamines, Nucleic Acids and Hydrolysis Products, Hydrazones, 
Osazones, Oximes, Amino Sugars, Etc. 

WARD PIGMAN* 

Nitrogenous carbohydrate derivatives such as the nucleic acids, nucleo-
proteins, some viruses, several vitamins of the B-complex, and some co-
enzymes are undoubtedly to be considered among the most important of 
fhe carbohydrate derivatives. Many of the polysaccharides which exhibit 
highly specific and characteristic immunological reactions yield amino 
sugars after hydrolysis. Other sugar derivatives containing nitrogen have 
considerable importance for purposes of identification and synthesis. The 
ease with which the sugars react with amines, amino acids, and proteins 
makes it probable that the resulting derivatives are of greater bioloèical 
importance than has been generally realized. These derivatives may have 
an important role in the changes of solubility and of color that take place 
during the drying of foods (melanoidin reaction). 

The most common type of nitrogenous derivatives is that which is formed 
by the reaction of the aldehyde (or hemiacetal) group of the sugars with 
compounds containing amino groups: 

R—CHO + R'NH2 -> R—CH=NR' + H20 

If this equation represents the reaction, the products are Schiff bases, but 
it is probable that the ring form of the sugar reacts: 

HCNHR' I 
| O + H20 

HCOH I 

i I 
The compounds represented by R'NH2 include alkyl- and arylamines, 
hydrazines, oximes, ammonia, and amino acids. Usually amide groups will 
not condense readily in this fashion, but urea derivatives are known. 

* The sections on Glycosylamines and Hydrazones and Osazones were revised by 
Lawrence Rosen ; the section on Nucleic acids and related materials by Elliot Volkin 
and David Doherty; the section on Glycosamines by Jane Reid Patton and the sec-
tion on combinations with proteins by David Platt. 

HCOH 
O + R'NH2 

HCOH 

406 
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Hydrocyanic acid adds readily to sugars. As this reaction has its primary 
use in the synthesis of the higher sugars, it is discussed in another chapter 
(Chapter II) . 

An important additional group of nitrogenous derivatives is the amino 
sugars, among which are the glycosamines. These compounds represent 
sugars in which the hydroxyl of a primary or secondary alcohol group has 
been replaced by an amino group. 

Although many derivatives have been made by condensing sugars with 
substances containing NH2 groups, the chemistry of the compounds is still 
in a very incomplete state. Many of the compounds in which the hemiacetal 
hydroxyl group of the sugar is substituted by a N—R or a similar group 
mutarotate when dissolved in solution. Evidently, these compounds are 
much less stable than the corresponding glycosides. The mutarotations 
appear to arise from numerous causes which include (1) dissociation into 
the sugar and nitrogenous base, (2) isomerization between the various ring 
and open-chain forms, and (3) structural changes such as the rearrangement 
of aldose to ketose derivatives. Many of these compounds are known to 
exist in both the ring and acyclic forms. Very little is known concerning 
the relationship of the strength of the base to the stability and the proper-
ties of its condensation products with the sugars. 

The glycosylamines have been of considerable interest because the nucleo-
sides, hydrolytic products of the nucleic acids, are members of the group. 
The discovery that several biologically important coenzymes are glycosyl-
amines or their derivatives has greatly stimulated research in the field. 

Glycosylamines from long-chain aliphatic amines such as dodecyl- and 
octadecylamine have been suggested as wetting agents and as textile soften-
ers. Those made by condensing D-glucose with aromatic amines are said 
to be useful antioxidants for rubber. Since many important pharmaceuticals 
contain amino groups, it is possible to condense them with sugars and, 
thus, modify their biochemical action and solubility characteristics. 

A number of glycosylamines have been tested as inhibitors of the growth 
of tubercle bacilli, and the influenza and mumps viruses. Because of the ease 
of dissociation of most glycosylamines into their components, it might be 
expected that the action would be similar to that of the free amine, except 
that the effective concentration might be greater. In general, the inhibitory 
activity of these glycosylamines parallels that of the free bases. 

1. GLYCOSYLAMINES (1)* 

A. UNSUBSTITUTED GLYCOSYLAMINES 

The treatment of sugars in alcoholic solution (or suspension) with am-
monia produces glycosylamines (glycosimines or glycose ammonias) by 

* Revised by Lawrence Rosen. 
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the replacement of one hydrogen of ammonia by a glycosyl group (#). The 
same reaction takes place readily in liquid ammonia solution. This class of 
substances comprises the lowest homologs of the glycosylamine series. 

With ammonium chloride as a catalyst, Frush and Isbell (3) obtained 
two D-galactosylamines, one as a complex with one mole of ammonia; these 
apparently represent a- and 0-pyranoid isomers. Diglycosylamines may 
also form in this type of preparation, since two isomeric di-D-glucosylamines 
were prepared under very similar conditions (4). 

The preferred nomenclature is to refer to the parent structure as a 
glycosylamine. Thus, D-glucose condensed with ammonia yields D-gluco-
sylamine. When an alkylamine is condensed, such as n-butylamine, the 
resultant compound is iV-n-butyl-D-glucosylamine. This type of compound 
has been referred to as ΛΓ-glycosides because the cyclic structures are 
analogous to those of the ordinary or O-glycosides. For the iV-glycosides, the 
linkage is through a nitrogen atom instead of an oxygen atom; hence, names 
like n-butylamine iV-glycoside have been used. The preferred nomenclature 
is based on the original suggestion of Votoöek and Valentin (5) that the 
compounds be named as substituted amines, as for example, D-glucosyl-n-
butylamine, or in current practice, iV-n-butyl-D-glucosylamine. 

The hexosimines form pentaacetyl derivatives in which one acetyl group 
is connected to the nitrogen atom; the O-acetyl groups of the glucose 
derivative may be removed with the formation of iV-acetylglucosylamine. 
This procedure is probably the best method for preparing the acetamide 
derivatives of the sugars, for direct combination has not yielded crystalline 
products. 

An isomeric acetamide derivative has been prepared by the action of 
ammonia on aldehydo-glucose pentaacetate (6, 7) ; lead tetraacetate oxida-
tion shows that it has a furanose structure. Evidently, the ammonia com-
bines with the aldehyde group and an acetyl group migrates to the amino 
group from the 4-position. 

Diacetamide derivatives may result (6) from the action of ammonia on 
the acetylated nitriles (Wohl degradation), a process in which a carbon 
atom is lost. These substances probably have open-chain structures. 

1. G. P. Ellis and J. Honeyman, Advances in Carbohydrate Chem. 10, 95 (1955). 
2. C. A. Lobry de Bruyn and A. P. N. Franchimont, Rec. trav. chim., 12, 

286 (1893) ; E. J. Lorand, U. S. Patent 2,235,938 (Mar. 25,1941) ; I. E. Muskat, J. Am. 
Chem. Soc. 56,693 (1934). 

S. H. L. Frush and H. S. Isbell, J. Research Natl. Bur. Standards 47, 239 (1951). 
4. P. Brigl and H. Keppler, Z. physiol. Chem. 180, 38 (1929). 
5. E. Votocek and F. Valentin, Collection Czechoslov. Chem. Communs. 6, 77 (1934). 
6. R. C. Hockett and L. B. Chandler, J. Am. Chem. Soc. 66, 957 (1944). 
7. C. Niemann and J. T. Hays, J. Am. Chem. Soc. 67, 1302 (1945). 
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CN 

HCOAc N H ' ) HC(NHAc)2 + NH4CN 

I I 
AcOCH AcOCH 

I I 
The simple glycosylamines are hydrolyzed by dilute acids (8,9a, b), and are 

reduced to 1-amino alcohols (8). Evidence to be presented below indicates 
that the acyclic and ring forms probably exist in an equilibrated solution; 
hence, the ring and open-chain structures will be used interchangeably in 
the present discussion. 

B. iV-SuBSTiTUTED GLYCOSYLAMINES 

Schiff, in studying the reactions of amines with aldehydes, found that 
condensation products, the so-called Schiff bases, are formed: 

R—CHO + R'—NH2 -> R—CH=N—R' (Schiff base) 

When the reaction was first applied to the sugars, amorphous products 
were obtained which were considered to have the Schiff base structure. 
By heating glucose or fructose in an alcoholic solution of aniline, Sorokin 
(10) was able to prepare crystalline products, although the crystallinity of 
iV-phenyl-D-glucosylamine is in doubt (10, 11). Many other crystalline 
glycosylamines are known at present in the aliphatic (5, 12) and aromatic 
(IS, 14) series of amines. 

In certain of their reactions, the substances behave as Schiff bases. 
However, since methylation by the use of methyl iodide and silver oxide 
and subsequent hydrolysis of the glucosylaniline (glucose anilide) (I) lead 
to tetra-O-methylglucopyranose (III) (15) the compound probably has a 
pyranose ring (16). The identical tetra-O-methyl pyranose ether (II) was 
obtained by methylation of iV-phenyl-D-glucosylamine (I) by the use of 
dimethyl sulfate and sodium hydroxide, though only in 25% yield (17a, b). 

8. A. R. Ling and D. R. Nanji, J. Chem. Soc. 121, 1682 (1922); W. Wayne and H. 
Adkins, J. Am. Chem. Soc. 62, 3314 (1940). 

9a. H. S. Isbell and H. L. Frush, J. Research Natl. Bur. Standards 46, 132 (1951). 
9b. H. L. Frush and H. S. Isbell, J. Research Natl. Bur. Standards 47, 239 (1951). 
10. B. Sorokin, J. prakt. Chem. [2] 37, 291 (1888). 
11. J. Honeyman and A. R. Tatchell, / . Chem. Soc. p. 967 (1950). 
12. E. Mitts and R. M. Hixon, J. Am. Chem. Soc. 66, 483 (1944). 
18. B. Helferich and A. Mitrowsky, Chem. Ber. 85, 1 (1952). 
U. F. Weygand, Ber. 72, 1663 (1939). 
15. Called 2,3,5,6-tetramethylglucose at the time. 
16. J. C. Irvine and R. Gilmour, / . Chem. Soc. 93, 1429 (1908). 
17a. G. P. Ellis and J. Honeyman, J. Chem. Soc. p. 2053 (1952). 
17b. J. G. Douglas and J. Honeyman, J. Chem. Soc. p. 3674 (1955). 
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This low yield suggests that ring forms other than the pyranose may be in 
solution. 

CH2OH 

HO 

CH2OCH3 

OH H^H,NHPh 

H OH 

CH3i 

Ag20 

(I) 
iV-Phenyl- D- gl ucopy ranosy lam ine 

H,NHPh 

H OCH3 

(Π) 
2,3,4,6-Tetra-O-methyl-

phenyl- D-glucopyranosylamine 

Η,ΟΗ 

H OCH3 

(HI) 
2,3,4,6-Tetra-O-meihyl-D-glucopyranose 

Certain o-nitroaniline derivatives of L-arabinose and D-ribose (IV) have 
been shown to have ring structures {18), They form triacetates, and all of 
the acetyl groups are removed by treatment with alcoholic ammonia, 
which does not hydrolyze iV-acetyl groups. Two reaction products of ribose 
with aniline have been isolated {19), Both compounds form amorphous 
triacetates {19, 20), Removal of the aniline residue from these amorphous 
triacetates followed by acetylation of the resulting triacetates gave, in both 
cases, 1,2,3,4-tetra-O-acetylribopyranose {20). Structural changes may 
have occurred during acetylation {20); anomerization of iV-phenyl-D-

NO, 

HOCH2- C H - (CHOH)2- C H - NH 
I 0 1 

CH0 

(IV) 

ribosylamine also may have occurred prior to acetylation. For certain 

18. R. Kuhn and R. Ströbele, Ber. 70, 773 (1937). 
19. L. Berger and J. Lee, J. Org. Chem. 11, 75 (1946). 
20. G. A. Howard, G. W. Kenner, B. Lythgoe, and A. R. Todd, / . Chem. Soc. p. 855 

(1946). 
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iV-arylglycosylamines, one isomer may be formed in anhydrous ethanol, 
whereas another isomer appears to be formed in aqueous ethanol {21). 

Acetylation techniques have been very valuable in showing that pyranoid 
ring forms usually exist in solution for compounds such as iV-phenyl-
(11, 22) and ΛΓ-p-tolyl-D-glucosylamine (17a), iV-phenyl- and iV-p-tolyl-D-
fructosylamine (23) and iV-phenyl-D-galactosylamine (24). The a- and 
ß-anomers have been separated by direct fractional crystallization (11, 22, 
25) or by utilization of the complex which is formed between the 0-isomer 
and carbon tetrachloride (22, 26a,b). Similar evidence was obtained by 
benzoylation (17a,b) and by methylation (17a). Periodate oxidation studies 
also indicate that the 2V-acetyl derivatives of L-arabinosylamine, D-galac-
tosylamine, and D-glucosylamine have pyranoid structures (9a,b 27). 

Infrared spectroscopic data (28) for solid iV-o-tolyl- and iV-ß-naphthyl-
D-glucosylamine shows peaks at 6.05 μ. Such peaks are usually due to a 
—C=N— grouping, indicative of a Schiff base. The compounds p-tolyl-
and p-nitrophenyl-D-glucosylamine, however, do not show such a peak. In 
the reaction between 2,3,4,5-tetra-0-acetyl-aZdeA2/do-D-ribose and aniline 
in ethanol or methanol, crystalline compounds corresponding to the Schiff 
base type (V) were isolated; these contained one molecule of ethanol or 
methanol. The infrared absorption spectra of these compounds, however, 
showed that they did not have the Schiff base structure (V), but were of 

OMe (Et) 
/ 

HC 
| \ 

CH=N—C6H5 NHC6H5 

i I 
HCOAc HCOAc 

I I 
HCOAc HCOAc 

I I 
HCOAc HCOAc 

I I 
CH2OAc CH2OAc 

(V) (VI) 
21. G. P. Ellis and J. Honeyman, J. Chem. Soc. p. 1490 (1952). 
22. W. Pigman and K. C. Johnson, J. Am. Chem. Soc. 75, 3464 (1953). 
23. C. P. Barry and J. Honeyman, J. Chem. Soc. p. 4147 (1952). 
24. K. Butler, F. Smith, and M. Stacey, J. Chem. Soc. p. 3371 (1949). 
25. R. Bognâr and P. Nânâsi, J. Chem. Soc. p. 185 (1955). 
26a. M. Frèrejacque, Compt. rend. 202, 1190 (1936). 
26b. M. Frèrejacque, Compt. rend. 207, 638 (1938). 
27. C. Niemann and J. T. Hays, J. Am. Chem. Soc. 62, 2960 (1940). 
28. F. Legay, Compt. rend. 234, 1612 (1952). 
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the aldehyde-ammonia addition type (VI) (29). Maltosylalkylamines may 
also have a structure similar to the aldehyde ammonias (SO). The existence 
of the Schiff base form in solution is supported by the observation that 
HCN adds to certain glycosylamines to form nitriles (31) : 

R—N=CH—(CHOH)4—CH2OH + HCN -> 

CN 

R—NH—CH—(CHOH) 4—CH2OH 

a. Preparation 

iV-Substituted glycosylamines having aliphatic amines and substituted 
anilines as aglycons are prepared simply by reaction of the amine and aldose, 
or acetylated aldose, in aqueous or alcoholic solution (5, 10, 14, 26a, 32). 
The preparation of iV-p-tolyl- or iV-phenyl-D-fructosylamine requires acid 
catalysis, better results being obtained by the use of the amine hydrochlor-
ide as the catalyst than of ammonium chloride (23). Acid catalysis may also 
be necessary for ketoses and to condense certain weak amines and urea with 
aldoses (33) but often may be unnecessary and even undesirable (34). 

G l u c o s e H2o,aaicohot20°c. ) (HO)H2C—CH—(CHOH)3—C—NH—C6H5 

- 0 -

Penta-O-acetylglucose —HOAc 20°C—> 

H 
(AcO)H2C—CH—(CHOAc)3—C—NH—CeH4CH3 

- 0 -

The mechanism of glycosylamine formation has not been established 
experimentally. However, a glycosylamine is probably formed by nucleo-
philic substitution of the hemiacetal hydroxyl group by an amine. The re-
action may also occur through the open-chain form, with subsequent ring 
closure. Quite weak amines and amides require acid catalysis; the function 
of the acid catalyst is probably to convert the sugar to its conjugate acid 
form, which is sufficiently reactive for the weak amine to effect condensa-

29. M. Stacey, quoted by G. P. Ellis and J. Honeyman, see reference 1, page 100 
80. J. H. Werntz, U. S. Patent 2,181,929 (Dec. 5, 1939). 
81. W. von Miller and J. Plöchl, Ber. 27,1284 (1894) ; E. Votocek and O. Wichterle, 

Collection Czechloslov. Chem. Communs. 9, 109 (1937). 
82. K. Hanaoka, J. Biochem. (Japan) 31, 95 (1940). 
88. F. Weygand, W. Perkow, and P. Kuhner, Ber. 84, 594 (1951). 
34. R. Kuhn and L. Birkofer, Ber., 71, 621 (1938). 
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tion. This mechanism is suggested by the work of Conant and Bartlett 
(35), who studied the condensation of acetone with semicarbazide. 

From D-ribose, pyranosylamines were believed to be formed at room 
temperature, whereas furanosylamines (the stable isomer) were formed 
when the solutions were refluxed (19). However, observations on a number 
of iV-arylglycosylamines indicate that the presence of water may affect the 
type of isomer produced (21). 

Of particular interest are the glycosylamines of diamines. Such substances 
are intermediates in the synthesis of isoalloxazine derivatives similar to 
riboflavin, a component of a hydrogen-transporting coenzyme. The glycosyl 
derivatives of o-nitroaniline, prepared by the reaction of o-nitroaniline and 
sugars, are reduced by hydrogen in the presence of alkyl amines to the 
glycosyl derivatives of o-phenylenediamine (36). An alternative procedure 
involved coupling glycosyl derivatives of substituted o-phenylenediamines 
with diazonium salts and reducing the resulting azo dyes with hydrogen 
and nickel, or zinc and acetic acid (37). The glycosyl derivatives of 1,2-
diamino-4,5-dimethylbenzene react with alloxan to form flavin glycosides 
(see Riboflavin synthesis, p. 439). 

o-Phenylenediamine reacts with two moles of glucose to form the diglu-
cosyl derivative or with one mole to give a cyclic derivative involving both 
amino groups (38). Under oxidizing conditions, a benzimidazole structure 
is produced. Griess and Harrow report that at least four compounds are 
formed from glucose and o-phenylenediamine. The structures of these 

H z N : A 2 Glucose + ^ Ί ΐ I * HC=N N = CH 

HCOH HCOH 
I I 

compounds need study particularly in light of the present knowledge of the 
Amadori rearrangement (p. 422). 

Glucose + H g N ^ O "~M~* HOCH2(CHOH)4-C^ ^ T j ) + H20 

H 

A better method for the preparation (39) of these derivatives involves the 

85. J. B. Conant and P. D. Bartlett, / . Am. Chem. Soc. 54, 2881 (1932). 
86. British Patent 461,245 (Feb. 8, 1937). 
87. P. Karrer, U. S. Patent 2,237,074 (Apr. 1, 1941). 
88. P. Griess and G. Harrow, Ber. 20, 281, 2205, 3111 (1887) ; B. Schilling, ibid. 34, 

902 (1901). 
89. S. Moore and K. P. Link, / . Biol. Chem. 133, 293 (1940); See also N. K. Richt-

myer, Advances in Carbohydrate Chem. 6, 175 (1951), 
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reaction of the aldonic and saccharic acids with o-phenylenediamine: 

OCOH + o-C6H4(NH2)2 

HCOH 
I 

Xylobenzimidazole forms the 2,5-anhydro derivative when heated with 
zinc chloride (40). The benzimidazoles are useful for the characterization of 
the sugars and of the aldonic, saccharic, saccharinic, and uronic acids (39, 
39a). 

Syntheses of pentosyl and glucosyl derivatives of benzimidazole and sub-
stituted benzimidazoles have been reported (41). A crystalline phosphate of 
Ι-α-D-ribofuranosyl-5,6-dimethylbenzimidazole (a-ribazole) has been iso-
lated as a degradation product of vitamin Bi 2 (4%) and has been tentatively 
identified as the α-ribazole 3'-phosphate (43). 

Ribofuranosyl derivatives of substituted benzimidazoles have been found 
to have virus inhibitory activity (44)· 

From glucosone, compounds with quinoxaline structures may be pro-
duced (45). In the presence of hydrazine and o-phenylenediamine, 1-deoxy-
1-p-toluino-D-fructose or -D-tagatose is converted to a quinoxaline com-
pound in the pH range 6 to 8 by a mechanism similar to osazone formation 
(46). 

* £θ 
HCOH N 

I 
(a quinoxaline) 

Urea, substituted ureas, thiourea, and guanidine condense directly with 

89a. J. C. Sowden and D. J. Kuenne, J. Am. Chem. Soc. 75, 2788 (1953). 
40. C. F. Huebner, R. Lohmar, R. J. Dimler, S. Moore, and K. P. Link, J. Biol. 

Chem. 159,503 (1945). 
41. J. Davoll and G. B. Brown, J. Am. Chem. Soc. 73, 5781 (1951); P. Mammalis, 

V. Petrow, and B. Sturgeon, ,/. Pharm. and Pharmacol. 2, 503, 512 (1950). D. Heyl, 
E. C. Chase, C. H. Shunk, M. U. Moore, G. A. Emerson, and K. Folkers, J. Am. Chem. 
Soc. 76, 1355 (1954). 

42. E. A. Kaczka, D. Heyl, W. H. Jones, and K. Folkers, J. Am. Chem. Soc. 74, 
5549 (1952). 

43. E. A. Kaczka and K. Folkers, J. Am. Chem. Soc. 75, 6317 (1953). 
44. I. Tamm, Science 120, 847 (1954). 
45. H. Ohle, Ber. 67, 155 (1934). 
46. F. Weygand and A. Bergmann, Ber. 80, 255 (1947). 

N. 

H 
HCOH 

ÏO 

C H 0 XT XT 

I H2N 
CO + 

HCOH H 2 N 

I 
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glucose under conditions similar to those used for the amines {47), but acid 
catalysts are necessary. The urea derivative forms a pentaacetate upon 
acetylation with acetic anhydride and zinc chloride. Since one acetyl group 
is bound to a nitrogen atom, the compound probably has a ring structure; 
otherwise, a hexaacetate would be expected. The iV-glucosylurea reduces 
Fehling solution much more slowly than D-glucose. The Barfoed reagent is 
not affected in thirty seconds at 100°C. Upon treatment with phenylhy-
drazine, the compound is converted to the osazone but more slowly than 
for glucose. 

The salts and lactones of the aldonic and saccharic acids react readily 
with phenylhydrazine to form the hydrazides {48). The low solubility and 
ease of crystallization of the hydrazides have led to their use for the charac-
terization and isolation of the acids. Aniline reacts in a manner similar to 
phenylhydrazine. 

OCOH + RHN—NH2 -* OC—NH—NHR 

HCOH HCOH 

Many aminopyrimidines do not condense directly with sugars. The lack 
of reactivity may be due to tautomerism of the amidine type: 

H 

ί Ν τ Ν Η — Ϊ Î ? V N H 2 

However, 4,6-diamino-2-methylpyrimidine in alcoholic solution reacts with 
xylose to give 6-amino-4-D-xylosylamino-2-methylpyrimidine {49). The 
reaction of glucose and fructose with 2,4,5-triamino-6-hydroxypyrimidine 
yields pteridine compounds {50) which, when subjected to a folic acid -
forming reaction, do not give biologically active compounds {50). 

Pteridine 

Glucosylamines formed from sulfanilamides are of interest because of 

47. N. Schoorl, Rec. trav. chim. 22, 31 (1903); R. S. Morrell and A. E. Bellars, J. 
Chem. Soc. 91, 1Q1O (1907); B. Helferich and W. Kosche, Ber. 59, 69 (1926); K. Quehl, 
U. S. Patent 2,116,640 (May 10, 1938); J. G. Erickson and J. S. Keps, J. Am. Chem. 
Soc. 75, 4339 (1953). 

48. L. Maquenne, Bull. soc. chim. France [3] 48, 719 (1887); E. Fischer and F. 
Passmore, Ber. 22, 2728 (1889). 

49. J. Baddiley, B. Lythgoe, and A. R. Todd, J. Chem. Soc. p. 571 (1943). 
60. P. Karrer and R. Schwyzer, Helv. Chim. Ada 31, 782 (1948). 
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the pharmacological importance of the aglycon (51). They may be pre-
pared by the reaction of the sulfanilamide with glucose and are split, in 
vivo, with the liberation of sulfanilamide. Glucosylamines, reported for 
sulfapyridine, sulfamethylthiazole, and sulfaguanidine, contain two moles 
of sugar (52). The biological action of the products is similar to that of the 
aglycon, except that for the sulfapyridine derivative activity against 
cholera organisms was shown. 

An important method of synthesis is based on the reaction of the acetyl-
glycosyl halides with nitrogenous compounds or their metallic salts. 

HCBr | HCNHR | 
| O + RNH2 -> | O 

HCOAc I HCOAc 

The silver salts of purines and pyrimidines react in this way (53). These 
compounds are synthetic nucleosides. (Naturally occurring nucleosides are 
discussed later in this chapter.) 

The acetylglycosyl halides react with silver cyanate or thiocyanate when 
refluxed in xylene solution to give derivatives with —NCO or —NCS 
groups in place of the halogen atom (5Jt). The products generally are 
amorphous but are valuable intermediates for the preparation of glyco-
sylamines of the urea and hydantoin series. The sugar isocyanates react with 
ammonia to produce iV-glycosylureas and with alcohols to give urethans. 
The sugar isothiocyanates yield the corresponding thio derivatives. 

(Ac—GO— NCO + NH3 -► (Ac—Gl)—NH—CO—NH, (Ac—Gl is the 
acetylated 

(Ac—Gl)—NCS + C2H5OH -> (Ac—Gl)—NH—CS—OC2H5 glycosyl group) 

Tetra-O-acetylglucosylisothiocyanate (I) reacts with glycine ethyl ester 
hydrochloride to give tetra-O-acetylglucosyl ethyl thiohydantoate (II), 
which on desulfuration and saponification is converted to glucosylhydan-
toin (III) or to glucosylhydantoic acid (IV) (55). 

By condensation of acetylglycosyl bromides with potassium thiocyanate 

51. Many references to the preparation and properties of these compounds are 
given by E. L. Jackson, J. Am. Chem. Soc. 64, 1371 (1942). 

52. S. I. Lur'e and M. M. Shemyakin, / . Gen. Chem. (U.S.S.R.) 14, 935 (1944); 
Chem. Abstr. 39, 4597 (1945). 

58. E. Fischer and B. Helferich, Ber. 47, 210 (1914) ; P. A. Levene and J. Compton, 
J. Biol. Chem. 114, 9 (1936); 117, 37 (1937). 

54. E. Fischer, Ber. 47,1377 (1914) ; T. B. Johnson and W. Bergmann, J. Am. Chem. 
Soc. 60, 1916 (1938). 

55. K. Haring and T. B. Johnson, J. Am. Chem. Soc. 55, 395 (1933). 
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(Ac—GO— N = C = S + H2NCH2COOR 

(I) 

(Ac—GO—NH— CS—NH— CH2COOR 

(Π) 

AgNOs 
ROH 

(Ac—GO— NH—CO—NH—CH2COOR KOH 

Gl—NH— CO—NH— CH2COOH *- cold 

(IV) 
acid 

* Gl—NH—CO—NH—CH2COOK 

hot acid 

Gl—N—CO 

OC (HI) 

HN—CH2 

(instead of silver thiocyanate), the glycosyl thiocyanates are produced (in-
stead of the isothiocyanates) : 

(Ac—Gl)-Br + KCNS -> (Ac—Gl)—SCN 

At higher temperatures, rearrangement of the thiocyanate may take place 
with the formation of the isothiocyanate (56). 

Potassium thiocyanate and strong hydrochloric acid react with aldose 
sugars to give compounds which appear to have a μ-thiolglucoxazoline 
structure (57) (V or VI). The products are oxidized by H2O2 to the corre-
sponding μ-hydroxyglucoxazolines. 

HC 

HC-

O 
/ \ 

CS 
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-NH 
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HC 
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H C -

(HCOH)2 

HC 

CSH 

II 
-N o 

CH2OH 
(V) 
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Nitrogenous bases may react directly with acetylglycosyl bromides. 
In this manner 1-glucosylcytosine (VII) has been prepared (58). With more 

56. A. Müller and A. Wilhelms, Ber. 74, 698 (1941). 
57. G. Zemplén, A. Gerecs, and M. Rados, Ber. 69, 748 (1936) ; W. H. Bromund and 

R. M. Herbst, J. Org. Chem. 10, 267 (1945). 
58. G. E. Hilbert and E. F. Jansen, J. Am. Chem. Soc. 58, 60 (1936). 
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basic nitrogenous substances the reaction is likely to lead to the production 
of 1,2-glycoseens (see under Glycoseens). The action of diethylamine on 
tetra-O-acetylglucosyl bromide leads to tetra-0-acetyl-l,2-glucoseen (59) 

? C,H, 

C2H5OCH A H 

H 
+ 
Br 

I 
HC , 

HCOAc 0 
I I 

OC2H5 

N 
I 

oc 

\ , 

X N ^ 

CH-
I 

,CH 

NH2 

N 
NH3 

HCOAc O 
! I 

CH 1 
i I 

HCOH 0 
I I 
(VII) 

or, depending on the conditions, to tetra-O-acetyl-N-glucosyldiethylamine 
(60). (See Chapter VII.) 

Nicotinamide (3-pyridinecarboxamide) condenses with tetra-O-acetyl-
glucosyl bromide to give tetra-O-acetyl-iV-glucosylnicotinamide hydrobro-
mide, which is readily reduced in the aromatic nucleus by Na2S204 (sodium 
dithionite) to 1,2- or 1,6-dihydro derivatives (61). The reduced and 
deacetylated glycosylamine has absorption bands identical with those of 
reduced DPN, a hydrogen-transporting coenzyme of many biological sys-
tems (p. 745), and it is oxidized by the flavin coenzyme in the presence of 
air. The corresponding glycosylpyridines have absorption curves different 
from those of DPN. 

b. Reactions of Glycosylamines 

The reactions of the glycosylamines are dependent to a considerable 
extent on the nature and basicity of the nitrogenous base involved. Un-
fortunately, the reactions have usually not been considered from this 
standpoint, and the establishment of generalizations is difficult. 

The ease of hydrolysis of glycosylamines parallels the base strength of 
the corresponding amine, with the exception of glucosylamine itself (12, 
62). Normal acetic acid was found to be a more effective hydrolyzing agent 
than 0.5 N hydrochloric acid, whereas the effect of dilute sodium hydroxide 

69. K. Maurer, Ber. 62, 332 (1929). 
60. J. W. Baker, J. Chem. Soc. p. 1205 (1929). 
61. P.Karrer, B. H. Ringier, J. Büchi, H. Fritzsche, and U. V. Solmssen, Helv. 

Chim. Ada 20, 55 (1937). 
62. W. Pigman, E. A. Cleveland, D. H. Couch, and J. H. Cleveland, J. Am. Chem. 

Soc, 73, 1976 (1951). 
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TABLE I (/*, 62) 
EQUILIBRIUM DATA FOR SOLUTIONS OF GLUCOSYLAMINES 

5% SOLUTIONS AT 30° 

Compound 

Glucosylamine (glucose ammonia) 
Glucosyl-n-butylamine 
Glucosyl-n-hexylamine 
Glucosyl-n-octylamine 
Glucosyl-n-decylamine 
Glucosyl-n-dodecylamine 
Glucosylphenylamine 
Maltosyl-n-dodecylamine 
Ba salt of glucosylglycine 

Hydroly 

ATHOAc 

100 
100 
100 
96 

100 
100 
80 

ca. 100 
100 

sis at equilibrium 
(%) 

0.5 N 
HC1 

100 
13« 
4° 
9° 

22« 
100 
90 
0 

H20 

0 
55 
73 

44 
0 

75 

0.01 N 
NaOH 

62 

0 

1 Forty-eight hour values; probably not equilibrium values. 
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FIG. 1. Rate constants for mutarotation and hydrolysis of L-arabinosylamine. 

was most markedly dependent upon the nature of the amine moiety (see 
Table I). Isbell and Frush (9a) have found that the rates of hydrolysis of 
some glycosylamines have an optimal pH around pH 3 to 4 (Fig. 1). 

When an excess of acid is added rapidly to L-arabinosylamine, the optical 
rotation drops to a lower point than when the acid is added slowly (9a). 
The lower rotation may arise from the formation of a diarabinosylamine. 
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During slow addition of acid, hydrolysis of the L-arabinosylamine occurs 
without the complication of the diarabinosylamine being formed. 

Some developing solvents used in paper chromatography of sugars con-
tain ammonia. With such solvents the formation of glycosylamines may 
occur. Such products may be identified by their reactions with ninhydrin 
(68). 

Mild acid hydrolysis removes the amine group from acetylated or ben-
zoylated glycosylamines; this procedure provides a method for the prep-
aration of partially acetylated or benzoylated sugars in which the reducing 
group is free (17 a,b 6Ii). 

The natural iV-ribosyl derivatives of purines and pyrimidines are fairly 
stable in the presence of alkali and do not reduce Fehling solution, but 
many synthetic glycosylamines exhibit a considerable reducing action. 
Acidic substances may bring about the isomerization of the glycosylamines 
to ketose derivatives (Amadori rearrangement) ; the isomerization of keto-
sylamines to aldose derivatives without catalysis has also been reported 
(65). The glycosylamines may undergo decomposition upon storage (66) or 
in solution (67). Transglycosylation of aromatic glycosylamines occurs 
readily and proceeds according to the reaction (68) : 
R—NH—CH—(CHOH)3—CH—CH2OH + R'—NH2 -» 

R'—NH— CH— (CHOH)3—CH— CH2OH + R—NH2 

This type of reaction is dependent upon pH, probably is catalyzed by 
protons, and is often reversible. 

Many glycosylamines exhibit mutarotation which may be due to the 
establishment of an equilibrium between the a- and 0-isomers and the cor-
responding Schiff base or possibly to a partial hydrolysis (16, 62, 69, 9a,b). 
The mechanism outlined necessitates the presence of a hydrogen atom 
attached to the nitrogen atom, i.e., the aglycon amine must be a primary 
amine. However, the observed mutarotation of the corresponding deriva-
tives of secondary amines may be ascribed to the formation of an inter-
mediate quaternary ion: R2N+=CH— (CHOH)4—CH2OH. 

68. R. J. Bayly, E. J. Bourne, and M. Stacey, Nature 168, 510 (1951) ; I. D. Raacke-
Fels, Arch. Biochem. and Biophys. 43, 289 (1953). 

64. J. Lee and L. Berger, U. S. Patent 2,384,104 (Sept. 4, 1945). 
65. J. F. Carson, J. Am. Chem. Soc. 77, 1881, 5957 (1955). See also: K. Heyns and 

K. H. Meinecke, Ber. 86, 1453 (1953). 
66. J. E. Hodge and C. E. Rist, J. Am. Chem. Soc. 75, 316 (1953). 
67. S. Bayne and W. H. Holms, / . Chem. Soc. p. 3247 (1952) ; L. Rosen, K. C. John-

son, and W. Pigman, J. Am. Chem. Soc. 75, 3460 (1953). 
68. R. Bognâr, P. Nânâsi, and E. Nemes-Nânâsi, J. Chem. Soc. 189, 193 (1955). 
69. J. C. Irvine and R. Gilmour, / . Chem. Soc. 95,1545 (1909) ; R. Kuhn and L. Bir-

kofer, Ber. 71, 1535 (1938); J. W. Baker, J. Chem. Soc. p. 1205 (1929). 
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N—R 

RHNCH | C—H HCNHR | 

| o <=* I *=* I o 
HCOH I HCOH HCOH 

i l l i 
Schiff base 

Hodge and Rist (70) found that the D-glucosyl derivatives of piperidine 
and diethanolamine do not mutarotate in dry pyridine, whereas the 
D-galactosyl and D-mannosyl derivatives of piperidine do mutarotate. 

Isbell and Frush (9a) have proposed a mechanism for the mutarotation 
of the glycosylamines: 
H—C—NH2 HC—NH2 HC=NH2

+ 

l\ l\ + I 
R O + HA «=* R OH A" <=* R <=± All ring forms 

1/ 1/ I 
—C —C —C—OH A-

I I I 
(I) R=(CHOH) n (II) (III) 

After addition of a proton to the ring form of the glycosylamine (I), the 
resulting conjugate acid (II) is cleaved to form the intermediate imonium 
ion (III). The imonium ion may react reversibly to produce the various 
ring isomers. This mechanism accounts for the much greater catalytic effect 
of acid catalysts upon the mutarotation of glycosylamines than upon the 
corresponding free sugars; the formation of the imonium ion (III) from the 
conjugate acid (II) should be much more easily effected than the corre-
sponding step in the sugar series. 

HC—NH2 H—C—NH2B- H C = N H 

l\ l\ I 
R O + B- <=± R O <=t R + HB <=± All ring forms 

1/ 1/ I 
—c —c — c—o-

(IV) R=(CHOH) n (V) (VI) 
In comparison with the sugars, the mechanism for basic catalysis accounts 

for the lessened catalytic effect of the hydroxyl ion on the mutarotation of 
the glycosylamines. The amino nitrogen will have less tendency to donate 
â, proton (V —-> VI) than will the hemiacetal hydroxyl of the sugars. Other 
mechanisms for mutarotation may also be operative simultaneously. 

The imonium ion intermediate (III) is used by Isbell and Frush (9a) to 
account for the limitation of the hydrolysis of glycosylamines to a narrowly 
restricted pH range. 

70. J. E. Hodge and C. E. Rist, / . Am. Chem. Soc. 74, 1494 (1952). 
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c. Amadori Rearrangement (71) 

Amadori (72) reported that the product initially formed from D-glucose 
and p-toluidine was very labile and isomerized in the presence of acids into 
a "stable" form. The "labile" isomer was thought to be the glycosylamine 
and the "stable" isomer the Schiff base. However, the "stable" isomer gives 
positive color reactions for ketoses; it is reduced to iV-p-tolylmannamine 
(III) and it forms a hydroxylamine derivative (73). From this evidence, it 
is clear that an isomerization from a D-glucose (I) to a D-fructose (II) 
derivative has taken place. This is called the Amadori rearrangement. 

HC=N—C6H5—CH3 H2C—NH—C6H4—CH3 H2C—NH—C6H4—CH3 

HCOH 
H-* -> CO H2 *HOCH 

(I) (Amadori 
rearrangement) 

(ID (III) 

Hydrogénation of the ketose derivative (II) produces l-deoxy-l-(aryl-
amino) sugar alcohols. Since a new asymmetric center is produced, two iso-
meric alcohols may be formed, but the yield of the two possible isomers is 
influenced greatly by the acidity of the medium employed for the hydro-
génation (74)- In acid solution, catalytic reduction of 1-deoxy-l-p-toluino-
fructose (IV) takes place only in the aromatic ring (V) ; but in alkaline or 
neutral solution, it takes place with the formation of 1-deoxy-l-p-toluino-
mannitol (p-tolyl-D-mannamine) (VI): 

CH3—C6H4—NH 
I 

CH2 

HOCH 

HOCH 

I 

HCOH 

HCOH 

I 
H2COH 

CH3—C6H4—NH 

CH2 

C = 0 

P t , H 2 HOCH 

HCOH 

HCOH 

H2COH 

OH-

CH3—C6H10—NH 
I 

CH2 

C = 0 

Pt,H, v HOCH 

HCOH 
I 

HCOH 
I 

H2COH 
(V) 

H+ 

(VI) (IV) 

However, for 1-deoxy-l-p-toluino-L-ribulose, acid reduction yields 1-deoxy-

71. J. E. Hodge, Advances in Carbohydrate Chem. 10, 169 (1955). 
72. M. Amadori, Atti accad. Lincei, [6] 2, 337 (1925) ; 13, 72, 195 (1931) ; C. N. Cam-

eron, J. Am. Chem. Soc. 48, 2737 (1926). 
78. R. Kuhn and F. Weygand, Ber. 70, 769 (1937). 
74. F. Weygand, Ber. 73, 1259, 1278 (1940). 
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1-toluino-L-arabitol whereas alkaline reduction produces 1-deoxy-l-toluino-
L-ribitol (74)- These reactions provide a new method for the production, 
from the readily available arabinosylamines, of l-(iV-substituted)-ribitol 
derivatives of the type of riboflavin. The reactions are also of interest in 
providing a possible mechanism for the in vivo formation of riboflavin. 

The work of Weygand and co-workers (73, 74) was most important in 
the early elucidation of the Amadori rearrangement. The rearrangement 
appeared to be general for aldosyl derivatives of primary arylamines, and 
acid catalysis was deemed necessary. On this basis, Weygand (74) and 
Smith and Anderson (75) proposed mechanisms for the Amadori rearrange-
ment. One mechanism postulated by Weygand involves the following steps: 

RNH2
+ RNH+ RNH RNH 

HC-

HCOH 
0 

HOCH 

(VII) 

CH 

HCOH 
1 1 

HOCH 

—> 

CH 
II 
COH 
1 1 

HOCH 

—» 

CH2 
1 1 c=o 

HOCH 

(VIII) (IX) (X) 

The catalytic effect of hydrogen ions on the conversion makes it probable 
that the reaction takes place through the cation of the Schiff base (VIII) 
and the sugar enol (IX), which rearranges to give the 1-amino-l-deoxy-
ketose (X). 

The Amadori rearrangement also occurs for the glycosylamine deriva-
tives of some secondary alkylamines and of primary and secondary aralkyl-
amines; it occurs in alcoholic solution in the presence of compounds such as 
ethyl malonate and acetylacetone which contain active hydrogen atoms 
(66). The direct reaction product from D-glucose and dibenzylamine was 
actually 1-dibenzylamino-l-deoxy-D-fructose (XI) (66) and not N,N-di-
benzyl-D-glucosylamine (XII) as indicated earlier by Kuhn and Birkofer 
(76). This rearrangement was effected without benefit of acid catalysis 
(70) or by the use of ethyl malonate (66). The true N, iV-dibenzylglu-
cosylamine (XII) could not be isolated. 

Carson (65) induced a reverse Amadori rearrangement with the con-
version of JV-alkylfructosylamines to aldose derivatives. By the reaction 
of primary alkylamines with fructose under anhydrous conditions, crystal-
line monoamino condensation products were obtained. JV-Ethylfructosyl-
amine was the only fructosylamine isolated. Usually the products were 
2-amino-2-deoxyaldoses, probably of glucose configuration. Presumably. 

75. L. L Smith and R. H. Anderson, J. Org. Chem. 16, 963 (1951). 
76. R. Kuhn and L. Birkofer, Ber. 71, 621 (1938). 
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HC—Ν(ΟΗ206Ηδ)2 

C = 0 
I 

HOCH 
I 

HCOH 

I 
HCOH 

I 
CH2OH 

(XI) 
1 -Dïbenzylamino-1 -deoxy 

D-fructose 

by a continuation of this process, numerous amine groupings may be intro-
duced into a hexose (77). In contrast to the ready rearrangement of fruc-
tosyl derivatives of alkylamines, it has not been possible to rearrange 
fructosyl derivatives of primary ary lamines to the aldose derivative. These 
fructosyl derivatives are prepared (23) under the same conditions as are 
used in the rearrangement of aldosyl derivatives of the same primary aryl-
amines. iV-Benzylfructosylamine does undergo rearrangement (77a). 

Aldosyl derivatives of p-nitroaniline, a very weak base, have not been 
observed to undergo the Amadori rearrangement, and their preparation 
(33) is based on methods which are used to rearrange the aldosyl derivatives 
of the stronger primary ary lamines (74). 

d. Nucleosides* 

This biologically important and growing class of compounds may be best 
defined, as proposed by Schlenk, as the iV-glycosides (glycosylamines) of 
naturally occurring heterocyclic bases. They are tertiary amines usually 
composed of the D-ribosyl- and 2-deoxy-D-ribosylamine derivatives of 
purines and pyrimidines, obtained by the partial hydrolysis of the widely 
distributed nucleic acids. The structures of the purines and pyrimidines 
most commonly found in nucleosides are outlined in Fig. 2 and names 
of the corresponding nucleosides are given. Other nucleosides have been iso-
lated from a wide variety of sources. An adenine derivative first isolated 
from yeast extracts in 1925 (78a) has had its structure established as 
9^5-S-methyl-0-D-ribofuranosyl)adenine by both the degradative and 

* Revised by David G. Doherty. 
77. J. G. Erickson, / . Am. Chem. Soc. 77, 2839 (1955). 
77a. J. F. Carson, J. Am. Chem. Soc. 78, 3728 (1956). 
78a. U. Suzuki and T. Mori, Biochem. Z. 162, 413 (1925). 
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FIG. 2. Skeleton structure for purines and pyrimidines 
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synthetic approaches (78b). Nucleosides have also been isolated from 
sponges (spongothymidine (79)), mold products (puromycin (80)) and ami-
cetin (81a), and mushrooms (nebularine (81b)). Vicine, isolated from vetch 
seed and formerly thought to be a glycosylamine, has been estabhshed as 
the 5-0-jS-D-glucopyranosyl derivative of 2,4-diamino-5,6-dihydroxypy-
rimidine (82). Products of the partial degradation of the vitamin Bi2 

complex have been shown to contain a base entirely different from those 
previously mentioned; it is l-D-ribofuranosyl-5,6-dimethylbenzimidazole 
(83a). Finally, a compound closely related to a nucleoside containing 
L-lyxose, i.e., L-lyxoflavin, has been isolated from human heart muscle and 
identified by comparison with a synthetic sample (83b). 

Preparation of Nucleosides. Levene and Jacobs (83c) treated ribonucleic 
acid with ammonia in an autoclave (175°) and isolated the crystalline 
purine and pyrimidine ribonucleosides, adenosine and guanosine (9-Ν-β-Ό 
ribofuranosyladenine and -guanine) and cytidine and uridine (9-Ν-β-Ώ-
ribofuranosylcytosine and -uracil) respectively. Improvements in the 
chemical hydrolysis have been made through the use of magnesium oxide 

78b. F. Weygand, O. Trauth, and R. Lowenfeld, Ber. 83, 563, (1950); J. Baddiley, 
J. Chem. Soc. p. 1348 (1951); K. Satoh and K. Makino, Nature 167, 238 (1951). 

79. W. Bergmann and R. J. Feeney, J. Am. Chem. Soc. 72,2809 (1950) ; / . Org. Chem. 
16, 981 (1951). 

80. C. W. Waller, P. W. Fryth, B. L. Hutchings, and J. H. Williams, J. Am. Chem. 
/Soc, 75, 2025 (1953). 

81a. E. H. Flynn, J. W. Hirnnan, E. L. Caron, and D. O. Woolf, J. Am. Chem. Soc. 
75, 5867 (1953). 

81b. G. B. Brown and V. S. Weliky, J. Biol. Chem. 204, 1019 (1953). 
82. A. Bendich and G. C. Clements, Biochim. et Biophys. Ada 12, 462 (1953); U. 

Suzuki and T. Mori, Biochem. Z. 162, 413 (1925); G. Wendt, Z. physiol. Chem. 272, 
152 (1942). 

88a. N. G. Brink, F. W. Holly, C. H. Shunk, E. W. Peel, J. J. Cahill and K. Folkers, 
J. Am. Chem. Soc. 72, 1866 (1950). 

88b. E. Sodi Pallares and H. Martinez Garza, Arch. Biochem. 22, 63 (1949). 
88c. P. A. Levene and W. A. Jacobs, Ber. 43, 3154 (1910). 
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(84a), lead hydroxide (84b), aqueous pyridine (84c), or lanthanum catalysis 
(84d), instead of aqueous ammonia. Chemical hydrolysis of deoxyribonu-
cleic acid for the production of deoxyribonucleosides has been limited to 
the use of lead hydroxide (85). Milder, and in the case of deoxyribonucleic 
acid, more desirable enzymic hydrolytic procedures involve the use of 
almond emulsin (84b) and crude or purified intestinal enzymes (86). 
Purified nucleotidases have also been used to hydrolyze the phosphate 
group of pure nucleotides (87). 

All the modern techniques, such as ion-exchange (88a), paper chroma-
tography (88b), countercurrent liquid extraction (85), and electrophoretic 
separation (88c), have been applied to the difficult problem of the separation 
of nucleoside mixtures into pure components. The older chemical pre-
cipitation methods (88d) are still useful for the preparation of nucleosides 
on a larger scale. 

Investigations on the reversal of nucleosidase activity established that 
purified nucleosidases from rat liver could synthesize inosine and guanosine 
from ribose 1-phosphate and the respective purines (89a). This procedure 
has been extended to the enzymic synthesis of iV-ribosylnicotinamide 
(89b) and iV-2-deoxyribosylhypoxanthine and -azaguanine (89c) from their 
respective bases and ribose 1-phosphate. Reactions such as these may play 
a role in the natural synthesis of nucleotides. 

Structure of Nucleosides. The purine and pyrimidine bases associated with 

84a. F. P. Phelps, U. S. Patent 2,152,662 (Apr. 4, 1939). 
84b. K. Dimroth, L. Jaenicke, and D. Heinzel, Ann. 566, 206 (1950). 
84c. H. Bredereck, A. Martini and F. Richter, Ber. 74, 694 (1941). 
84d. F. A. Allen and J. E. Bacher, J. Biol. Chem. 188, 59 (1951). 
86. F. Weygand, A. Wacker, and H. Dellweg, Z. Naturforsch. 6b, 140 (1951). 
86. W. Klein and S. J. Thannhauser, Z. physiol. Chem. 231, 96 (1935). 
87. L. A. Heppel and R. J. Hilmoe, J. Biol. Chem. 188, 665 (1951); L. Shuster and 

N. O. Kaplan, ibid. 201, 535 (1953). 
88a. W. E. Cohn in "The Nucleic Acids." (E. Chargaff and J. N. Davidson, eds., 

Vol. 1, p. 237. Academic Press, New York, 1955; L. Jaenicke and K. vonDahl, Natur-
wissenschaften 39, 87 (1952); P. Reichard and B. Estborn, Ada Chem. Scand. 4, 1047 
(1950). 

88b. R. D. Hotchkiss, J. Biol. Chem. 175, 315 (1948); C. E. Carter, J. Am. Chem. 
Soc. 72, 1466 (1950). 

88c. K. Dimroth, L. Jaenicke, and I. Vollbrechtshausen, Z. physiol. Chem. 289, 
71 (1952). 

88d. H. Bredereck, Ber. 71, 1013 (1938). 
89a. H. M. Kalckar, J. Biol. Chem. 158, 723 (1945); ibid. 167, 477 (1947). 
89b. J. W. Rowen and A. Kornberg, J. Biol. Chem. 193, 497 (1951). 
89c. M. Friedkin, J. Am. Chem. Soc. 74,112 (1952) ; D. B. Strominger and M. Fried-

kin, J. Biol. Chem. 208, 663 (1954). 
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the nucleosides were the first structural components to be identified. Mild 
acid hydrolysis (purines) or vigorous acid hydrolysis (pyrimidines) cleaved 
the glycosylamine linkage liberating the bases, which were readily separated 
and isolated as various pure salts. The identification of the carbohydrate 
components, and especially deoxyribose, was a far more difficult task. 
Hammarsten (90a), in 1894, was the first to recognize that one carbohydrate 
component was a pentose, and in the intervening period until 1909, it was 
variously claimed to be D-xylose, DL-arabinose, and D-lyxose, on the basis 
of derivatives of impure material. In that year, Levene and Jacobs suc-
ceeded in obtaining the sugar in a pure crystalline form and determined its 
physical properties, which differed markedly from the other three known 
pentoses (90b). They compared several osazone derivatives, oxidized the 
sugar to an aldonic acid comparable to the previously synthesized D-ribonic 
acid, and further to an optically inactive pentaric acid, and thus concluded 
correctly that the pentose was D-ribose. The identification of 2-deoxy-D-
ribose was more difficult, since it is readily converted by strong acids to 
levulinic acid, forms soluble hydrazones, and does not form an osazone. 
Careful hydrolysis of a pure deoxyribonucleoside with 0.01 N HC1 by warm-
ing for 10 minutes permitted the isolation of a crystalline deoxypentose. 
Comparison of its chemical tests and physical properties with a synthetic 
2-deoxy-L-ribose revealed no differences except sign of rotation and estab-
lished it as 2-deoxy-D-ribose (90c). 

The structure of the sugar ring in the ribonucleosides was established 
originally as furanose by the laborious procedure of methylation, hydrolysis 
to the methylated sugar, and oxidation to the optically inactive di-O-
methyl-raeso-tartaric acid (90d). Further evidence was obtained by the 
formation of trityl derivatives that could be replaced by tosyl and, finally, 
by iodine groups (90e). Since trityl chloride reacts preferentially with pri-
mary alcohol groups, and only primary tosyl groups can be readily replaced 
by iodine, the furanose structure received additional support. The simple 
direct periodate titration of the nucleosides reveals 1 mole of periodate con-
sumed and no formic acid liberated (90f). These results are correct for 
pentofuranosides since pentopyranosides with three adjacent hydroxyl 
groups require 2 moles of periodate and liberate 1 mole of formic acid. The 
furanose structure of the deoxyribonucleosides was established in an analo-
gous way by the formation of trityl derivatives (90e) and the lack of con-

90a. O. Hammarsten, Z. physiol. Chem. 19, 19 (1894). 
90b. P. A. Levene and W. A. Jacobs, Ber. 42, 1198, 3247 (1909). 
90c. P. A. Levene, L. A. Mikeska, and T. Mori, J. Biol. Chem. 85, 785 (1929-30). 
90d. P. A. Levene and R. S. Tipson, J. Biol. Chem. 94, 809 (1932); 97, 491 (1932). 
90e. P. A. Levene and R. S. Tipson, J. Biol. Chem. 106, 419 (1934) ; 109, 623 (1935) ; 

121, 131 (1937). 
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sumption of periodate (91), i.e., a 2-deoxypentofuranoside would not have 
the adjacent pair of hydroxyl groups required for reaction with periodate. 

The configuration of the glycosylamine linkage of nucleosides can be 
obtained by the periodate method, since one of the two asymmetric centers 
of the dialdehyde formed in the reaction retains the configuration of the 
glycosidic carbon. Dialdehydes were formed from a series of synthetic 
iV-glucosyl purines and pyrimidines whose structure was known from the 
route of synthesis; a comparison of these with the dialdehydes formed from 
the natural nucleosides showed that they were identical and established the 
ß-configuration (92a). Confirmation of the ^-configuration has been ob-
tained with the 2/,3'-0-isopropylidine 5'-0-tosyl derivative of adenosine 
and cytidine. The derivatives of both bases easily form cyclonucleosides 
with the remaining basic ring nitrogen; steric considerations indicate that 
such a reaction can take place only for the ß-gly cosy lamines (92b). Similar 
proof has also been offered (92c) for the /^-configuration of the deoxyribo-
nucleosides. 

The point of attachment of the sugar to the bases was another difficult 
structural question to resolve. In the pyrimidine series, methylation and 
hydrolysis of uridine (93a, b) gave 1-methyluracil, and established the 
linkage at the nitrogen at position 3. In the purines, methylation of xantho-
sine gave a AT-ribosyltheophylline and eliminated nitrogen atoms 1 and 3 
from consideration (93b) ; a choice was left between nitrogen atoms 7 and 
9. Position 9 was finally selected after a comparison of the absorption 
spectra of the nucleosides with the corresponding 7- and 9-methyl aglycons 
showed them to be identical with the 9-methyl compounds (94a). Similar 
reasoning was applied to the purine deoxyribonucleosides to fix their linkage 
with deoxyribose at the N-9 position (94b). In the pyrimidine nucleosides 
the linkage is at iV-3, since thymidine has been methylated and hydrolyzed 
to yield 1-methylthymine (93b). Additional confirmation has been pro-
vided by the synthesis of the ribonucleosides in an unequivocal manner 
(Fig. 3). 

90f. B. Lythgoe and A. R. Todd, J. Chem. Soc. p. 592 (1944). 
91. D. M. Brown and B. Lythgoe, / . Chem. Soc. p. 1990 (1950); L. A. Manson and 

J. O. Lampen, J. Biol. Chem. 191, 87 (1951). 
92a. B. Lythgoe, H. Smith, and A. R. Todd, J. Chem. Soc. p. 355 (1947) ; J. Davoll, 

B. Lythgoe, and A. R. Todd, ibid. p. 833 (1944). 
92b. V. M. Clark, A. R. Todd, and J. Zussman, J. Chem. Soc. p. 2952 (1951). 
92c. W. Andersen, D . H . Hayes, A. M. Michelson, and A. R. Todd, J. Chem. Soc. 

p. 1882 (1954); A. M. Michelson and A. R. Todd, ibid. p. 816 (1955). 
98a. P. A. Levene and R. S. Tipson, J. Biol. Chem. 104, 385 (1934). 
93b. H. Bredereck, G. Müller, and E. Berger, Ber. 73, 1058 (1940). 
94a. J. M. Gulland and E. R. Holiday, J. Chem. Soc. p. 765 (1936); J. M. Gulland 

and L. F. Story, ibid. p. 692 (1938). 
94b. J. M. Gulland and L. F. Story, / . Chem. Soc. p. 259, 692 (1938). 
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FIG. 3 

Synthesis of Nucleosides. The purine and pyrimidine ribonucleosides have 
been synthesized by Todd and co-workers by several methods that estab-
lish their structure. The pyrimidine nucleosides were synthesized by a 
method originally elaborated by Hilbert and co-workers (94c) for the 
preparation of iV-glycosylpyrimidines. Tri-O-acetyl-D-ribofuranosyl bro-
mide was coupled with 2,6-diethoxypyrimidine; the product was treated 
with either methanolic hydrogen chloride to produce uridine, or methanolic 
ammonia to produce cytidine (94d). A modification of this method utilizing 
the mercury salt of thymine was used to prepare a series of thymine nucleo-
sides (94e). The purine nucleosides have been synthesized by three general 
routes. The first method involves coupling the acetohalogen sugar with 
2,8-dichloroadenine (95a) or 2,8-diacetoaminoadenine (95b) followed by 
conversion to the corresponding iV-glycosyladenine or -guanine. This es-
tablished the ^-configuration and the ring structure of the nucleosides but 
not rigidly the iV-9 substitution. A second method is unambiguous in this 
respect. A 4,6-diaminopyrimidine is converted to the iV-glycosylamine and 
aminated at position 5; this product is thioformylated at position 5, and 
then cyclyzed to the purine by treatment with sodium alkoxides (96) (Fig. 
3). A third method, the coupling of an acetohalogen sugar to a substituted 

94c. G. E. Hilbert and T. B. Johnson, J. Am. Chem. Soc. 52, 4489 (1930) ; G. E. Hu-
bert and E. F. Jansen, ibid. 58, 60 (1936). 

Ud. G. A. Howard, B. Lythgoe, and A. R. Todd, J. Chem. Soc. p. 1052 (1947). 
He. J. J. Fox, N. Yung, J. Davoll and G. B. Brown, J. Am. Chem. Soc. 78, 2117 

(1956). 
95a. J. Davoll, B. Lythgoe, and A. R. Todd, J. Chem. Soc. p. 967, 1685 (1948). 
95b. J. Davoll and B. A. Lowy, J. Am. Chem. Soc. 73, 1650 (1951). 
96. G. W. Kenner, C. W. Taylor, and A. R. Todd, J. Chem. Soc. p. 1620 (1949). 
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imidazole (07a), followed by conversion to a purine, has been limited to 
iV-glycosylxanthines (97b). The deoxyribonucleosides have not been syn-
thesized, chiefly because of the difficulty in obtaining 2-deoxy-D-ribose and 
of preparing from it an acetohalogenodeoxyribofuranose suitable for 
coupling it to the bases. 

2. NUCLEOTIDES (98)* 

A. PREPARATION AND STRUCTURES 

Two classes of nucleotides, named ribonucleotides and deoxyribonucleo-
tides according to their sugar component, can be isolated by selective 
degradative techniques from their respective nucleic acids. Careful partial 
hydrolysis of ribonucleic acid (RNA) liberates nucleotides (phosphorylated 
nucleosides) composed of one mole each of ribose, phosphoric acid, and a 
purine or pyrimidine base. Hydrolytic conditions must be mild to avoid the 
formation of nucleosides through the loss of phosphoric acid. Mild alkaline 
hydrolysis of RNA yields two purine (adenine or guanine) and two pyrimi-
dine (cytosine or uracil) nucleotides, whereas mild acid hydrolysis yields 
the two pyrimidine nucleotides with some degradation and extensively 
degrades the purine nucleotides (99). The increased acid stability of the 
pyrimidine nucleotides in comparison with the purine nucleotides permits 
their separation by acid treatment. Enzymic hydrolysis of RNA, especially 
in older work when pure enzyme preparations were not available, gave re-
sults which were difficult to interpret in terms of nucleotide structure. 
Deoxyribonucleic acid (DNA), however, is resistant to ordinary acid and 
alkaline hydrolysis and can be broken down to deoxynucleotides only by 
enzymic procedures to yield two purine (adenine and guanine) and two 
pyrimidine (cytosine and thymine) deoxynucleotides (100). In addition, 

* Revised by Elliot Volkin and David G. Doherty under U.S.A.E.C. Contract 
No. W-7405-eng-26. 

97a. R. A. Baxter and F. S. Spring, J. Chem. Soc. p. 378 (1947) ; R. A. Baxter, A. C. 
McLean, and F. S. Spring, J. Chem. Soc. p. 523 (1948). 

97b. G. A. Howard, A. C. McLean, G. T. Newbold, F. S. Spring, and A. R. Todd, 
J. Chem. Soc. p. 232 (1949). 

98. General references: P. A. Leveneand L. W. Bass, "Nucleic Acids," American 
Chemical Society Monograph No. 56, Chemical Catalog Company, New York, 1931 ; 
E. Char gaff and J. N. Davidson, eds., "The Nucleic Acids.' ' Academic Press, New 
York, 1955; G. W. Kenner, Fortschr. Chem. org. Naturstoffe 8, 96 (1951). 

99. H. S. Loring, P. M. Roll, and J. G. Pierce, J. Biol. Chem. 174, 729 (1948) ; H. S. 
Loring and F. H. Carpenter, ibid. 150, 381 (1943); H. S. Stundel, Z. physiol. Chem. 
188, 203 (1930); P. A. Levene, J. Biol. Chem. 40, 415 (1919); 55, 9 (1923). 

100. E. Volkin, J. X. Khym, and W. E. Cohn, J. Am. Chem. Soc. 73, 1533 (1951); 
W. Klein and S. J. Thannhauser, Z. physiol. Chem. 218, 173 (1933); 224, 252 (1934); 
231, 96 (1935); R. O. Hurst, J. A. Little, and G. C. Butler, J. Biol. Chem. 188, 705 
(1951). 
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small quantities of a fifth deoxynucleotide, deoxyribosyl-5-methy ley tidy lie 
acid, can be isolated by careful fractionation techniques (101). 

The separation of nucleotides and deoxynucleotides, previously a formi-
dable task involving the fractional crystallization of heavy metal and alka-
loid salts (102), has been made much easier by developments in analytical 
techniques. Ion-exchange methods may be used for the purification, isola-
tion, and identification of both classes of nucleotides from hydrolysis mix-
tures (108). Countercurrent distribution (104) and starch (105) and cellu-
lose-column (106) as well as paper-strip chromatography (107) have also 
proved to be useful in separating nucleotides from natural sources. Spectro-
photometric procedures based on the characteristic ultraviolet absorption 
spectra of the purines and pyrimidines have been the most convenient 
method to locate, estimate, and identify the fractions obtained in the 
previous separations. Since the nucleotides are acid in nature, they are 
often named as acids, e.g., adenylic acid, cytidylic acid. The general con-
stitution of the purine nucleotides (and by analogy the pyrimidine nucleo-
tides) is demonstrated by their hydrolysis by acids to a purine and ribose 
(or 2-deoxyribose) monophosphate and by alkalies to the nucleosides and 
phosphoric acid. The order of the constituents in a purine nucleotide must, 
therefore, be: 

H+ OH-

i Ï 
purine—sugar—phosphoric acid 

Structural proof has already been offered above, under the nucleosides, to 
establish the purine-sugar linkage as 9-D-ribofuranosyl [or 9-(2'-deoxy-D-
ribofuranosyl)]. The location of the phosphate group on the ribose chain, 
especially with regard to the 2'- and 3'-positions, has proved to be a more 

101. W. E. Cohn, J. Am. Chem. Soc. 73, 1539 (1951); G. R. Wyatt, Biochem. J. 48, 
584 (1951). 

102. J. X. Khym, D. G. Doherty, and W. E. Cohn, J. Am. Chem. Soc. 
76, 5523 (1954); P. Reichard, Y. Takenaka, and H. S. Loring, J. Biol. Chem. 198, 599 
(1952); H. Bredereck and G. Richter, Ber. 71, 718 (1938); M. B. Buell, J. Biol. Chem. 
150, 389 (1943). 

108. W. E. Cohn, J. Am. Chem. Soc. 71, 2275 (1949); W. E. Cohn and C. E. Carter, 
ibid. 72, 2606 (1950); 72, 4273 (1950); W. E. Cohn, ibid. 72, 1471 (1950). 

104. G. H. Hogeboom and G. T. Barry, J. Biol. Chem. 176, 935 (1948). 
106. P. Reichard, Nature 162, 662 (1948); J . Biol. Chem, 179, 763 (1949). 
106. J. G. Buchanan, A. W. Johnson, J. A. Mills, and A. R. Todd, J. Chem. Soc. 

p. 2845 (1950); C. A. Dekker and A. R. Todd, Nature 166, 557 (1950). 
107. C. E. Carter, J. Am. Chem. Soc. 72, 1466 (1950); B. Magasanik, E. Vischer, 

R. Doniger, D. Elson, and E. Chargaff, J. Biol. Chem. 186, 37 (1950) ; W. E. Cohn and 
C. E. Carter, ibid. 72, 4273 (1950); J. Montveiul and P. Boulanger, Compt. rend. 231, 
247 (1950); P. Boulanger and J. Montveiul, Bull. soc. chim. biol. 33, 784, 791 (1951). 



432 WARD PIGMAN 

difficult problem which has only recently been unambiguously resolved 
(108, 109). The adenylic acid and its deaminated product inosinic acid 
(110), found free in yeast or tissue extracts, were the first to have the loca-
tion of the phosphoric ester group definitely established. Acid hydrolysis of 
inosinic acid yielded an acid-stable ribose phosphate which could be oxidized 
by nitric acid to ribonic acid phosphate (111). Since no D-ribaric acid 
phosphate was produced, the 5-position of ribose must have been blocked 
by the phosphoric ester group. Confirmation of the 5-phospho ester position 
was obtained by the synthesis of inosinic acid, and later adenylic acid, by 
the phosphorylation of 2' , 3'-mono-04sopropylidineribof uranosylhypoxan-
thine and 2', 3'-mono-0-isopropylidineribofuranosyladenosine followed by 
the removal of the isopropylidine group yielding ö'-phosphate esters 
identical to the natural product (112). Other nucleotides with acid-stable 
phosphate groups were considered by analogy with adenosine 5'-phosphate 
to be 5'-phosphate esters, an assumption which has now been confirmed in 
an unequivocal manner (118) by the synthesis of all the 5'-ribonucleotides. 

Hydrolysis of ribonucleic acid by mild alkaline treatment yields four 
mononucleotides containing acid-labile phosphoric ester groups. Early 
degradative studies on nucleotides were based on either the acid hydrolysis 
of inosinic acid (from yeast adenylic) and xanthylic acid (from guanylic) or 
on a glycosyl exchange reaction with the purine nucleotides. These led to 
the isolation of what was then thought to be a single ribose phosphate 
which could be reduced to an inactive ribitol phosphate (a meso compound). 
In addition, as this ribose phosphate could be converted to both O-phospho-
noribopyranosides and -furanosides, unsubstituted positions at C-4 and C-5 
were indicated (114)· This evidence was regarded as proof that the phos-
phate residue occupied the 3-position on the ribose chain. However, im-
proved analytical methods resulted in the discovery of an isomeric pair of 
adenylic acids (107), termed a and b in the order of their elution from an 
ion-exchange column; this reopened the question of the structure of nucleo-
tides obtained by the alkaline hydrolysis of nucleic acids. Subsequently, 

108. J. J. Fox, L. F. Cavalieri, and N. Chang, J. Am. Chem. Soc. 75, 4315 (1953); 
J. M. Ploesser and H. S. Loring, J. Biol. Chem. 178, 431 (1949); H. M. Kalckar, ibid. 
167,445 (1947). 

109. J. X. Khym, D. G. Doherty, E. Volkin, and W. E. Cohn, / . Am. Chem. Soc. 
75, 1262 (1953). 

110. G. Embden and G. Schmidt, Z. physiol. Chem. 181, 130 (1929); G. Schmidt, 
ibid. 179,243 (1928). 

111. P. A. Levene and W. Jacobs, Ber. 44, 746 (1911). 
112. P. A. Levene and R. S. Tipson, J. Biol. Chem. I l l , 313 (1935) ; 121, 131 (1937) ; 

H. Bredereck, E. Berger, and G. Ehrenberg, Ber. 73, 269 (1940). 
US. A. M. Michelson and A. R. Todd, J. Chem. Soc. p. 2476 (1949); J. Baddiley 

and A. R. Todd, ibid. p. 648 (1947). 
14. P. A. Levene and S. A. Harris, J. Biol. Chem. 98, 9 (1932); 101, 419 (1933). 
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isomeric pairs of the other nucleotides, guanylic, uridylic, and cytidylic 
acids (115), were isolated and related to the isomeric adenylic acids (103). 
Extensive experiments established that the isomers were: (1) not 5'-phos-
phates (103), (2) easily interconvertible in acid media (103,116), (3) stable 
to periodate, (4) obtained synthetically by the phosphorylation of 5-trityl-
adenosine and subsequent removal of the trityl group (113, 117) and (5) 
obtained by the alkaline hydrolysis of the cyclic 2 ' , 3'-phosphates of adeno-
sine, cytosine, and uridine (118). 
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These considerations make it clear that the a- and 6-isomers were 2'- and 
3'-substituted phosphates. Measurements of the physical, chemical, and 
enzymic properties of the isomers supported the original suggestion that the 
α-isomers were 2/-phosphates and the 6-isomers were 3'-phosphates (119). 
Initial identification by the synthetic approach was invalidated by the 
discovery that the synthetic 2'-isomers were actually 5'-isomers and that 
the key compound benzylidineadenosine was 2 ' ,3 ' instead of 3 ' ,5 ' (120). 
The final proof of the structure of the isomers was obtained by the hydroly-
sis of the pure a- and 6-isomers with ion-exchange resin to the respective 
a- and 6-ribose phosphates which were converted to their respective methyl 
ribopyranoside phosphates. The glycoside derived from a consumed 1 mole 
of periodate; these results indicated a vicinal hydroxyl grouping and lo-
cated the phosphate at the 2-position. Position 4 was excluded by the 
furanoside structure of the original nucleotide. The glycoside from b con-
sumed no periodate, and, hence, had the phosphate at the 3-position. 
Further confirmation was obtained by the reduction of ribose-a phosphate 
to an optically active ribitol 2-phosphate different from that from ribose-6 

115. W. E. Cohn, / . Am. Chem. Soc. 72, 1471 (1950); H. S. Loring, N. G. Luthy, 
H. W. Bortner, and L. W. Levy, ibid. 72, 2811 (1950). 

116. D. M. Brown, L. J. Haynes, and A. R. Todd, J. Chem. Soc. p. 3229 (1950). 
117. H. Bredereck and E. Berger, Ber. 73, 1124 (1940); J. M. Gulland and G. I. 

Hobday, J. Chem. Soc. p. 746 (1940). 
118. D. M. Brown, D. I. Magrath, and A. R. Todd, J. Chem. Soc. p. 2708 (1952). 
119. L. F. Cavalieri, / . Am. Chem. Soc. 75, 5268 (1953). 
120. D. M. Brown, L. J. Haynes, and A. R. Todd, J. Chem. Soc. p. 3299 (1950). 
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phosphate. Ribitol 3-phosphate was completely oxidized by periodate, 
consuming 6 moles and liberating inorganic phosphate {102). Acetylation 
of adenosine, separation and identification of a crystalline 3,5-di-0-acetyl 
derivative, phosphorylation, and deacetylation yielded a pure adenylic-a 
isomer {121). The structures of the pyrimidine nucleotide isomers a and b 
were established as 2' and 3' substituted phosphates respectively by both 
the degradative {121 a) and synthetic approach {121b). 

The lability of the 2'- and 3'- nucleotides to acids may be compared 
to the acid lability of glycerol 1-phosphate; the production of a mix-
ture by the alkaline hydrolysis of nucleic acids is similar to the alkaline 
hydrolysis of glycerol monomethyl 1-phosphate to methanol and glycerol 
1- and 2-phosphates {122). 

Since DNA is resistant to chemical cleavage, less extensive studies have 
been carried out with deoxynucleotides. Enzymic degradation produces, in 
addition to the bases and deoxynucleosides, the five deoxynucleotides pre-
viously mentioned {100, 101). Early separations involving chemical frac-
tionation have been supplanted by ion-exchange techniques similar to those 
used for nucleotides. Since no phosphate isomerization can occur at posi-
tion 2' and the enzyme selectively breaks the phosphate ester linkage, only 
one deoxynucleoside phosphate is obtained. Comparison of the acid stability 
of the phosphate group with the known ribose nucleotides as well as the order 
of elution from the ion-exchange column suggests that the deoxynucleo-
tides are 5'-phosphate esters {123). Additional confirmation is provided by 
their hydrolysis by a specific 5'-phosphatase to the deoxynucleoside and 
inorganic phosphate {124). Still further proof is provided by synthesis 
from the deoxynucleosides of deoxyadenylic, deoxyguanylic, deoxycytidylic, 
and deoxythymidylic acids identical with the natural products {125). In 
addition, studies by the synthetic route have established that the glycosyl 
linkage has the 0-configuration similar to the ribose nucleotides {126). 

121. D. M. Brown, G. D. Fasman, D. I. Magrath, and A. R. Todd, / . Chem. Soc. 
p. 1448 (1954). 

121a. W. E. Cohn and D. G. Doherty, J. Am. Chem. Soc. 78, 2863 (1956). 
121b. D. M. Brown, A. R. Todd, and S. Varadarajan, / . Chem. Soc. p. 2388 (1956). 
122. O. Bailly and J. Gaume, Bull. soc. chim. France 2,354 (1935) ; 0 . Bailly, Compt. 

rend. 206, 1902 (1938); P. E. Verkade, J. C. Stoppelinburg, and W. D. Cohen, Rec. 
trav. chim. 59, 886 (1940); E. Baer and M. Kates, / . Biol. Chem. 175, 79 (1948). 

123. E. Volkin, J. X. Khym, and W. E. Cohn, J. Am. Chem. Soc. 73, 1535 (1951). 
124. C. E. Carter, / . Am. Chem. Soc. 73, 1573 (1951). 
125. A. M. Michelson and A. R. Todd, «/. Chem. Soc. p. 951 (1953) ; ibid. p. 34 (1954) ; 
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126. A. M. Michelson and A. R. Todd, J. Chem. Soc. p. 816 (1955); W. Andersen, 

D. H. Hayes, A. M. Michelson, and A. R. Todd, ibid. p. 1882 (1954). 
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B . NUCLEOSIDE Dl - AND TllIPHOSPHORIC ACIDS 

In 1928 Lohmann isolated a compound from muscle tissue extracts which 
consisted of adenosine esterified with 3 moles of phosphoric acid {127). 
Acid hydrolysis of the adenosine triphosphate (ATP) yielded 1 mole of 
adenine, 1 mole of ribose monophosphate, and 2 moles of phosphoric acid, 
whereas neutral hydrolysis gave adenosine 5'-phosphate (muscle adenylic 
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Adenosine triphosphoric acid 
(Lohmann) 

acid) and pyrophosphoric acid. The linear formula illustrated was initially 
proposed by Lohman, but definitive proof was lacking at that time. Al-
though other formulations {128) have been suggested, most enzymic and 
chemical evidence supports the linear formula. Since ATP is one of the 
most important coenzymes in the transfer of energy from exergonic to 
endergonic processes through transphosphorylation reactions in animals, 
plants, and microorganisms, the proof of its structure will be briefly con-
sidered. 

Selective enzymic procedures can degrade ATP stepwise to adenosine 
diphosphate (ADP) {129) and inorganic phosphate. ADP is converted to 
either adenosine 5'-phosphate or adenosine and pyrophosphate. The pro-
duction of pyrophosphate could occur only by hydrolysis of the ribose 
phosphate ester linkage, thus establishing the linear nature of ADP. Addi-
tional proof for the structure of ADP may be found in the elegant synthetic 
approach of Baddiley and Todd {180), who found that mild acid hydrolysis 
of 2',3/-0-isopropylideneadenosine 5'-(dibenzyl phosphate) removed the 
isopropylidine group as well as one benzyl group. The resultant adenosine 
5'-(benzyl phosphate) was converted to the silver salt and condensed with 

127. K. Lohmann, Biochem. Z. 203, 164 (1928); Naturwissenschaften 17, 624 
(1929); C. H. Fiske and Y. SubbaRow, Science 70, 381 (1929). 

128. H. K. Barrenscheen and W. Filz, Biochem. Z. 260, 281 (1932); T. Satoh, J. 
Biochem. {Japan) 21, 19 (1935). 

129. J. M. Gulland and E. Walsh, J. Chem. Soc. p. 169 (1945). 
ISO. J. Baddiley and A. R. Todd, J. Chem. Soc. p. 648 (1947). 
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dibenzyl chlorophosphonate to yield adenosine 5'-(tribenzyl diphosphate). 
Hydrogenolysis of the benzyl groups yielded an ADP identical with the 
natural product. It was readily established that the third phosphate in 
ATP was not at the 2'- or 3'-hydroxyls of the ribose moiety but was indeed 
at the opposition. Extension of the monodebenzylation process to adenosine 
5'-(tribenzyl diphosphate) followed by phosphorylation and hydrogenolysis 
gave an ATP identical with the natural product (181). In an effort to syn-
thesize the isomeric ATP with a branched chain Michelson and Todd 
(132) coupled the disilver salt of adenosine 5'-phosphate with 2 moles of 
dibenzyl chlorophosphonate and after hydrogenolysis isolated an ATP 
again identical with the natural product. Electrometric titration revealed 
only one secondary phosphoryl dissociation in accord with the linear struc-
ture rather than the two secondary phosphoryl dissociations that would 
be present in the branched-chain isomer. Most likely, the isomeric forms of 
ATP are in equilibrium through a cyclic intermediate as shown in the ac-
companying formulas. Khorana (183) has devised a novel synthesis of 
ADP and ATP involving the treatment of adenosine 5'-phosphate with an 

0 O O n T T 
II II II / 0 H 

ADOx / 0 - P ^ O H A D Q O - P - O H A D Q ^ O - P - O H 

0 = P O ^ = ^ 0 = P 0 ^ = ^ 0 = P 

HO 0 = P - O H O—P O—P-OH 

OH O 0 H O 0 H 

excess of phosphoric acid and dicyclohexyl carbodiimide, followed by an 
ion-exchange separation of the products. A potentially useful method for 
pyrophosphate synthesis via imidoyl phosphates prepared by the Beckmann 
rearrangement of cyclopentanoneoxime p-nitrobenzenesulfonate in the 
presence of a phosphodiester has been developed by Kenner, Todd and 
Webb (133a) and used for the syntheses of ATP in good yields (183b). 

ATP has been shown to react with carboxylic acids (188c), amino acids 
(183d), and sulfate (183e) in the presence of the appropriate enzyme sys-
tem to yield biologically active mixed anhydrides of AMP plus pyrophos-

181. J. Baddiley, A. M. Michelson, and A. R. Todd, J. Chem. Soc. p. 582 (1949). 
182. A. M. Michelson and A. R. Todd, J. Chem. Soc. p. 2487 (1949). 
188. H. G. Khorana, J. Am. Chem. Soc. 76, 3517 (1954). 
188a. G. W. Kenner, A. R. Todd, and R. F. Webb, J. Chem. Soc. p. 1231 (1956). 
188b. B. H. Chase, G. W. Kenner, A. R. Todd, and R. F. Webb, J. Chem. Soc. p. 

1370 (1956). 
188c. P. Berg, J. Am. Chem. Soc. 77, 1363 (1955). 
188d. M. B. Hoagland, Biochim. et Biophys. Ada 16, 288 (1955); M. B. Hoagland, 

E. B. Keller, and P. C. Zamecnik, J. Biol. Chem. 218, 345 (1956) ; J. A. DeMoss, S. M. 
Genuth, and G. D. Novelli, Proc. Natl. Acad. Sei. U. S. 42, 325 (1956). 

188e. H. Hilz and F. Lipmann, Proc. Natl. Acad. Sei. U. S. 41, 880 (1955); P. W. 
Robbins and F. Lipmann, J. Am. Chem. Soc. 78, 2652 (1956). 
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phate. These anhydrides seem to be involved in the incorporation of acetate 
and sulfate into biological molecules and in addition may play an important 
role in the synthesis of proteins. 

The elegant ion-exchange separation techniques evolved in the recent 
years have enabled investigators to isolate from yeast, bacteria, and animal 
tissues, uridine 5'-di- (UDP) and -triphosphates (UTP) (134), cytidine 
5'-di- (CDP) and -triphosphates (CTP), and guanosine 5'-di- (GDP) and 
-triphosphates (GTP) (135). Application of the synthetic approaches de-
veloped for ADP and ATP has permitted the ready synthesis of uridine 
5'-di- and -triphosphates (136) and could be applied to the other two pairs 
of nucleotides (CDP, CTP; GDP, GTP). Although the functions of these 
latter compounds have not been elucidated, it seems probable that they are 
involved as coenzymes in transphosphorylation reactions similar to ATP. 

C. BIOLOGICALLY IMPORTANT SUBSTANCES RELATED TO NUCLEOTIDES 

As defined, the nucleotides are iV-glycosylpurines or -pyrimidines esteri-
fied with phosphoric acid (iV-base-sugar-phosphoric acid). Several vitamins 
of the B group and coenzymes have closely similar structures with different 
aglycons, with ribitol instead of ribose, or with a different sugar esterifying 
the end of the phosphate chain. The function of some of these compounds 
is discussed in Chapter XIII . 

Coenzyme 7. A heat-stable, dialyzable substance occurs in yeast and 
muscle tissue which is essential for the in vitro fermentation of sugars by 
yeast extract. Concurrent work in the laboratories of Warburg, Christian, 
and Griese, and Euler and Schlenk (137) established the following formula 
for coenzyme I (also known as cozymase, codehydrogenase I, or diphospho-
pyridine nucleotide (DPN) : 

H2N—C=N 

i N-C—C-C — 

N-C CH 
/ 

Î ? ? ί ? ? HC\ 
C - C H 2 - 0 - P - 0 - P - 0 - C H a - C — C - C — C N - C - N 

H H H H 0 - OH 
I I 

HO OH 

Nicotinamide D-Ribose Adenylic acid 

Cozymase or Coenzyme I (DPN) 

184. S. H . Lipton, S. A. Morrell, A. Frieden, and R. M. Bock, J. Am. Chem. Soc. 
75, 5449 (1953). 

ISO. H . Schmitz, R. B . Hurlber t , and V. R. Pot te r , J. Biol. Chem. 209, 41 (1954). 
186. R. H. Hall and H . G. Khorana, J. Am. Chem. Soc. 76, 5056 (1954); N . Anand, 

V. M. Clark, R. H. Hall , and A. R. Todd, J. Chem. Soc. p . 3665 (1952) ; G. W. Kenner , 
A. R. Todd, R. F . Webb, and F . J . Weymouth, ibid. p . 2288 (1954). 

187. O. Warburg, W. Christ ian, and A. Griese, Biochem. Z. 282, 157 (1935); H . von 
Euler and F . Schlenk, Z. physiol. Chem. 246, 64 (1937). 
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Coenzyme I might be considered as a mixed dinucleotide consisting of 
adenylic acid and a second nucleotide compound which has one of the 
B-complex vitamins (nicotinamide) as the nitrogen base. Almond emulsin 
hydrolyzes coenzyme I and iV'-ribosylnicotinamide may be separated from 
the hydrolyzate (188). 

Coenzyme I functions as a hydrogen acceptor, or donor in the reduced 
form, only in the presence of a specific protein, as the coenzyme for many 
biological oxidation-reduction reactions. Although other positions in the 
nicotinamide ring (189) have been implicated as being involved in the 
take-up of hydrogen atoms, evidence obtained with deuterium (140) indi-
cates that the reduction is probably at the double bond in the para position. 
More than 35 different enzymic reactions are known for which coenzyme I 
transports hydrogen from metabolites to the next highest carrier in oxida-
tion-reduction potential. The reactions have been reviewed by Singer and 
Kearney (HI). In reactions of this type the protein is now generally con-
sidered to be the apoenzyme and the protein-coenzyme complex, the enzyme 
or holoenzyme, thus: apoenzyme + coenzyme ^± holoenzyme (enzyme). 

Coenzyme II (Triphosphopyridine Nucleotide (TPN), Codehydrogenase 
II). Warburg and Christian (14%) in 1931 discovered a dialyzable, heat-
stable coenzyme associated with glucose 6-phosphate dehydrogenase which 
acted similarly to coenzyme I in the transport of hydrogen. In the following 
years, it was found in many plant and tissue extracts and obtained in a 
pure form. It was rapidly established that the structure was similar to co-
enzyme I, but the location of a third phosphate group was not known 
(148). The development of analytical techniques for nucleotides enabled 
Kornberg and Pricer (144) to isolate an adenosine diphosphate different 
from adenosine pyrophosphate; the diphosphate was isolated from an 
enzymic digest of coenzyme II and was further degraded by means of a 
potato phosphatase to adenylic acid-a which was later established as the 
2/-phosphate. (See p. 439 for formula.) 

Coenzyme III. A third thermostable, dialyzable factor, coenzyme III , 
capable of replacing DPN in a number of dehydrogenases, has been iso-

188. F. Schlenk, Arch. Biochem. 3, 93 (1943). 
189. P. Karrer, G. Schwarzenbach, and G. E. Utsinger, Helv. Chim. Ada 20, 72 

(1937). 
Î40. M. E. Pullman, A. San Pietro, and S. P. Colowick, J. Biol. Chem. 206, 129 

(1954). 
141. T. P. Singer and E. B. Kearney, Advances in Enzymol. 15, 79 (1954); in "The 

Proteins" (H. Neurate andK. Bailey, eds.), Vol. II, Part A, p. 123. Academic Press, 
New York, 1954. 

142. O. Warburg and W. Christian, Biochem. Z. 242, 206 (1931). 
148. H. von Euler and F. Schlenk, Z. physiol. Chem. 246, 64 (1937); F. Schlenk, 

B. Hogberg, and S. Tingstam, Arkiv Kemi Mineral. Geol. A13, 11 (1939). 
144. A. Kornberg and W. E. Pricer, Jr., J. Biol. Chem. 186, 557 (1950). 
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lated from baker's yeast by Singer and Kearney {145). Extensive investiga-
tions have established that coenzyme III consists of the complete DPN 
structure with an additional undetermined linkage which neutralizes one 
of the acid groups. 

Flavin Coenzymes. Although many flavin derivatives have been suspected 
of functioning in oxidizing enzymic systems as prosthetic groups, only 
two—riboflavin 5-phosphate (flavin mononucleotide, FMN) and flavinade-
nine dinucleotide—have been definitely established in enzymic systems. 
Riboflavin ô'-phosphate (FMN) was identified by Warburg and Christian 
{1^6) as a constituent of the "old yellow enzyme" and its structure eluci-
dated by several workers in different laboratories. Riboflavin, also known 
as vitamin B2 or lactoflavin, has been synthesized by the following pro-
cedure which establishes its structure {147) : 
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U5. T. P. Singer and E. B. Kearney, Biochim. et Biophys. Ada 8, 700 (1952); 11, 
290 (1953). 

146. O. Warburg and W. Christian, Naturwissenschaften 20, 688, 980 (1932). 
U7. P. Karrer, K. Schöpp, and P. Benz, Helv. Chim. Acta 18, 426 (1935) ; R. Kuhn, 
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Kuhn established the structure of FMN by synthesizing a triacetate (see 
formulas) identical with the triacetate from the natural product (148). 
Forest and Todd (149) phosphorylated a substituted riboflavin, and after 
removal of the protecting groups isolated a compound identical with the 
natural FMN material. 

CH2 TrCl *pH2 

(CHOH), (CHOH), 
I 3 | 

CH2OH CH2OTr 

^ ^ N a O A c 

R " R R 

I I I 
CH2 CH2 poci3 ÇH2 

I * I * I 
(CHOAc)3 (CHOAc)3 (CHOAc)3 

CH2OTr CH2OH CH2OP03H2 

(R - substituted isoalloxazine radical) 

Flavin adenine dinucleotide (FAD), discovered and characterized by War-
burg and Christian (150), has also had its structure confirmed by the 
elegant synthetic approach of Christie and co-workers (151). I t is interest-
ing to note that both FMN and FAD are not strictly nucleotides since the 
bond is between the isoalloxazine ring and an alditol, ribitol, rather than a 
sugar. 

Both FMN and FAD, in conjunction with their specific proteins, func-
tion as typical dehydrogenases catalyzing the transfer of hydrogen from the 
reduced forms of the pyridine nucleotides DPN and TPN, to oxygen, a 
dye such as méthylène blue, or to the cytochrome system. 

Additional Coenzymes. Cardini and associates (152) in 1950 discovered a 
coenzyme associated with "galactowaldenase" which was shown to be uri-
dine 5'-diphosphate glucose (UDPG) both by degradation (152) and several 
years later by synthesis (153). This enzyme, galactowaldenase, effects the 

K. Reinemund, and R. Ströbele, Ber. 68, 1765 (1935); F. Bergel, A. Cohen, and J. W. 
Haworth, J. Chem. Soc. p. 165 (1945) ; M. Tishler, J. W. Wellman, and K. Ladenburg, 
/ . Am. Chem. Soc. 67, 2165 (1945). 

148. R. Kuhn, H. Rudy, and F. Weygand, Ber. 69, 1543 (1936). 
149. H. S. Forest and A. R. Todd, J. Chem. Soc. p. 3295 (1950). 
150. O. Warburg and W. Christian, Biochem. Z. 298, 150 (1938). 
151. S. M. H. Christie, G. W. Kenner, and A. R. Todd, J. Chem. Soc. p. 46 (1954). 
152. C. E. Cardini, A. C. Paladini, R. Caputto, and L. F. Leloir, Nature 165, 191 

(1950); R. Caputto, L. F. Leloir, C. E. Cardini, and A. C. Paladini, / . Biol. Chem. 
184, 333 (1950). 

153. G. W. Kenner, A. R. Todd, and R. F. Webb, J. Chem. Soc. p. 2843 (1954). 
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transformation of D-galactose 1-phosphate to D-glucose 1-phosphate. Leloir 
and Cardini (154) have also shown that the coenzyme can be implicated in 
the enzymic formation of sucrose from fructose and the glucose in the co-
enzyme. Since the original discovery of UDPG, a number of similar com-
pounds, i.e., uridine diphosphate galactose, uridine diphosphate amino-
uronic peptide, uridine diphosphate glucuronic acid, uridine diphosphate 
acetylglucosamine, and guanosine diphosphate mannose, have been isolated 
from natural sources although their functions have not yet been resolved 
(155). The nomenclature of these compounds requires systemization. Addi-
tional information concerning some of these substances is given under 
Galactose (Chapter II), Sucrose (Chapter IX), and in Chapter XII I . 

3. NUCLEIC ACIDS (98)* 

The nucleic acids are polymers of a large number of appropriate mono-
nucleotide residues (base-sugar-phosphate) joined by internucleotidic ribose 
phosphate esterifications ; the polymeric linkage is the phosphate ester bond. 
Their biological importance is evident from the fact that two types, called 
RNA and DNA, are found in all cells and some viruses. Although DNA 
appears to exist exclusively within the cell nucleus, RNA (though more 
abundant in the cytoplasm) also occurs to some extent in the nucleus. 
RNA represents the sole nucleic acid type associated with the plant viruses 
(156), whereas the bacterial viruses, which are rich in DNA, apparently 
lack RNA (157). (For histochemical identification, see Chapter XI.) 

The most acceptable methods of isolation of the nucleic acids avoid the 
use of hydrolytic agents (acid, alkali, prolonged heating) but depend on 
processes which are designed to denature and to precipitate the associated 
cell protein; agents for this purpose are detergents, guanidine hydrochloride, 
and chloroform (158). Nucleic acids prepared in this manner are of high 
molecular weight and, particularly for DNA, their solutions exhibit ab-
normally high viscosities. 

The ultimate hydrolysis products of the nucleic acids (98) are approxi-
mately equimolar quantities of the nitrogenous bases (two purines and two 
pyrimidines), pentose (D-ribose from RNA and 2-deoxy-D-ribose from 
DNA), and phosphoric acid. The two purine bases, adenine and guanine, 

* Revised by Elliot Volkin and David G. Doherty under U.S.A.E.C. Contract 
No. W-7405-eng-26. 

154. L. F. Leloir and C. E. Cardini, / . Am. Chem. Soc. 75, 6084 (1953). 
155. L. F. Leloir, Arch. Biochem. Biophys. 33,186 (1951) ; J. T. Park, J. Biol. Chem. 

194, 877, 885, 897 (1952); G. J. Dalton and I. D. E. Storey, Biochem. J. 53, xxxvii 
(1953); E. Cabib, L. F. Leloir, and C. E. Cardini, / . Biol. Chem. 203, 1055 (1953); 
206,779 (1954). 

156. C. A. Knight, J. Biol. Chem. 197, 241 (1952). 
157. F. W. Putnam, Advances in Protein Chem. 8, 177 (1954). 
158. F. W. Allen, Ann. Rev. Biochem. 23, 99 (1954). 
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are found in both RNA and DNA, but the only pyrimidine common to both 
types is cytosine; uracil is the other pyrimidine base of RNA, and the 
pyrimidine thymine is found in DNA. In addition, it should be noted that 
DNA from some sources contains significant quantities of 5-methylcytosine 
(101) as well as cytosine, whereas the DNA of some bacterial viruses con-
tains 5-hydroxymethylcytosine (159) to the complete exclusion of cytosine. 

Structure. The precise identification of the mode of linkage of the phos-
phate residues to adjacent ribose moieties in the nucleic acid chain has been 
established, primarily as a result of the development of ion-exchange 
(103) and paper (107) Chromatographie methods. The basic structure for 
both types of nucleic acid is represented diagrammatically below (after 
Brown and Todd (160)) with the phosphorus atoms esterified at carbons 

\ 
C2 C3—C5 

X 
c2 c, c5 

\ 
C2 Cg C5 

3 and 5 of the pentose. The evidence supporting such a structure is pre-
sented in the following section. 

Ribonucleic Acid. A major contribution to the formulation of R N A struc-
ture was the demonstrat ion t h a t alkaline hydrolysis of R N A quanti tat ively 
liberates about equal amounts of mononucleotide isomers of all four bases 
(108). Although it was readily established t ha t none of these mononucleo-
tides is the 5'-phosphate isomer, it was not unti l some years later t ha t Cohn 
and associates (102) by controlled degradation experiments, and Brown 
and associates (121) by the synthetic route, established tha t the products 
were isomers involving phosphate a t tachment a t positions 2 and 3 of the 
ribose. Of equal significance was the discovery (161) t h a t hydrolysis of 
R N A by the enzyme phosphodiesterase (snake venom or intestinal) lib-
erates mononucleotides exclusively of still another type, the ö'-mono-
nucleotides. I t was thus necessary to establish the mechanisms which 
could account for one phosphodiester s tructure in the R N A chain giving 
rise to three isomers of each mononucleotide. 

Alkaline hydrolysis of the internucleotidic linkages was proposed (160, 
162) to take place by intermediate cyclization of the 3;-phosphoryl linkage, 

159. G. R. Wyatt and S. S. Cohen, Biochem. J. 55, 774 (1953). 
160. D. M. Brown and A. R. Todd, J. Chem. Soc. p. 52 (1952). 
161. W. E. Cohn and E. Volkin, J. Biol. Chem. 203, 319 (1953). 
162. D. Lipkin, P. T. Talbert, and M. Cohn, J. Am. Chem. Soc. 76, 2871 (1954). 
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to the 2'-position with concomitant rupture of the 5'-linkage; the cyclic 
esters were than assumed to be hydrolyzed randomly to yield an approxi-
mately equal mixture of the 2'- and 3'-mononucleotides, as illustrated under 
Nucleotides. The mechanism is similar to that previously demonstrated for 
the acid or alkaline intramolecular phosphate shift in the hexose phosphates 
(Chapter III) ; the reaction results finally in a migration of about half the 
phosphate groups to another ribose carbon. In support of this postulate 
was the verification of the existence of the cyclic 2',3'-intermediates in 
partial RNA hydrolyzates (163) as well as the synthesis of these latter 
compounds (118). 

The action of the enzyme phosphodiesterase, on the other hand, takes 
place by a straightforward hydrolysis of the phosphorus linkage adjoining 
carbon 3 of ribose to yield 5'-mononucleotides (see formulas) (161). On this 
latter observation is based the conclusion that half the phosphoryl attach-

C2 C3 C5 

\ 
C2 C3 C6 

"""X" " 
C2 C3 C5 

( ) Point of hydrolysis 
by phosphodiesterase 

ments in RNA are to carbon 5 of the ribose units. This finding was addi-
tionally significant in so far as it indicated a more direct relation between 
nucleic acid and the variety of free 5'-nucleotides known to exist in biolog-
ical systems. 

Hydrolysis of RNA by crystalline pancreatic ribonuclease likewise pro-
ceeds through intermediate 2',3'-cyclization (164), but in this case the 
action is specifically limited to phosphoryl linkages associated with the 
pyrimidine nucleotides; the cyclic intermediates subsequently are degraded 
by the enzyme only to the 3'-nucleotide type. Thus, the end-products are 
polynucleotides which terminate in 3'-pyrimidine nucleotide groups, and 
pyrimidine mononucleotides of the 3'-variety (165). The structural identi-
fication of many of the polynucleotides demonstrated that no simple 
alternating sequence of purines and pyrimidines exist in the intact RNA. 

Since only the synthetic 3'-diesters of pyrimidine nucleotides are hydro-
lyzed by ribonuclease, the 3'-form (rather than 2'-) must preexist in at least 

168. R. Markham and J. D. Smith, Biochem. J. 52, 552 (1952). 
164. R. Markham and J. D. Smith, Biochem. J. 52, 558, 565 (1952). 
165. E. Volkin and W. E. Cohn, J. Biol. Chem. 205, 767 (1953). 
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the pyrimidine nucleotide linkages of the RNA chain (166). Finally, the 
3'-linkage may be assigned to the purine as well as pyrimidine nucleotides 
in the RNA polymer by virtue of the observation that a purified enzyme 
from spleen yields exclusively 3'-purine and -pyrimidine mononucleotides, 
without concomitant cyclization as part of the mechanism (167). 

The foregoing data permit only the 3 ' , 5'-internucleotidic linkage in the 
RNA chain, to the exclusion of 2 ' ,3 ' - or 2',5'-structures. 

Deoxyribonucleic Acid. Since only carbons 3 and 5 of the 2-deoxyribose 
are available for esterification in DNA, the linkages are all most probably 
of the 3',5'-type. Purified phosphodiesterase quantitatively liberates 5'-
mononucleotides from thymus DNA (100). On the other hand, no method 
has as yet been developed for degradation of these nucleic acid to 3'-deoxy-
mononucleotides, although the pyrimidine 3',5'-diphosphates have been 
isolated from acid hydrolyzates of DNA. Crystalline pancreatic deoxy-
ribonuclease rapidly degrades DNA to very low molecular weight poly-
nucleotides, but identification of many of these products reveals no certain 
route for the action of the enzyme (168). 

DNA exhibits rather different properties from RNA in its susceptibility 
to acid and alkaline hydrolysis. The extreme acid lability of the iV-gly-
cosyl-purine linkages in DNA allows the quantitative liberation of free 
purines by very mild acid treatment, leaving a high molecular weight res-
idue (called apurinic acid or thymic acid) complete in pyrimidine, deoxy-
ribose, and phosphate composition (169). DNA, however, is quite stable to 
alkaline action since the absence of a hydroxyl group on carbon 2 of deoxy-
ribose precludes the possibility of labilization through a cyclic 2',3'-phos-
phate intermediate. 

On the basis of X-ray scattering analysis, and chemical evidence which 
reveals a strict equimolar relation of adenine to thymine and guanine to 
cytosine (170), Watson and Crick (171) have formulated a macrostructure 
for DNA. The authors propose a helical coil involving two DNA chains, 
the two strands being held together by hydrogen bonds involving the afore-
mentioned pairs of bases on opposite chains. In order more completely to 
account for some of the properties of DNA, the structure has been modified 
to include alternating " breaks" at regular places in the two chains (172). 

166. D. M. Brown, C. A. Dekker, and A. R. Todd, J. Chem. Soc.p. 2715 (1952). 
167. D. M. Brown, L. A. Heppel, and R. J. Hilmoe, J. Chem. Soc. p. 40 (1954). 
168. R. L. Sinsheimer, J. Biol. Chem. 208, 445 (1954). 
169. C. Tamm, H. S. Shapiro, and E. Chargaff, J. Biol. Chem. 199, 313 (1952). 
170. G. R. Wyatt, / . Gen. Physiol. 36, 201 (1952); S. Zamenhof, G. Brawerman, 

and E. Chargaff, Biochim. et Biophys. Ada 9, 402 (1952). 
171. J. D. Watson and F. H. C. Crick, Nature 171, 737 (1953). 
172. C. A. Dekker and H. K. Schachman, Proc. Natl. Acad. Set. (U. S.) 40, 894 

(1954). 
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Evidence now indicates that DNA from a single source may be separated 
by certain fractionation procedures into a variety of DNA's of differing 
base composition (178). 

Biological Significance of the Nucleic Acids. I t has long been felt that DNA 
has some direct function in the transmission of heritable characteristics 
through cell generations. The most striking evidence in support of this 
concept comes from the work with the so-called transforming principle, 
whereby it can be demonstrated that highly purified DNA preparation 
(transforming principle) from one bacterial strain is capable of permanently 
conferring specific genetic characters to a related bacterial strain (174) · In 
addition, it appears from various researches with isotopes that DNA re-
mains as a quite stable chemical entity during the division of mammalian 
cells (98). 

I N VITRO Syntheses of RNA and DNA. An outstanding development in 
the study of RNA synthesis has come about through the researches of 
Ochoa and his associates (174a, b, c, d). These workers partially purified 
an enzyme, polynucleotide phosphorylase, from Azotobacter vinelandii which 
effects the synthesis of highly polymerized ribopolynucleotides from 
5'-nucleoside diphosphates with the release of orthophosphate. The diphos-
phates of adenosine, inosine, uridine, cytidine, and guanosine are in-
dividually reactive, and, more important, mixtures of the appropriate 
diphosphates will yield a mixed polynucleotide. Such biosynthetic poly-
nucleotides may attain average molecular weights ranging from 50,000 to 
350,000. Chemical and enzymatic degradation of the polymers show that 
the constituent nucleosides are linked through 3',5'-ribose diphosphate 
bonds as in natural RNA, and, furthermore, mixed biosynthetic polynu-
cleotides hydrolyzed with pancreatic ribonuclease yield products such as 
those obtained from natural RNA. The biosynthetic reaction is reversible 
and is catalyzed by Mg+ +. 

Kornberg and associates have demonstrated (174e) that extracts of 
E. coli B can polymerize the triphosphates of thymidine, deoxyguanosine, 
deoxycytidine, or deoxyadenine into a product whose properties are closely 

178. C. F . Crompton, R. Lipschitz, and E . Chargaff, / . Biol. Chem. 211,125 (1954) ; 
G. L. Brown and M. Watson, Nature 172, 339 (1953). 

174. R. D . Hotchkiss, in "Dynamics of Virus and Rickettsial Infect ions" (F. W. 
Har tman et al., eds.) , Ρ· 405. Blakiston, New York, 1954. 

174a. M. Grunberg-Manago and S. Ochoa, J. Am. Chem. Soc. 77, 3165 (1955). 
174b. M. Grunberg-Manago, P . J . Ortiz, and S. Ochoa, Science 122, 907 (1955). 
174c M. Grunberg-Manago, P . J . Ortiz, and S. Ochoa, Biochim. et Biophys. Ada 

20,269(1956). 
174d. S. Ochoa, Federation Proc. 15, 832 (1956). 
174c. A. Kornberg, I . R. Lehman, M. J . Bessman, and E . S. Simms, Biochim. et 

Biophys. Acta 21, 197 (1956). 
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similar to those of natural DNA. The reaction was revealed by using labeled 
substrates rather than by a demonstration of net synthesis of the product. 
The system requires ATP and a primer, the latter resembling a partial 
digest of DNA. 

4. COMBINATIONS OF SUGARS WITH AMINO ACIDS 
AND PROTEINS (175)* 

Colorimetric methods indicate that most proteins contain several per 
cent of carbohydrates (176). The carbohydrate portion, although small, is 
of considerable biological importance. Many such combinations act as anti-
gens and induce the formation of antibodies in animals, and often the speci-
ficity is due mainly to the carbohydrate portion. It has been suggested that 
the enzymes which hydrolyze carbohydrates (glycosidases) may be proteins 
which contain carbohydrates and that the sugar portion may be responsible 
for the marked specificity shown by these enzymes (177). 

Several C-l amino acid derivatives of D-fructose apparently have been 
isolated from natural products such as liver extracts (178)) possibly Ama-
dori rearrangements (179) (p. 724) may be a method of establishing stable 
carbohydrate-protein linkages. 

The combinations of amino acids with sugars may play an important 
part in the changes which take place during the dehydration and storage of 
natural products. As shown by the early researches cf Maillard and others 
(180) solutions of sugars and amino acids develop brown-to-black colors 
and pronounced odors when heated. The development of these changes may 
be detrimental in many foods such as in dried fruits and eggs. On the other 
hand, they may be beneficial as in malt, for the color, odor, and foaming 
properties impart desirable characteristics to beer (181). 

A. PREPARATION 

The relationship of condensation products of sugars and amino acids to 
labile complexes of carbohydrates and amino acids and to the melanoidin 
reaction has stimulated the study of the simplest systems. The amino acids 

* Revised by David Platt. 
175. For early history see S. Fränkel and C. Jellinek, Biochem. Z. 185, 392 (1927). 
176. M. S0rensen and G. Haugaard, Biochem. Z. 260, 247 (1933) ; S. Gurin and D. B. 

Hood, J. Biol. Chem. 139, 775 (1941). 
177. B. Helferich, W. Richter, and S. Grunler, Ber. Verhandl. sacks. Akad. Wiss. 

Leipzig Math. phys. Kl. 89, 385 (1938). 
178. H. Borsook, A. Abrams, and P. Lowy, J. Biol. Chem. 215, 111 (1955); A. 

Gottschalk, Yale J. Biol. Med. 26, 352 (1954). 
179. A. Abrams, P. H. Lowy, and H. Borsook, J. Am. Chem. Soc. 77, 4794 (1955). 
180. L. C. Maillard, Ann. chim. [11] 5, 258 (1916); [11] 7, 113 (1917). 
181. See J. P. Danehy and W. Pigman, Advances in Food Research 3, 241 (1951); 

J. E. Hodge, J. Agr. Food Chem. 1, 928 (1953). 
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may condense with the aldehyde group of sugars in a manner similar to that 
of amines: 

R 

HCO R—CH—COOR HC=N—CH 

I + I - I I 
HCOH NH2 HCOH COOH 

I I 
The reaction may take place by direct combination in aqueous or alco-

holic solution or in the semisolid state, but usually it is difficult to isolate 
the reaction products. Alanine (CH3—CHNH2—COOH) and the ethyl 
ester of glycine (NH2—CH2—COOC2H5 ) condense with glucose to give 
the corresponding iV-glucosylamino acids {182). Because of the similar 
conditions of this reaction to those occurring during the dehydration of 
foods, these syntheses have particular interest. 

Cysteine reacts particularly readily with reducing sugars probably be-
cause a secondary thiazoline ring is formed (183) : 

CH2—CH—COOH 
/ 

HSCH2—CH—COOH + glucose -> S 

I \ 
NH2 C = N + H 

HCOH 

I 
HCOH 

I 
The main evidence for the thiazoline structure is the negative test for —SH 
groups given with the sodium nitroprusside reagent. 

More certain results are obtained by the interaction of the esters 
or amides of amino acids and tetra-O-acetylglucosyl bromide (184). The 

i 1 i 1 
HCBr I HC—N—CH2—CONHj 

| O + CH3NH—CH2—CONH2 -> I | 
HCOAc | CH3 

(I) | O 
HCOAc 

(ID 

182. J. C. Irvine and A. Hynd, J. Chem. Soc. 99, 161 (1911); H. von Euler and K. 
Zeile, Ann. 487, 163 (1931). 

188. M. P. Schubert, J. Biol. Chem. 130, 601 (1939); G. Âgren, Enzymologia 9, 321 
(1941). 

184. K. Maurer and B. Schiedt, Z. physiol. Chem. 206, 125 (1932). 
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reaction of the compound sarcosine amide (I) with tetra-O-acetylglucosyl 
bromide is illustrated. The tetraacetate (II) yields iV-glucosylsarcosine 
amide upon deacetylation. The iV-glucosylglycylglycine and other similar 
compounds have been made by this method (185). 

Some function of certain amino acids other than the amino group also 
may be utilized for condensations with sugars. Thus, the phenolic group of 
tyrosine (p-HO—C6H4—CH2—CH(NH2)—COOH) condenses with tetra-O-
acetylglucosyl bromide to form an O-glucoside if the amino group is suitably 
blocked (as with a carbobenzoxy group) (186). 

By using the carbobenzoxy method for peptide synthesis, acyl sugar 
derivatives are obtained in which the acyl group is an amino acid radical 
(187). Carbobenzoxyglycyl chloride reacts with the sodium salt of 4,6-0-
benzylideneglucose to form 1 -carbobenzoxyglycyl-4,6-0-benzylidene-D-
glucopyranose, which on catalytic hydrogénation gives 1-0-glycylglucose. 

The 5,6-anhydrohexoses react (p. 393) with amino acids with the forma-
tion of sugars having amino acids substituted on carbon 6. The 6-deoxy-6-
(iV-alanino) glucose (V) is prepared (188) from alanine (IV) and 1,2-0-
isopropylidene-5,6-anhydroglucose (III). Other amino acids have also 
been used (189) ; both mono- and di-N-substituted amino acid derivatives 
are produced. 

HC 
\ 

0 
/ 

H2C 

(I ID 

+ 
CH3 HCOH CH3 

| - » | | 
NH2CH H2C—NH—CH 

1 1 
COOR COOH 

(IV) (V) 

Another procedure for obtaining combinations of sugars and amino acids 
depends on the acylation of the amino group of amino sugars. The iV-glycyl-
D-glucosamine or iV-alanyl-D-glucosamine is obtained from the action of 
carbobenzoxyglycyl chloride or carbobenzoxy-L-alanyl chloride, respec-
tively, on tetra-0-acetyl-ß-D-glucosamine (190). Other derivatives have 
been made by similar reactions (191). An additional method utilizes the 
reduction of the tetra-0-acetyl-(A^a-azidopropionyl)glucosamine and sinn-

i g . H. von Euler and K. Zeile, Ann. 487, 163 (1931). 
186. R. F. Clutton, C. R. Harington, and T. H. Mead, Biochem. J. 31, 764 (1937). 
187. M. Bergmann, L. Zervas, and J. Overhoff, Z. physiol. Chem. 224, 52 (1934). 
188. B. Helferich and R. Mittag, Ber. 71, 1585 (1930). 
189. M. K. Gluzman and V. I. Kovalenko, Chem. Abstr. 48, 138, 603, 3254 (1954). 
190. M. Bergmann and L. Zervas, Ber. 65, 1201 (1932). 
191. D. G. Doherty, E. A. Popenoe, and K. P. Link, J. Am. Chem. Soc. 75, 3466 

(1953). 
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HOCH 

i I 
HC—NH2 0 

I 
HOCH 

R - C H O 
and acetylate 

1 
AcOCH 

H C — N = C H R O 

AcOCH 

p t 
H2 

AcOCH AcOCH 

HC—NH2 o R'-NH-CHaCOCi ) HC—NH—CO—CH2—NHR' 

AcOCH 

I 
HOCH 

HC—NH— CO— CH2—NHR' 

HOCH 

AcOCH 

Pt -Hî 

o OH-

I 
o 
I 

HOCH 

I 
HCNH—COCH2—NH2 

I I 
HOCH O 

(R = p-CH30—C6H4—; R' = C6H5—CH2—O—CO—) 

lar derivatives by hydrogen with platinum oxide as catalyst (192). (See 
formulas below.) 

The action of some dipeptidase enzymes on such derivatives has been 
studied by Bergmann and associates (193) and an interesting correlation 
with the enzymic hydrolysis of dipeptides demonstrated. The dipeptides 
of naturally occurring α-amino acids (those belonging to the L-series) and 

I 
HCOH 

HC—NH2 O 

HOCH 

N8-CH(CH8)-C0C1 

I 
HCOH 

HC—NHC 0—CH (CH,) N3 

I I 
HOCH 0 

pt 
H2 

HCOH I CH3 

HC—NHCO—CH 

I I I 
HOCH ONH2 

192. A. Bertho and J. Maier, Ann. 495, 113 (1932); 498, 50 (1932). 
198. M. Bergmann, L. Zervas, H. Rinke, and H. Schleich, Z. physiol. Chem. 224, 

33 (1934). 
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the 2-deoxy-2-(glycylamino)mannonic acid have the same configuration for 
the asymmetric carbon carrying the substituted amino group; both are 
hydrolyzed by the dipeptidase. Similar derivatives of 2-amino-2-deoxy-
gluconic acid (glucosaminic acid) which correspond to dipeptides of the 
D-amino acid series are unaffected by the dipeptidase. 

Many derivatives of aldonic acids and amino acids have been made by 
the condensation of O-acetylaldonyl chlorides with amino acids or their 
esters. Deactylation gave the esters or amides and, in a few instances, the 
free iV-aldonylamino acids {194). 

Sugars may be brought into combination with proteins by coupling the 
proteins with diazonium salts of the glycosides. Goebel, Avery, and Heidel-
berger used this method in their work on the production of synthetic anti-
gens in which the protein is combined with groups of known structure. The 
diazonium salt is made by the usual procedure of treating an amine with 
nitrous acid; the amine group in these experiments is in the aglycon group of 
an aminophenyl glycoside, prepared in turn by reduction of the correspond-
ing nitrophenyl glycoside (195). 

NH2 NfCl- N2—Protein 

C6H4OCH I 
I o 

HCOH I 

i I 
(Synthetic 
antigen) 

Another process involves coupling the azide formed by the action of 
nitrous acid on O-0-glucosyl-iV-carbobenzoxytyrosine hydrazide with pro-
teins and removing the carbobenzoxy group with the aid of sodium in liquid 
ammonia (186). 

Mixtures of proteins and sugars react in the semidry state or in concen-
trated solution (181). In some instances, a hexose unit will add to many of 
the amino groups in stable combination. For bovine serum albumin and 
D-glucose, as much as 17 % of the product was acid-stable combined D-glu-
cose. 

B. PROTEIN-CARBOHYDRATE COMPOUNDS AS 

SYNTHETIC ANTIGENS (196) 

Certain substances called antigens induce the formation of antibodies 
in serum and other body fluids when they are introduced parenterally into 

m. D. G. Doherty, J. Biol. Chem. 201, 857 (1954), 
195. See O. T. Avery, W. F. Goebel, and F. H. Babers, J. Exptl. Med. 55,769 (1932) ; 

a somewhat similar method is described by B. Woolf, Proc. Roy. Soc. B130, 60 (1941). 
196. J. Marrack, Ergeb. Enzymforsch. 7, 281 (1938). 

C6H4OCH 

HCOH 
O 

HNOt 
CeH4OCH 

HCOH 
O 

protein 
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animal tissue. The serum which contains the antibodies is known as an 
antiserum. It reacts specifically with certain antigens as is evidenced by the 
formation of a precipitate or by other reactions. Synthetic antigens, con-
taining carbohydrates, have been prepared by Avery, Heidelberger, Goebel, 
and associates. These compounds are made as described above. Synthetic 
antigens of this type were prepared from several proteins and from the 
glycosides of a number of mono- and disaccharides. The antisera formed by 
the introduction of these antigens into animals were tested for their reaction 
against the original antigens. It was demonstrated that the principal speci-
ficity is related to the carbohydrate rather than to the protein component 
(197). For the four antigens 

(Protein-I) -0-glucoside (Protein-II) -0-glucoside 
(Protein-I) -0-galactoside (Protein-II) -0-galactoside 

those formed from different proteins but having the same carbohydrate 
portion form precipitates with the antisera produced by the use of either as 
the antigen. Those with the same protein but with different carbohydrate 
components are serologically different, i.e., neither forms a precipitate with 
the antiserum produced by the use of the other as the antigen. This behavior 
is particularly striking since the two proteins alone are serologically different 
and since the carbohydrates alone do not act as antigens., Many synthetic 
antigens of this type have been prepared and exhibit similar specificity 
effects. 

Microorganisms frequently form polysaccharides in culture media which, 
although usually not antigenic, are able to precipitate immune sera pre-
pared against the true antigen, the protein-polysaccharide of the micro-
organism (198). The pneumococcus polysaccharides have received the most 
study and these are specific for the various types (strains) of pneumococci. 
These microorganisms have capsules which have been shown to consist of 
the type-specific polysaccharides. From the polysaccharide of the type III 
pneumococcus, a synthetic antigen was prepared by diazotization of the 
p-aminobenzyl ether of the polysaccharide and then coupling with serum 
globulin (199). This antigen evoked an antiserum exhibiting reactions simi-
lar to those of the antiserum produced by type III pneumococcus. The 
constitution of some of these polysaccharides is discussed later (Chapter 
XII) . They usually contain uronic acids and/or amino sugars. I t is then of 
considerable interest that synthetic antigens, prepared by the above pro-
cedure from the p-nitrobenzyl glycosides of glucuronic, gentiobiuronic, and 
cellobiuronic acids confer immunity against pneumococci. All of these pro-

197. W. F. Goebel, O. T. Avery, and F. H. Babers, J. Exptl. Med. 60, 599 (1934). 
198. M. Heidelberger and O. T. Avery, / . Exptl. Med. 40, 301 (1924); W. T. J. 

Morgan, Biochem. J. 30, 909 (1936). 
199. W. F. Goebel and O. T. Avery, J. Exptl. Med. 54, 431 (1931). 
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tein-azobenzyl uronides evoke antisera in rabbits which, when introduced 
into mice, protect them (passive immunity) against type II pneumococcal 
infection. Although the cellobiosiduronic acid antiserum from rabbits pro-
duces a temporary (passive) immunity to type III and VIII pneumococcal 
infections in mice, the gentiobiosiduronic acid antiserum is ineffective. 
The corresponding antisera prepared from the glycosides of galacturonic 
acid, cellobiose, and gentiobiose fail to protect mice against pneumococcal 
infection by these types (200). 

5. REACTIONS OF THE SUGARS WITH SUBSTITUTED 
HYDRAZINES AND HYDROXYLAMINE* 

Hydrazines (R—NH—NH2), hydroxylamine (NH2OH), semicarbazide 
(H2N—NHCONH2), and other nitrogenous bases react with sugars in a 
manner somewhat similar to that of the amines. Many of the products mu-
tarotate in solution and exist as ring forms and as acyclic derivatives anal-
ogous to the Schiff base isomers of the iV-glycosides or glycosylamines. The 
most important of these sugar derivatives are those prepared from phenyl-
hydrazine and other hydrazines. The oximes are intermediates in the Wohl 
method of shortening the carbon chains of sugars, and both the oximes and 
semicarbazones have been utilized for the preparation of the acyclic alde-
%do-sugars (p. 143). 

A. HYDRAZONES AND OSAZONES {201a, b) 

The reaction of phenylhydrazine with the sugars was discovered 
by Fischer (202) and was extensively employed in the classical work which 
established the configuration of the sugars. The products obtained have 
been widely employed for characterization and identification although they 
are somewhat difficult to purify, and the melting points are often decompo-
sition points (203). 

Hydrazones. When one mole each of phenylhydrazine and sugar react, 
phenylhydrazones are formed. Most hydrazones are water soluble, but the 
mannose phenylhydrazone is so insoluble that it may be used for the quan-
titative estimation of mannose. The hydrazones are often of value for the 
separation of sugars, for they may be converted to the original sugars by 

* Revised by Lawrence Rosen. 
200. W. F. Goebel, Science 91, 20 (1940); J. Exptl. Med. 72, 33 (1940). 
201a. A. W. van der Haar, "Anleitung zum Nachweis, zur Trennung und Bestim-

mung der Monosaccharide und Aldehydsäuren." Borntraeger, Berlin, 1920. 
201b. E. G. V. Percival, Advances in Carbohydrate Chem. 3, 23 (1948). 
202. E. Fischer, Ber. 17, 579 (1884). 
208. E. Fischer, Ber. 41, 73 (1908). 
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treatment with benzaldehyde or with concentrated hydrochloric acid. Sub-

H C = 0 HC=N—NH—Ph H C = 0 
I H2N—NH-Ph I Ph-CHO I 

HCOH HCOH HCOH 

I I I 
+ 

Ph— CH=N—NH—Ph 
stituted hydrazones less soluble than the phenylhydrazones are usually 
employed. Lloyd and Doherty {204) have prepared the 2,4-dinitrophenyl-
hydrazones of hexoses and pentoses. A hydrazine which is reported {205) 
to show great specificity in reacting only with aldoses of certain configura-
tions has the following formula: H2N—N(CH3)-C6H4—CH2—C6H4— 
N(CH3)—NH2. Substituted hydrazines suitable for the identification of 
some important sugars are given under the individual sugars (Chapter II , 
Table I, and Chapter XI) . p-Tolylsulfonylhydrazine is useful for ribose, 
arabinose, xylose, and fucose, but not for galactose, rhamnose, and fruc-
tose {206). The conditions best adapted for identification purposes are de-
scribed in detail by van der Haar {201a). The formation of the hydrazones 
takes place most rapidly at pH 4 to 5 and in the presence of high concentra-
tions of buffer. Phosphate ion is reported to have a greater catalytic effect 
than acetate ion {207), and hydrochloric acid catalyzes hydrazone but not 
osazone formation, particularly in the absence of air {208). 

Ardagh and Rutherford {207) find the reaction to be of second-order, 
whereas Compton and Wolfrom {209) report it to be pseudo-monomolecular 
when a hydrazine hydrochloride solution buffered with acetate ions is used. 

Information valuable for the interpretation of the structure of the hydra-
zones is provided {209) by the reaction of α-methylphenylhydrazine with 
tetra-O-acetylgalactopyranose (I), tetra-O-acetylgalactofuranose (II), and 
aide%do-penta-0-acetylgalactose (III). As all the hydrazones formed are 
converted to the same penta-O-acetylgalactose methylphenylhydrazone 
(IV) when acetylated, it appears that these hydrazones have open-chain 
structures. 

The rate of hydrazone formation for three types of galactose acetates is 
204. E. A. Lloyd and D. G. Doherty, J. Am. Chem. Soc. 74, 1214 (1952); see also 

L. M. White and G. E. Secor, Anal. Chem. 27, 1016 (1955). 
205. J. v. Braun and O. Bayer, Ber. 58, 2215 (1925); F. L. Humoller, S. J. Kuman, 

and F, H. Snyder, / . Am. Chem. Soc. 61, 3370 (1939). 
206. D. G. Easterby, L. Hough, and J. K. N. Jones, J. Chem. Soc. p. 3416 (1951). 
207. E. G. R. Ardagh and F. C. Rutherford, J. Am. Chem. Soc. 57, 1085 (1935). 
208. A. Orning and G. H. Stempel, Jr., J. Org. Chem. 4, 410 (1939) ; G. H. Stempel, 

Jr., / . Am. Chem. Soc. 56, 1351 (1934). 
209. J. Compton and M. L. Wolfrom, / . Am. Chem. Soc. 56, 1157 (1934). 
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i 
HOCH 

HCOAc 
I 

AcOCH 
I 

AcOCH 

I 
HC 

H2COAc 
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HC=N—N(CH 3 )—Ph 

HCOAc 

O AcOCH 

AcOCH 

HCOH 

H2COAc 

(Ac)2Q 
pyridine 

o 

HOCH 

HCOAc 

AcOCH 
I 
CH 

HCOAc 

I 
H2COAc 

(Π) 

very different : 

HC=N—N(CH3)—Ph 
I 

HCOAc 

AcOCH (Ac)2Q 

HOCH 

HCOAc 

I 
H2COAc 

pyridine 

HC=N—N(CH3)—Ph 

HCOAc 
I 

AcOCH 

AcOCH 

HCOAc 

-» H2COAc 

(IV) 

H C = 0 

HCOAc 

AcOCH 

AcOCH 

HCOAc 

I 
H2COAc 

(III) 

.4/de/iî/cfo-galactose pentaacetate 
Tetra-O-acetylgalactofuranose 
Tetra-O-acetylgalactopyranose 

0.054 
0.016 
0.00052 

This difference in the rate of hydrazone formation makes it probable that 
the rate-determining reaction is either the opening of the rings (for the 
cyclic acetates) to form the acyclic derivatives or the direct reaction of the 
original substances with the substituted hydrazine. 

Although the acetylated galactose hydrazones probably have acyclic 
structures, the hydrazones with free hydroxyls may exist in the ring forms. 
In solution, the sugar hydrazones show complex mutarotations which pass 
through a maximum or minimum (208, 210,211). The failure of the muta-
rotation equation to follow the first-order equation indicates that three or 
more substances take part in the equilibrium. Three isomeric glucose 

210. H. Jacobi, Ann. 272, 170 (1892). 
211. C. L. Butler and L. H. Cretcher, J. Am. Chem. Soc. 53, 4358 (1931). 
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phenylhydrazones exist {212), and their structures have been extensively 
investigated by Behrend and collaborators.-The so-called "beta" isomer is 
usually obtained, and the labile "alpha" isomer is easily transformed into 
the "beta" form. Behrend and Reinsberg (218) showed that the crystalline 
pentaacetate of the "«"-glucose phenylhydrazone has one acetyl group 
attached to a nitrogen atom because removal of the phenylhydrazine group 
gives acetylphenylhydrazine. Since one hydroxyl escapes acetylation, it is 
probably involved in ring formation, and the "«"-glucose phenylhydrazone 
is a cyclic isomer. The acetylated "beta" isomer, however, gives phenyl-
hydrazine. Two isomeric p-nitrophenylhydrazones of glucose and of man-
nose have been reported (214). The method of distinguishing between cyclic 
and acyclic acetyl derivatives has been improved by the development of 
methods for distinguishing between ΛΓ-acetyl and O-acetyl groups (see below 
under Osazones). 

Another method of establishing structures depends upon the well-defined 
reaction of benzenediazonium chloride with acyclic phenylhydrazones to 
form diphenylformazans (215) ; no well-defined product is obtained from 
cyclic isomers. This method has given the same results as the acetylation 
method, and, in addition, has shown that the third isomer of glucose phen-
ylhydrazone is also cyclic. 

Sugar Osazones. By treatment of sugars with an excess of phenylhydra-
zine at 100°C, two phenylhydrazine residues are introduced into the mole-
cule, and sugar osazones, difficultly soluble in water, are formed (216). 
Optimal conditions for the preparation of glucosazone have been deter-
mined (217). The reaction proceeds most rapidly in the presence of acetate 
buffers at a pH of about 4 to 6; in more acid solution (particularly in the 
absence of air), and with the free base, only the hydrazone is formed (208, 
218). The presence of sodium bisulfite in the reaction mixture inhibits the 
formation of colored by-products (219). 

Osazone formation is favored by the presence of electron-attracting 
groups attached to the hydrazine radical and is inhibited by the presence of 
alkyl groups. Nitrophenylosazones are formed with ease under mild condi-
tions. Fructose reacts much more readily with phenylhydrazine and methyl-
phenylhydrazine than does glucose to yield osazones (220). 

212. Z. H. Skraup, Monatsh. 10, 401 (1889); C. L. Butler and L. H. Cretcher, J. 
Am. Chem. Soc. 51, 3161 (1929). 

213. R. Behrend and W. Reinsberg, Ann. 377, 189 (1910). 
214- W. Alberda van Ekenstein and J. J. Blanksma, Rec. trav. chim. 22, 434 (1903). 
215. L. Mester and A. Major, J. Am. Ch,em. Soc. 77, 4297 (1955). 
216. E. Fischer, Ber. 17, 579 (1884). 
217. D. D. Garard and H. C. Sherman, J. Am. Chem. Soc. 40, 955 (1918); G. J. 

Bloink and K. H. Pausacker, J. Chem. Soc. p. 622 (1951). 
218. J. Kenner and E. C. Knight, Ber. 69, 341 (1936). 
219. R. H. Hamilton, Jr., J. Am. Chem. Soc. 56, 487 (1934). 
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The formation of osazones requires 3 moles of phenylhydrazine per mole 
of sugar but 1 mole is reduced during the reaction to yield 1 mole each of 
aniline and ammonia (221). To explain the formation of the aniline and 
ammonia, the following mechanism has been proposed (222). 

H C = 0 HC=N—NH—Ph 
I Ph—NH—NH2 I Ph—NH—NH2 

HCOH > HCOH > 

I I 
HC=N—NH—Ph HC=N—NH—Ph 

I Ph—NH—NH2 I 
C = 0 + NH3 + C6H5—NH2

 > C=N—NH—Ph 
1 ' 
It seems unlikely that a reducing agent as mild as the secondary alcoholic 

group (at carbon 2) could reduce the phenylhydrazine especially since ti-
tanium trichloride does not. 1-Deoxy-l-arylaminofructoses react with phen-
ylhydrazines under the conditions which favor osazone formation. The 
yields are often higher than in the usual procedure starting with a sugar, 
and the rate may be markedly increased (223a). Hydrazine and methyl-
hydrazine are able to oxidize 1-deoxy-l-arylaminoketoses to the osone stage 
in approximately neutral solution (46). Weygand and Reckhaus (228b) 
have proposed a mechanism of osazone formation involving the Amadori 
rearrangement. This mechanism is illustrated for the formation of a phen-
ylosazone (VII) from a hydrazone (I). 

H H H 

I I I 
C=NNHPh A m a d o r i ^ H C - N H N H P h p h N H N H 2 H C - N H N H P h ^ 

H—C—OH ( rearrangement C=Q
 < C=NNHPh " " 

I I I 
R R R 

(I) (ID (III) 

H H H H 

I I I I 
C—NH—NHPh C = N H H î 0 C = 0 PhNHNH2 C=NNHPh 

<r-

C—NH—NHPh C=N—NHPh C = N N H P h C=NNHPh 

I I I I 
R R R R 

(IV) (V) +PhNH2 (VI) +NH3 (VII) 

220. J. Ashmore and A. E. Renold, J. Am. Chem. Soc. 76, 6189 (1954). 
221. E. Knecht and F. P. Thompson, / . Chem. Soc. 125, 222 (1924). 
222. E. Fischer, Ber. 20, 821 (1887). 
228a. F. Weygand and M. Reckhaus, Ber. 82, 442 (1949). 
223b. F. Weygand, Ber. 73, 1284 (1940); F. Weygand and M. Reckhaus, ibid. 82, 

438 (1949); F. Friedberg and L. Kaplan, / . Am. Chem. Soc. 79, 2600 (1957) indicate 
that this mechanism is unlikely. 
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A mechanism of osazone formation utilizing the same intermediate (III) 
as the Weygand-Reckhaus mechanism (I-VII) has been proposed by Bloink 
and Pausacker {224)» The key step may be the formation of a cyclic transi-
tion state (III7) between the intermediate (III) and a molecule of phenyl-
hydrazine hydrochloride which is reductively cleaved to yield the osazone 
(VII') directly as well as ammonia and aniline simultaneously. 

+ H 
Η3Ν··ΝΡη 

H H 

HC—N—NHPh 

I 
C=N—NHPh 

H C = N — N H P h 

C=N—NHPh 
+ ΝΗί + PhNH2 

(ΙΠ') (VIF) 

In the Weygand and Reckhaus mechanism (223b), one of the first two 
molecules of phenylhydrazine is reductively cleaved to aniline and am-
monia to yield the a-hydrazinocarbonyl intermediate (VI); this inter-
mediate reacts with the third molecule of phenylhydrazine to give the osa-
zone. In the mechanism of Bloink and Pausacker (224), the third reacting 
molecule of phenylhydrazine is reductively cleaved to aniline and ammonia. 

On the basis of this difference, Bloink and Pausacker (224) attempted 
experimentally to distinguish between these mechanisms. The relative rates 
of ammonia production and phenylhydrazine consumption were measured 
in the reaction of phenylhydrazine with benzoin phenylhydrazone (II) : 

COMPARISON OF WEYGAND-RECKHAUS AND BLOINK-PAUSACKER MECHANISMS 
Ph Ph Ph 

C=N—NHPh 

HC—NHNHPh 

PhNHNH* 

(1) 

Ph (III) 

(2) 

Ph 
I 

C = N H 

C=NNHPh 

Ph 
+PhNH2 

(V) 

H20 

(3) 

C = 0 

I 
HC—NHNHPh 

I 
Ph (II) 

Ph 

c=o 
I 

C = N N H P h 

Ph 
+NH 3 

(VI) 

PhNHNH2 

PhNHNH2 

(4) 

C=N—NHPh 

HC—NHNHPh 

I 
Ph (III) 

PhNHNH2 u 
Ph PhNH2 

I +NH 3 
C=N—NHPh 

I 
C=N—NHPh 

I 
Ph 

(VII) 

224. G. J. Bloink and K. H. Pausacker, J. Chem. Soc. p. 661 (1952). 
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The Bloink and Pausacker mechanism (II, III , VII) requires that for the 
conversion of benzoin hydrazone (II) to the osazone, the molar ratio of 
phenylhydrazine consumed to ammonia produced initially should be greater 
than two. The Weygand-Reckhaus mechanism (II, III , V, VI, VII) requires 
a molar ratio initially less than two. Since the molar ratio was found to be 
initially greater than two, the Bloink-Pausacker mechanism seemingly was 
supported. However, Bloink and Pausacker made two tacit assumptions. 
First, in the Weygand and Reckhaus mechanism, step (3), leading to the 
production of ammonia by hydrolysis of the imino compound (V), occurs 
much faster than the subsequent step (4) in which the second mole of phen-
ylhydrazine would be consumed. Secondly, steps (2) and (3), proceed more 
rapidly than step (1), and compound (III) does not accumulate. Evidently, 
further investigation of the mechanism is required. 

The formation of osazones from 2-methoxybutanone {225), 2-methoxy-
(226) and 2-chlorocyclohexanone (227), and 2-0-methyl and 2-amino sugars 
indicates the ready lability of the functional group alpha to the carbonyl 
function. In these cases, osazone formation may proceed by direct replace-
ment of the alpha functional group by a phenylhydrazine molecule to give 
(III) without prior hydrolysis to give an alpha hydroxy compound. 

The phenylosazones of the sugars, because of their insolubility, are of con-
siderable value for the identification of the sugars (p. 609). Since the asym-
metry of carbon 2 is destroyed in their preparation, the osazones of three 
related sugars (the two epimers and the corresponding ketose) are identical: 

HCO HCO HC=N—NH—Ph H2COH 

HCOH a α HOCH C=N—NH—Ph C=0 

I I I I 
There are but four D- and four (enantiomorphous) L-hexose phenylosazones 
and only two D- and two L-pentose derivatives. Thus, the preparation of 
the osazone of an unknown sugar may be utilized for the preliminary alloca-
tion of the unknown to a group of three possible sugars, and the final identi-
fication may be made on the basis of the preparation of difficultly soluble 
hydrazones which are characteristic of the individual sugars. (See above 
under Hydrazones.) Photomicrographs of many phenylosazones, of con-
siderable value for identification purposes, are given by Hassid and Mc-
Cready (228). The rotations of the hydrazones and osazones are utilized 
for distinguishing between D- and L-isomers, and for this purpose a mixture 

225. J. G. Aston, J. T. Clarke, K. A. Burgess, and R. B. Greenburg, J'. Am. Chem. 
Soc. 64,300 (1942). 

226. H. Adkins and A. G. Rossow, J. Am. Chem. Soc. 71, 3836 (1949). 
227. G. J. Bloink and K. H. Pausacker, J. Chem. Soc. p. 1328 (1950). 
228. W. Z. Hassid and R. M. McCready, Ind. Eng. Chem. Anal. Ed. 14, 683 (1942). 
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of two volumes of alcohol and three volumes of pyridine frequently has been 
used as a solvent (229). Confirmation of the identity of the osazones is 
achieved by conversion to the corresponding osotriazoles (see below). 

Although advantageous for the identification of the sugars, the phenyl 
osazones are not applicable to the isolation of sugars. The phenylhydrazine 
groups are removed by treatment with benzaldehyde, concentrated hydro-
chloric acid, or particularly well by pyruvic acid (230), but the resulting 
product, a sugar osone, is a mixed ketose-aldose. 

CH=N—NH—Ph 

C = N — N H — P h 
I 1 

Jlucose phenylosazone 

PhCHO 

H C = 0 

1 
"* C = 0 

Glucosone 

Since the sugar osazones mutarotate in alcoholic pyridine solution (231) 
the classical formula for these substances may be questioned, and there is 
much evidence that they exist in cyclic as well as acyclic forms. The mutaro-
tation has been ascribed to a partial hydrolysis of the osazones, and ap-
preciable quantities of the sugar and hydrazine exist in the equilibrium 
solution (232). This explanation is also supported by the ease with which 
the hydrazine radicals of the osazones are exchanged with hydrazine mole-
cules in the solvent (233). When the second hydrazine is different from that 
used in making the osazone, mixed osazones are formed (232, 23JÇ)· 

H C = N — N H R 

2 (LN-NHR + 2 NH2-NHR' -
I 

H C = N — N H R ' H C = N — N H R 

C = N — N H R + C = N — N H R ' + 2 R N H ~ ~ N H * 

229. I t should be noted that in early work in this field it was often the custom to 
report the observed rotation rather than the calculated specific rotation. Also, the 
rotations given by P. A. Levene and F. B. LaForge, J. Biol. Chem. 20, 429 (1915), for 
a number of important osazones must be multiplied by 100 to give the correct values ; 
cf. F. W. Zerban and L. Sattler, Ind. Eng. Chem. 34, 1182 (1942). 

280. E. Fischer and E. F. Armstrong, Ber. 35, 3141 (1902); L. Brüll, Ann. chim. 
appl. 26, 415 (1936). 

281. E. Zerner and R. Waltuch, Monatsh. 35, 1025 (1914). 
282. L. L. Engel, J. Am. Chem. Soc. 57, 2419 (1935) ; V. C. Barry, J. E. McCormick, 

and P. W. D. Mitchell, J. Chem. Soc. p. 222 (1955). 
288. I. Mandl, Arch. Biochem. 25, 109 (1950). 
284. E. E. Percival and E. G. V. Percival, J. Chem. Soc. p. 750 (1941); E. Votocek 

and R. Vondrâcek, Ber. 37, 3848 (1904); C. Neuberg, ibid. 32, 3387 (1899). 
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Mild acetylation of the glucose and galactose phenylosazones leads to 
tetraacetates which are shown, by a method of distinguishing between 
iV-acetyl and O-acetyl groups, to have all of the acetyl groups esterified 
with hydroxyls. The method depends upon the stability of iV-acetyl groups 
to alkaline conditions under which O-acetyl groups are removed {285). 
Since all acetyl groups are esterified with hydroxyl groups, the tetra-O-
acetylglucose and galactose phenylosazones must be open-chain com-
pounds, for the presence of a ring would allow only a triacetate to be formed. 
I t should be noted, however, that this method may not always be relied 
upon. For example, α,β-diacetylphenylhydrazine gives up one acetyl group 
under the conditions of the O-acetyl determination. (See also p. 463.) 

A comparison of the absorption curves of the sugar osazones with those 
of simple substances {232) indicates that the sugar osazones are acyclic, 
but methylation studies {286) show the presence of a ring structure as illus-
trated in the following series of reactions: 

,̂, (CHehSOi v , . Λ xi_ i i p-nitrobenzaldehyde v 

Glucosazone N a 0 H —> tri-O-methylglucosazone > 
Zn 

tri-O-methylglucosone —HOAc > 3,4,5-tri-O-methylfructopyranose 

Since the hydroxyl of carbon 6 is not methylated, it is probably involved in 
ring formation. Inasmuch as the methylation of the osazones proceeds with 
difficulty and most of the products are amorphous, this evidence cannot be 
considered as final, although the analogous behavior of the osazones, hydra-
zones, and other nitrogenous derivatives makes a ring structure seem proba-
ble. Similar methylation evidence indicates a ring structure for galactosa-
zone {237). 

Further evidence for an acyclic structure for glucosazone is provided by 
the formation of a formazan after treatment with benzenediazonium chlo-
ride {288). The osazone may have a six-membered chelate ring formed 
by hydrogen bonding of the two hydrazine radicals. (See under Hy-
drazones.) 

The osazones of the sugars are converted to osotriazoles when they are 
heated in aqueous copper sulfate solution {239). These derivatives offer 
considerable promise for the identification of the sugars and as confirmatory 

285. M. L. Wolfrom, M. Königsberg, and S. Soltzberg, / . Am. Chem. Soc. 58, 490 
(1936). 

236. E. E. Percival and E. G. V. Percival, J. Chem. Soc. p. 1398 (1935). 
287. J. R. Muir and E. G. V. Percival, J. Chem. Soc. p. 1479 (1940). 
288. L. Mester, / . Am. Chem. Soc. 77, 4301 (1955). 
289. R. M. Hann and C. S. Hudson, J. Am. Chem. Soc. 66, 735 (1944); W. T. Has-

kins, R. M. Hann, and C. S. Hudson, J. Am. Chem. Soc. 70, 2288 (1948) ; E. Hardegger 
and H. El Khadem, Helv. Chim. Ada 30, 900, 1478 (1947); E. Hardegger, H. El Kha-
dem, and E. Schreier, ibid. 34, 253 (1951). 
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tests for the presence of the parent osazones. The opportunity for isomerism 
is less than for the osazones; hence, the melting points and optical rotations 
are of greater value for identification purposes. 

Osotriazoles of diketones previously had been described by von Pech-
mann {240) who obtained them by the oxidation of the corresponding di-
hydrazones. The corresponding osotriazoles of the sugars are formed directly 
by the action of copper sulfate. The formation of the phenyl-D-glucoso-
triazole (II) from glucose phenylosazone (I) is illustrated. Its structure 
is demonstrated by oxidation with periodic acid to the 2-phenyl-4-formyl-
osotriazole (III) which is identical with the product obtained previously by 
von Pechmann from mono-O-acetyldinitrosoacetone phenylhydrazone (IV). 

Reduction of glucose phenylosazone by zinc and acetic acid {241) or by 
catalytic hydrogénation {242) leads to the complete removal of one group, 

H C = N 

HC=NNHC 6 H 5 NC6H5 

C=NNHC 6 H 5 C = N 

I I 
HOCH HOCH 

I I 
HCOH HCOH 

I CuSO* I 
HCOH HCOH 

I I 
H2COH 

H C = N 

C = N 

NC6H5 HC=N(OAc) 

HIO4 

H2COH 
(I) (Π) 

HCO 

+ 
HCHO 

+ 
2 HCOOH 

(HI) 

C=NNHC 6 H 5 

H C = N O H 

(IV) 

the splitting of the other, and the formation of 1-deoxy-l-aminofructose, 
often called isoglucosamine. The structure of the amine is shown by its reac-
tion with nitrous acid to produce D-fructose {243). Similar derivatives, with 
a substituted amino group, result through the Amadori rearrangement of 
the corresponding glycosylamines as described earlier in this chapter. 

When the acetyl groups of acetylated sugar osazones are removed by the 
use of sodium hydroxide, anhydro derivatives are formed. Percival {244) 
has shown that the phenylosazones of the tetraacetates of glucose, galactose, 
and gulose yield the same dianhydrohexose phenylosazone and, hence, that 
the anhydro rings must involve carbons 3 and 4. This conclusion must be 
correct, for the three sugars differ only in the configurations of these two 

24Ο. H. von Pechmann, Ber. 21, 2751 (1888); Ann. 262, 265 (1891). 
241. E. Fischer, Ber. 19, 1920 (1886). 
242. K. Maurer and B. Schiedt, Ber. 68, 2187 (1935). 
248. E. Fischer and J. Tafel, Ber. 20, 2566 (1887). 
244· E. G. V. Percival, J. Chem. Soc. p. 1384 (1938). 
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carbons. Evidently, different numbers of Waiden inversions must take 
place in the formation of the anhydro ring. The structure (V) is confirmed 
by the inability of the compound to yield a trityl derivative (no -CH2OH 
group) and by the formation of a monotosyl derivative (one free hydroxyl). 
The configuration of the asymmetric carbon atoms has not been demon-
strated. 

C H = N ^ 

-C—NH 

HC- -NPh 

O HC—N—Ph (V) 

HCOH 

—CH2 

Monoanhydro derivatives of glucosazone, galactosazone, xylosazone, 
arabinosazone, cellobiosazone, and lactosazone, and a dianhydromaltosa-
zone have been made by boiling alcoholic solutions of the osazones with 
dilute sulfuric acid (21+5). (See also p. 387.) 

An acetylated monoanhydro derivative of mannose phenylhydrazone 
serves for the confirmation of the identity of mannose, which is customarily 
isolated as the phenylhydrazone (see Chapter II) . 

The solubility characteristics of the reaction products of the sugars with 
unsubstituted hydrazine (NH2—NH2) are not favorable for identification 
purposes. The aldoses form aldazines, and the ketoses ketazines, in which 
2 moles of the sugar are combined with 1 mole of the hydrazine (246). How-
ever, hydrazine reacts readily with sugar lactones to give characteristic 
derivatives useful for identification. The lactones may be regenerated from 
the hydrazides by treatment with nitrous anhydride {247). 

B. OXIMES 

The sugars, probably in the free-aldehyde form (I), react (248) with 
hydroxylamine to give the sugar oximes (II or III) : 

246. 0 . Diehls and R. Meyer, Ann. 519, 157 (1935); E. Fischer, Ber. 17, 579 (1884); 
20, 821 (1887) ; E. G. V. Percival, J. Chem. Soc. p. 783 (1945) ; L. Mester and A. Major, 
J. Am. Chem. Soc. 77, 4305 (1955); E. Schreier, G. Stöhr, and E. Hardegger, Helv. 
Chim. Ada 37, 574 (1954). 

246. E. Davidis, Ber. 29, 2308 (1896). 
247. A. Thompson and M. L. Wolfrom, J. Am. Chem. Soc. 68, 1509 (1946). 
248. P. Rischbieth, Ber. 20, 2673 (1887); E. Fischer and J. Hirschberger, ibid. 22, 

1155 (1889). 
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!—NOH 

H 0 

(I) (ID (HI) 

The oximes are too soluble in water and in alcohols to be of general value 
for the identification of the sugars, but they are very useful for preparing 
acyclic derivatives and for shortening the carbon chains of the sugars (Wohl 
degradation). 

Since the oximes mutarotate {249), the simple structure (II) is not suffi-
cient unless syn and anti isomers exist. By analogy with the sugars, the 
mutarotation may be the result of the establishment of an equilibrium be-
tween the open-chain (II) and cyclic isomers (III). Although only one crys-
talline glucose oxime is known, two crystalline hexaacetates have been 
isolated {250). One is obtained by the reaction of ai<M?/do-penta-0-acetyl-
glucose with hydroxylamine followed by acetylation. Because it is prepared 
from the acyclic form of glucose, it must be the acyclic oxime. At low tem-
peratures, acetylation of glucose oxime produces a second hexaacetate {251). 
This second isomer probably is a ring modification, because crystalline 
2,3,4,6-tetra-O-methylglucose is produced after methylation and hydrol-
ysis {16). Confirmation of these structures for the hexaacetates of the glu-
cose oximes is given by a method which distinguishes between iV-acetyl (or 
iV-acetoxy) and O-acetyl groups. As would be expected, the cyclic modifica-
tion has an iV-acetoxy group, and the acyclic hexaacetate has only O-acetyl 
groups {252). This method depends upon the stability of the iV-acetoxy 
group in alkaline solution. Thus, the acid-hydroiysis procedure of Freuden-
berg and Harder {253) removes all the acetyl groups of both hexaacetates 
of the glucose oximes, but alkaline hydrolysis removes only five O-acetyl 
groups from the cyclic form and all six from the open-chain form. This re-
sistance of iV-acetyl and iV-acetoxy groups to alkaline hydrolysis also seems 
to exist for other nitrogenous derivatives of the sugars. (See, how-
ever, p. 460.) 

In solution, as is evidenced by the mutarotation and other reactions of 

249. H. Jacobi, Ber. 24, 696 (1891). 
250. M. L. Wolfrom and A. Thompson, J. Am. Chem. Soc. 53, 622 (1931); A. Wohl, 

Ber. 26, 730 (1893). 
251. R. Behrend, Ann. 353, 106 (1907). 
252. M, L. Wolfrom, M. Königsberg, and S. Soltzberg, J. Am. Chem. Soc. 58, 490 

(1936). 
253. K. Freudenberg and M. Harder, Ann. 433, 230 (1923). 

H C = 0 H C = N — O H H( 

HCOH HCOH 

HC 
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the oximes, the cyclic and acyclic modifications of the sugar oximes seem 
to be in equilibrium. Deacetylation of the acyclic hexaacetate of glucose 
oxime leads to the known, cyclic, crystalline glucose oxime. This isomeriza-
tion is additional proof for an equilibrium between the various forms. Stud-
ies of the acetylation of the sugar oximes furnish additional proof (250,251). 
Low-temperature acetylation of glucose oxime (III) with acetic anhydride 
and pyridine produces the acetylated cyclic isomer (VII) ; at higher tem-
peratures, the glucononitrile pentaacetate (IV) is the main product. Since 
at the higher temperatures the acyclic hexaacetate of glucose oxime (V) 
gives good yields of the glucononitrile pentaacetate (IV), the acyclic oxime 
(VI) is probably an intermediate in the preparation of the nitrile. Thus, both 
cyclic and acyclic acetates are formed in the acetylation reaction. 

The products obtained upon acetylation of the sugar oximes depend not 
only on the temperature but also on the configuration of the sugar involved 

HC—NOH 

O 

HCOH 

(Ac)2Q 
heat 

HC=NOH" 

HCOAc 

CN 

HCOAc <r 
(Ac)»Q 

heat 

(III) 
(Ac)iO 
cold 

(VI) (IV) 

HC=NOAc 

I 
HCOAc 

(V) 

I 
HC—NOAc 

I 

Ac 

HCOAc 

O 

(VII) 

(254)- The arabinose, rhamnose, xylose, and glucosamine oximes yield only 
the nitriles as a result of low-temperature acetylation; glucose gives the 
cyclic hexaacetate and mannose and fucose the acyclic hexaacetates; galac-
tose yields a mixture of all three types. At higher temperatures, the propor-
tion of the nitrile in the reaction mixture increases considerably. 

The Wohl method for shortening the carbon chain of the sugars utilizes 
the acetylated nitrile prepared by the above procedure and is described in 
more detail elsewhere (Chapter II). 

254. R. M. Hann and C. S. Hudson, J. Am. Chem. Soc. 59,1898 (1937); E. Restelli 
de Labriola and V. Deulofeu, ibid. 62,1611 (1940) ; V. Deulofeu, Advances in Carbohy-
drate Chem. 4, 119 (1949). 
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6. DERIVATIVES IN WHICH AN AMINO GROUP REPLACES 
A PRIMARY OR SECONDARY HYDROXYL GROUP {255)* 

A. AMINO SUGARS (GLYCOSAMINES) (256). 

Occurrence. Sugar derivatives which have an amino group in place of one 
of the primary or secondary hydroxyls of the sugars comprise the amino 
sugars. The glycosylamines (osimines) have been considered separately on 
page 407 since their amino group is much more labile than that in the stable 
amino sugars. The amino sugars are of considerable interest because several 
are found among the hydrolytic products of many animal and bacterial 
polysaccharides and glycoproteins. Most natural members of this group 
are 2-amino-2-deoxyaldosesi Chitin, the principal polysaccharide of fungi, 
insects, and crustaceae, gives 2-amino-2-deoxyglucose (glucosamine or 
chitosamine) on hydrolysis (257). A second naturally occurring amino-
hexose is chondrosamine, which forms galactosazone on treatment with 
phenylhydrazine (256, 258) ; it is 2-amino-2-deoxygalactose, also known as 
galactosamine (see below). 

The AT-methyl derivative of L-glucosamine (the enantiomorph of the 
common D-glucosamine) has been isolated from the degradation product of 
streptomycin (259). It is interesting to speculate that the antibiotic activity 
of the streptomycin may arise from the presence of the L-form of the glu-
cosamine. 

Several rare amino sugars have been found in antibiotics. From puro-
mycin (Achromycin), 3-amino-3-deoxy-D-ribose has been isolated by Waller 
and co-workers (260). The configuration of the amino sugar was confirmed 
by its synthesis from L-arabinose, with methyl 2,3-anhydro-ß-L-ribopy-
ranoside (261) as an intermediate (p. 392). Among the hydrolysis products 
of erythromycin, obtained from Streptomyces erythreus, is an amino sugar 
with the empirical formula C8Hi7N03. Its structure has been partially de-
termined as a 3-dimethylamino-3,4,6-trideoxyhexose (262). On hydrolysis 

* Revised by Jane Reid Patton. 
255. P. W. Kent and M. W. Whitehouse, ''Biochemistry of the Aminosugars." 

Academic Press, New York, 1955. 
256. P. A. Levene, Biochem. Z. 124, 37 (1921); J. Biol. Chem. 63, 95 (1925); "Hex-

osamines and Mucoproteins" Longmans, Green, New York, 1925. 
257. G. Ledderhose, Z. physiol. Chem. 2, 213 (1878); 4, 139 (1880). 
258. P. A. Levene and F. B. LaForge, J. Biol. Chem. 18, 123 (1914). 
259. F. A. Kuehl, Jr., E. H. Flynn, F. W. Holly, R. Mozingo, and K. Folkers, / . 

Am. Chem. Soc. 68, 536 (1946). 
260. C. W. Waller, P. W. Fryth, B. L. Hutchings, and J. H. Williams, J. Am. Chem. 

Soc. 75, 2025 (1953). 
261. B. R. Baker and R. E. Schaub, J. Org. Chem. 19, 646 (1954). 
262. R. K. Clark, Jr., Antibiotics & Chemotherapy 3, 663 (1953). 
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pikromycin yields an isomeric substance, apparently an amino sugar {263). A 
dimethylamino-6-deoxyaldohexose whose empirical formula is represented 
by C8Hi7N04 {264) has been obtained from carbomycin. 

The importance of D-glucosamine and D-galactosamine to the animal 
body has been demonstrated by the many sites in which they have been 
found. These include human blood group substances {265), stomach lining, 
uterus, inner layer of the aorta, lymph nodes, lung, brain, thyroid glands, 
adrenals, salivary glands {266), human bile {267), heparin, ovomucoid 
{268), human milk {269), hyaluronic acid, chondroitin sulfate, serum glyco-
proteins, heart, and cornea. (See Chapter XII.) 

Except in glycogen, the hexosamines and glucuronic acid are the most 
common sugar components of animal polysaccharides and glycoproteins. 
The presence of an amino uronic acid, although readily conceivable, has 
not been established. But the synthesis of 2-amino-2-deoxy-D-glucuronic 
acid has been accomplished by the oxidation with platinum oxide of benzyl 
2-carbobenzoxyamino-2-deoxy-a-D-glucopyranoside and the removal of the 
two substituent groups by catalytic hydrogénation to the free amino uronic 
acid {271). 

Structure. The structure of glucosamine is shown by the following reac-
tions. The reducing group is unsubstituted {272) since the compound re-
duces Fehling solution and is oxidized by bromine to a six-carbon 
acid (2-amino-2-deoxygluconic acid, glucosaminic acid). The reaction with 
phenylhydrazine takes place with the loss of the amino group and the forma-
tion of glucosazone {273). This evidence locates the amino group at posi-
tion 2, but the compound might be related configurationally to either glu-
cose or mannose. Since both glucose and mannose derivatives may be 
obtained from glucosamine, a Waiden inversion must be involved in at 
least one of the reactions. The information obtained from the hydrolysis 
of the tosyl and the anhydro derivatives of the sugars, has made it pos-
sible to predict the occurrence of Waiden inversions, and glucosamine 
has beea shown to be a derivative of glucose and not of mannose. 

268. H. Brockmann and R. Strufe, Ber. 86, 876 (1953). 
264. F. A. Hochstein and P. P. Regna, / . Am. Chem. Soc. 77, 3353 (1955). 
265. D. Aminoff and W. T. J. Morgan, Nature 162, 579 (1948). 
266. A. M. Kuzin and B. N. Gladyshev, Biokhimiyald, 316 (1950); Chem. Abstr. 

45, 197 (1951). 
267. H. Tiba, Tôhoku J. Exptl. Med. 52, 103 (1950). 
268. P. W. Kent, Research 3, 427 (1950). 
269. HVW. Ruelius and M. M. Girard, Arch. Biochem. and Biophys. 50, 512 (1954). 
271. K. Heyns and H. Paulsen, Ber. 88, 188 (1955). 
272. E. Fischer and F. Tiemann, Ber. 27, 138 (1894). 
278. F. Tiemann, Ber. 19, 49 (1886). 
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The final evidence (274) is provided by the synthesis of a glucosamine 
derivative (I) (accompanied by a derivative of 3-amino-3-deoxy-altrose) 
by the reaction of ammonia on methyl 2,3-anhydro-4,6-di-0-methyl-ß-
mannoside (II) (275). Inasmuch as ammonia reacts in the same manner 
with anhydro rings as does sodium methylate and inasmuch as the same 
anhydromannoside reacts with sodium methylate with the formation of 
glucose (III) and altrose derivatives, the glucosamine in all probability has 
the glucose configuration. Application of Hudson's isorotation principle also 
leads to a correlation with the glucose instead of the mannose configura-
tion (276). 

CH2OCH3 CH2OCH, 

0CH3CH8ONa ? / H 

CH,0 Χ ^ f H 

H OCH3 

(HI) 
Methyl 2,4,6-
tri-O-methyl-
iS-glucoside 

CH90CHe 

^ C H 3 NH5
 H / H 

OCH0 

C H 3 0 \ C Z ^ 

H H 

(Π) 
Methyl 2,3-
anhydro-4,6-
di-O-methyl-
0-mannoside 

xOH H 
CH,0 \ | \/ H 

H NH2 

(I) 
Methyl 2-amino-
2-deoxy-4,6-di-0-

methyl-£-glucoside 
(methyl 4,6-di-O-methyl-

jS-glucosaminide) 

Chondrosamine has been synthesized by methods that fix its configura-
tion as 2-amino-2-deoxygalactose (277). The synthesis has been accom-
plished by the ammonolysis of l,6:2,3-dianhydrotalose (IV). The am-
monia adds to the 2,3-anhydro ring, and subsequently the 1,6-anhydro 
ring is cleaved by acid hydrolysis. One of the two products obtained was 
shown to be identical with natural chondrosamine. Since the addition of 

CH9OH 

NH3 H+ 
HO OH 

27 4. Most of the previous work has also shown that the substance has the glucose 
structure; the evidence has been reviewed by S. Peat, Ann. Repts. Progr. Chem. 
(Chem. Soc. London) 34, 289 (1937). 

275. W. N. Haworth, W. H. G. Lake, and S. Peat, J. Chem. Soc. p. 271 (1939). 
276. A. Neuberger and R. V. P. Rivers, J. Chem. Soc. p. 122 (1939). 
277. S. P. James, F. Smith, M. Stacey, and L. F. Wiggins, Nature 156, 309 (1945). 
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ammonia to the anhydro ring very probably takes place with Waiden in-
version at the carbon atom to which the amino group becomes attached, 
the natural material (V) must be a galactose derivative and the other a 
3-amino-3-deoxyidose derivative (VI). 

Proof for the configuration of (VI) is given by its synthesis (along with 
4-amino-4-deoxymannose) from l,6:3,4-dianhydrotalose by ammonolysis 
and hydrolysis as above. 

At least in alkaline solution, glucosamine may not exist in the pyranose 
form {278). The rate of oxidation of glucosamine by hypoiodous acid coin-
cides closely with that of the galactose-arabinose homomorphous group of 
aldoses rather than that of the glucose-xylose group. 

Anhydro Derivatives from Glucosamine. Treatment of glucosamine with 
nitrous acid does not lead to the replacement of an amino by a hydroxyl 
group; instead an anhydro ring is formed {257, 279). The anhydro sugar 
formed, called chitose (I), is a 2,5-anhydro sugar, for oxidation leads to 
chitonic acid (II), which is converted by the action of acetic anhydride to 
5-hydroxymethylfuroic acid (III) of known structure. 

When the above order of operations is reversed, i.e., when the oxidation 
precedes the treatment with nitrous acid, chitaric acid is formed. This anhy-
droaldonic acid is isomeric with chitonic acid. (For additional details, see 
Chapter VII). 

HCO 

I 
HCNH2 

CH(OH)—CH(OH) 
HOCH I I 

| H 0 N 0 ) CH2OH-CH C H - C H O 22—* 
HCOH \ / 

HCOH O 

I 
H2COH (I) 

CH(OH)—CH(OH) CH CH 

I I ( Α Ο , Ο il il 
CH2OH—CH CH—COOH c JaU > CH2OH—C C—COOH 

O ° 
(ID (HI) 

Preparation and Synthesis of Amino Sugars. Lobster and crab shells, which 
consist of calcium carbonate, chitin, and protein material, are hydrolyzed 

278. O. G. Ingles, Nature 163, 484 (1949). 
279. E. Fischer and E. Andreae, Ber. 36, 2587 (1903). 
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by concentrated hydrochloric acid to yield glucosamine (267, 280). From 
400 g. of crab shells, 50 g. of glucosamine hydrochloride, the usual form of 
the amino sugar, was obtained (281). The mycelium of various fungi has 
also been used as a source of this material. 

Galactosamine (chondrosamine) is obtained by the hydrolysis of the 
chondroitin sulfuric acid of cartilage and nasal septa by hydrochloric acid 
or zinc chloride (282,288). A small amount of glucosamine usually is present 
in the hydrolyzate. Cation-exchange resins provide a simple method for 
the purification of the hexosamines and for the separation of glucosamine 
from galactosamine (282, 284). 

Two forms of glucosamine hydrochloride have been described, one the 
common α-D-isomer with [α]Ό +100°—> +72.5°, and the other the β-τ>-
isomer with [α]Ό +25.0° -> +72.6°, in water (285). Salts of other acids 
have been prepared (286). By treatment with alky lamines, the α-D- and 
0-D-isomers of the free glucosamine have been prepared with rotations: 

([a] +100° -> +47.5V- +14°, in water) (286, 287). 

The difficultly soluble iV-carbobenzoxyglucosamine, prepared by the ac-
tion of carbobenzoxy chloride (CeHöCH^OCOCl) on glucosamine, has been 
suggested (288) for the separation of the amino sugar from accompanying 
sugars. Schiff bases, particularly those from 2-hydroxy-l-naphthaldehyde, 
are of value for the isolation of both glucosamine and chondrosamine (289). 

The classical method for the synthesis of 2-amino sugars of the natural 
type utilizes the osimines obtained by the action of ammonia on sugars 
(283, 290). The process, which involves the addition of hydrogen cyanide 
to the osimines, results in the lengthening of the carbon chain; 
hence, D-arabinosimine must be used for obtaining glucosamine. The crea-
tion of a new asymmetric carbon results in the formation of two epimeric 
nitriles which are hydrolyzed to the corresponding acids and then reduced 
to the corresponding sugar amines. The glucosamine prepared in this fashion 
is identical with the natural product. The isomer obtained from the 
second nitrile, 2-mannosamine, is the true epiglucosamine. A second 

280. C. S. Hudson and J. K. Dale, / . Am. Chem. Soc. 38, 1434 (1916). 
281. M. L. Wolfrom and M. J. Cron, J. Am. Chem. Soc. 74, 1715 (1952). 
282. S. Roseman and J. Ludowieg, J. Am. Chem. Soc. 76, 301 (1954). 
283. P. A. Levene, J. Biol. Chem. 26, 147 (1916). 
284. S. Gardell, Ada Chem. Scand. 7, 207 (1953). 
286. J. C. Irvine and J. C. Earl, J. Chem. Soc. 121, 2370 (1922). 
286. R. Breuer, Ber. 31, 2193 (1898). 
287. O. Westphal and H. Holzmann, Ber. 73, 1274 (1942). 
288. E. Chargaff and M. Bovarnick, J. Biol. Chem. 118, 421 (1937). 
289. Z. E. Jolies and W. T. J. Morgan, Biochem. J. 34, 1183 (1940). 
290. E. Fischer and H. Leuchs, Ber. 36, 24 (1903). 
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H C = 0 HC=NH 

NH8 
HOCH 

D-Arabinose 

-» HOCH HCN 

I 
HCNH2 I 

■> HOCH + 

I 
H2NCH 

HOCH 

0=C-

HCNH2 

HCOH 

HCNH2 
I o -* | o 

HOCH HOCH 

Glucosamine 

so-called "epiglucosamine," prepared by the following sequence of reactions 
{291), has been shown to be 3-amino-3-deoxyaltrose {292). 

Glucal Br2 1,2-dibromoglucal —Ag2CO» > 

methyl 2-bromo-2-deoxyglucoside N H J 

methyl 3-amino-3-deoxyaltroside ("methyl epiglucosaminide,,) 

This transformation from a glucose to an altrose derivative probably takes 
place through the intermediate formation of a 2,3-anhydro derivative, as 
originally suggested by Fischer, Bergmann, and Schotte {291) y and involves 
several Waiden inversions. Evidence for this mechanism is supplied by the 
synthesis (considered above in connection with the discussion of the con-
figuration of glucosamine) of 3-amino-3-deoxyaltrose and 2-amino-2-deoxy-
glucose derivatives from methyl 2,3-anhydro-ß-mannoside and ammonia. 
The preparation of amino sugars from the glycals is of particular value 
when amino derivatives of the rarer sugars are desired, for Waiden inver-
sions take place during the formation of the anhydro rings and during the 
opening of the rings by ammonia. 

The preparation of the 6-amino derivatives involves the action of am-
monia on the 6-halogeno {298), the 6-tosyl, or the 5,6-anhydro derivatives 
{294) of the sugars. The 6-pyridinium derivative has also been prepared by 
the action of pyridine on 1,2,3,4-tetra-0-acetyl-6-methanesulfonyl-a-D-

291. E. Fischer, M. Bergmann, and H. Schotte, Ber. 63, 509 (1920). 
292. W. N. Haworth, W. H. G. Lake, and S. Peat, J. Chem. Soc. p. 271 (1939). 
298. E. Fischer and K. Zach, Ber. 44, 132 (1911). 
294. H. Ohle and L. von Vargha, Ber. 61, 1203 (1928); 69, 1022,1636, 2311 (1936). 
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glucose {295). Synthetic nucleosides have been prepared from methyl 
2,3-0-isopropylidene-5-0-mesyl-D-ribofuranoside (295a). 

As described previously, glucosazone may be reduced to 1-amino-l-de-
oxyfructose (isoglucosamine). The l-(arylamino)fructoses also are formed 
by the action of dilute acids on the glycosylamines (see Amadori rearrange-
ment) . 

The first known pentosamine, 2-amino-2-deoxy-D-xylose, was synthe-
sized as the hydrochloride salt through periodate cleavage of ethyl 2-acet-
amido-2-deoxy-û!-D-glucothiofuranoside at C5-C6 (296). 

Although hexosamines are known to occur in biological material, their 
path of synthesis is uncertain. Both glucose and fructose, when incubated 
with either ammonia or ammonium chloride in the presence of phosphate 
ions at neutral pH, form small amounts of a hexosamine, probably 
glucosamine (297), possibly by a reverse Amadori rearrangement of fruc-
tosylamine. If such a system is operative in the animal body, the synthesis 
of hexosamines may not depend on an enzymic reaction. An indication that 
the synthesis of glucosamine may be due to an enzymically catalyzed proc-
ess (298) was given by the preparation of an enzyme from Neurospora crassa 
which catalyzes the reaction: 

Hexose 6-phosphate + glutamine —■* glucosamine 6-phospfcate + glutamate 

Glucose and ammonia are the natural precursors of glucosamine (299, 
300). Radioisotopic studies using C14 indicate that glucosone may be on 
the path of biosynthesis (300). (See also Chapter XIV.) 

Reactions of the Amino Sugars. The amino groups as well as the hydroxyl 
groups are acetylated when the usual methods for acetylation are employed, 
and a- and 0-isomers are produced. The iV-acetyl group is more stable than 
O-acetyl groups, and, by alkaline hydrolysis of the fully acetylated deriva-
tive, iV-acetylglucosamine is obtained. The reaction of the sugar amines 
with aldehydes leads to Schiff bases. Those formed from 2-hydroxy-
1-naphthaldehyde are valuable for the separation of small quantities of 
glucosamine and chrondosamine (289). That from p-methoxybenzaldehyde 

295. B . M. Iselin and J . C. Sowden, J. Am. Chem. Soc. 73, 4984 (1951). 
295a. H . M. Kissman and R. B . Baker, paper presented at the 126th meeting of 

the American Chemical Society, Atlantic City, N . J . , Sept. 16-21, 1956. 
296. M. L. Wolfrom and K. Anno, J. Am. Chem Soc. 75, 1038 (1953). 
297. K. Heyns and W. Koch, Z. Naturforsch. 7b, 486 (1952); K. Heyns et al. (65). 
298. L. F . Leloir and C. E . Cardini , Biochim. et Biophys. Acta 12, 15 (1953); S. 

Roseman, paper presented a t the 126th meeting of the American Chemical Society, 
Atlantic Ci ty , N . J . , Sept. 16-21, 1956. 

299. A. J . Bollet, N . F . Boas, and J . J . Bunim, Science 120, 348 (1954) ; S. Roseman, 
F . E . Moses, J . Ludowieg, and A. Dorfman, J. Biol. Chem. 203, 213 (1953); S. V. 
Rieder, Federation Proc. 12, 258 (1953). 

800. C. E . Becker and H. G. Day , J. Biol. Chem. 201, 795 (1953). 
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has value for obtaining the tetra-O-acetylglucosamine (301). Thus, the 
Schiff base (I) is acetylated; the aldehyde residue then is removed by acids 
to give 1,3,4,6-tetra-O-acetylglucosamine (II). Acyl derivatives of the 
amino sugars in which the acylating substance is an amino acid or polypep-
tide have been studied (see earlier section of this chapter). 

HCOH 

I 

HC—NH2 O 

HOCH 

HCOH 

I 
HC—N=CHR O 

I 
HOCH 

I 
( R = p-CH30-CeH4--) 

(I) 

HCOAc 

HC—N=CHR O HCl 

AcOCH 

I 

i 
HCOAc 

I 
HC—NH2 O 

I 
AcOCH 

I 
(II) 

For the preparation of the 2-amino-2-deoxyaldonic acids, the common 
bromine oxidation does not give good yields, and mercuric oxide is the pre-
ferred oxidant. By the use of mercuric oxide, "glucosaminic acid" was ob-
tained in yields of 62 % (302). Lactone formation does not occur in solution, 
unless the amino group is substituted. Epimerization of the acid occurs in 
pyridine solution at 100°, and the corresponding mannose derivative is 
formed (303). Numerous degradative oxidations have been studied (304). 

The amino sugars form hydrazones, oximes, glycosyl halides, glycosides, 
and benzylidene derivatives analogous to those of the sugars. 

Glycoside formation does not take place directly, and prior acylation of 
the amino group is required (305). The methyl glycoside ("methyl 
glucosaminide,,) is very resistant to acid hydrolysis and was previously con-
sidered to have a betaine structure (306). The resistance to acid hydrolysis 

801. M. Bergmann and L. Zervas, Ber. 64, 975 (1931). 
802. See M. L. Wolfrom and M. J. Cron, J. Am. Chem. Soc. 74, 1715 (1952). 
308. See P. W. Kent and M. W. Whitehouse, ref. 255. 
804. Y. Matsushima, Sei. Papers Osaka Univ. No. 31, 1 (1951); No. 32, 7 (1951); 

No. 33, 9 (1951); No. 34, 11 (1951); No. 35, 13 (1951); K. Heyns and W. Koch, Ber. 
86,110 (1953) ; Y. Sumiki andM. Yaita, / . Agr. Chem. Soc. Japan 19,723 (1943); Chem. 
Abstr. 43,578 (1949). 

805. M. Viscontini and J. Meier, Helv. Chim. Ada 35, 807 (1952). 
806. J. C. Irvine and A. Hynd, J. Chem. Soc. 101, 1128 (1912). 
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is probably due to the action of the positively charged amino group in re-
pelling the hydrogen ion as it approaches the linkage undergoing hydrol-
ysis (307). The value for the activation energy of the hydrolytic reaction 
agrees with this concept, for it is similar to that of the ordinary glycosides. 
The pyranose ring structure of the methyl 2-amino-2-deoxy-glucoside is 
shown by the following reactions (306, 308) : 

Methyl 2-amino-2-deoxyglucoside CH5—* 

methyl 2-deoxy-2-(dimethylamino)glucoside -—-—> 

methyl glucoside (not isolated) > 

methyl tetra-O-methylglucoside > 2,3,4,6-tetra-O-methylglucose 

A number of the mono- and dimethyl derivatives of glucosamine and 
galactosamine have been prepared (309) as reference compounds for the 
determination of the linkage of the amino sugars in natural products. 

D-Glucosamine is phosphorylated by brain extracts (310) and by crystal-
line yeast hexokinase (311). An enzyme found in rabbit muscle catalyzes 
the interconversion of the 6-phosphate and the labile 1-phosphate (312). 
iV-Acetylation results from the action of an enzyme in extracts of pigeon 
liver (SIS). 

Ledderhose (257) reported that ordinary yeasts do not ferment 
glucosamine (314). Saccharomyces ellipsoideus apparently deaminates it and 
forms pentoses (315). It is attacked by numerous bacteria with the forma-
tion of acids and sometimes with the liberation of carbon dioxide (314)-
Strep, faecalis ferments glucosamine slowly, whereas Proteus vulgaris acts 
more rapidly on galactosamine than on glucosamine. In neither case is car-
bon dioxide evolved (255). (See also p. 621.) 

Foster and Stacey have compiled a comprehensive list of the properties 
of the known derivatives of glucosamine and galactosamine (816). The 
phenyl 2-acetylamino-2-deoxyglucosides are hydrolyzed by almond emulsin, 
but the enzyme (0-glucosaminidase) differs from the 0-glucosidase which 

807. R. C. G. Moggridge and A. Neuberger, J. Chem. Soc. p. 745 (1938). 
80S. A. Neuberger, / . Chem. Soc. p. 29 (1940). 
809. R. W. Jeanloz, J. Am. Chem. Soc. 74, 4597 (1952); ibid. 76, 555 (1954); ibid. 

76, 558 (1954) ; P. Stoffyn and R. W. Jeanloz, ibid. 76, 561 (1954) ; ibid. 76, 563 (1954). 
810. R. P. Harpur and J. H. Quastel, Nature 164, 693 (1949). 
811. D. H. Brown, Biochim. et Biophys. Ada 7, 487 (1951). 
812. D. H. Brown, / . Biol. Chem. 204, 877 (1953). 
818. T. C. Chou and M. Soodak, / . Biol. Chem. 196, 105 (1952). 
814. L. Sternfeld and F. Saunders, J. Am. Chem. Soc. 59, 2653 (1937). 
815. C. Antoniani et al., Chem. Abstr. 48, 12874 (1954). 
816. A. B. Foster and M. Stacey, Advances in Carbohydrate Chem. 7, 247 (1952). 
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hydrolyzes the 0-glucosides (817), Snail emulsin from Helix pomatia has 
also been shown to have different enzymes for the hydrolysis of glucosides 
and 2-acetylamino-2-deoxyglucosides (818). 

Analysis. Glucosamine may be estimated by the usual iodine titration 
or by copper-reduction methods. A procedure based on the production of a 
color by the reaction of alkali-treated iV-acetylglucosamine with the Ehrlich 
reagent (p-dimethylaminobenzaldehyde in hydrochloric acid) has been 
devised for the determination of glucosamine (819). The reagent gives a red 
color with pyrroles, indicating that a heterocyclic ring may be formed by 
the action of alkali on iV-acetylglucosamine. The structure of the product 
formed by the action of alkali on iV-acetylglucosamine has been investigated 
by White (820) who concludes that a glucoxazoline is formed: 

CH2OH— CH— (CHOH)2—CH—CH 

O 

N = C — C H 3 

- 0 

2-Methyl-4,5-glucopyrano-
—A2-oxazoline 

Undoubtedly the reaction is more complex than was, at first, realized. The 
many modifications of the original technique, designed to give more repro-
ducible results, confirm the complexity of the reaction (821). Schloss (822) 
has isolated three chromogenic materials formed by the action of alkaline 
acetylacetone on glucosamine, and found evidence for the presence of a 
fourth. 

Because of the large number of substances which interfere (821) with 
the hexosamine color determination, a preliminary separation from con-
taminating substances, either by ion-exchange (284-, 828), or by paper chro-
matography (824), should be made. 

Several substances, widely distributed in the animal body, have been 

817. B. Helferich and A. Iloff, Z. physiol. Chem. 221, 252 (1933). 
318. A. Neuberger and R. V. P. Rivers, Biochem. J. 33, 1580 (1939). 
319. F. Zuckerkandl and L. Messiner-Klebermass, Biochem. Z. 236, 19 (1931); 

W. T. J. Morgan and L. A. Elson, Biochem. J. 28, 988 (1934). 
320. T. White, J. Chem. Soc. p. 428 (1940); W. H. Bromund and R. M. Herbst, 

J.Org. Chem. 10, 267 (1945). 
Sei. D. Aminoff, W. T. J. Morgan, and W. M. Watkins, Biochem. J. 51, 379 (1952) ; 

N. H. Horowitz, M. Ikawa, and M. Fling, Arch. Biochem. 25, 226 (1950) ; Y. Hamasato 
and K. Akakura, J. Biochem. (Japan) 34, 159 (1941). 

322. B. Schloss, Anal. Chem. 23, 1321 (1951). 
328. S. M. Partridge, Biochem. J. 45, 459 (1949); N. F. Boas, J. Biol. Chem. 204, 

553 (1953). 
324. H. Masamune and M. Maki, Tôhoku J. Exptl. Med. 55, 299 (1952); H. Masa-

mune and Z. Yoshizawa, Tôhoku. J. Exptl. Med. 59, 1 (1953). 
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found to give the hexosamine color with p-dimethylaminobenzaldehyde 
without prior treatment with alkali (the direct Ehrlich test). These sub-
stances include sialic acid, hemataminic acid, and neuraininic acid. The 
interference by these substances has not been taken into account in many 
hexosamine determinations in animal tissues (see Chapter XII , Sialic acid). 

Because of the similarity between the paper-chromatographic Rf values 
of glucosamine and galactosamine, derivatives are frequently prepared to 
distinguish between the two amino sugars. They may be oxidized to arabi-
nose and lyxose by ninhydrin and the two pentoses identified by paper 
chromatography (825). The dinitrophenyl derivatives of the two amino 
sugars may also be prepared and separated by paper chromatography in 
the presence of borate ions (326). The iV-2,4-dinitrophenylaminohexitols 
may also be prepared and separated by paper chromatography (827). A 
developing solvent composed of pyridine-ethyl acetate-water-acetic acid 
(5:5:3:1 vol./vol.), however, enables separation of the individual hexos-
amines and uronic acids (827a). 

A method to distinguish between glucosamine and galactosamine, which 
does not depend on the production of a colored product, has been devised 
(828). The electrical resistance of the effluent from an ion-exchange column 
is recorded automatically and continuously. This method gives more ac-
curate results with galactosamine than with glucosamine. 

B. GLYCAMINES AND AMINODEOXYALDITOLS 

Derivatives of sugar alcohols in which a CH2OH group has been replaced 
by a CH2NH2 or CH2NHR group are known as glycamines. The systematic 
name would be 1-amino-l-deoxyalditols. The first of these derivatives was 
prepared by Maquenne and Roux (829) by the reduction of oximes. Be-
cause vitamin B2 (riboflavin) is a derivative of D-ribamine ( 1-amino-1-de-
oxyribitol), the group of glycamines holds considerable interest for the 
biochemist. Glucamine (1-amino-1-deoxy-D-glucitol) and iV-methylgluca-
mine (1-deoxy-l-methylamino-D-glucitol) appear to show some promise as 
intermediates for the preparation of wetting agents (880) and as solubil-

825. S. Gardell, F. Heijkenskjöld, and A. Rochnorlund, Ada Chem. Scand. 4, 970 
(1950). 

326. E. F. Annison, A. F. James, and W. T. J. Morgan, Biochem. J. 48, 477 (1951) ; 
P. W. Kent, G. Lawson, and A. Senior, Science 113, 354 (1951). 

827. S. Leskowitz and E. A. Kabat, J. Am. Chem. Soc. 76, 5060 (1954). 
827a. F. G. Fischer and H. J. Nebel, Z. physiol. Chem. 302, 10 (1955). 
328. B. Drake and S. Gardell, Arkiv. Kemi 4, 469 (1952). 
829. L. Maquenne and E. Roux, Compt. rend. 132, 980 (1901); E. Roux, Ann. chim. 

phys. [8] 1, 72 (1904). 
880. See for example W. S. Calcott, U. S. Patent 2,060,850 (Nov. 17, 1936); U. S. 

Patent 2,016,956, (Oct. 8, 1935); H. A. Piggot, U. S. Patent, 1,985,424, (Dec. 25, 1934); 
U. S. Patent 2,091,105 (Aug. 24, 1937). 



476 WARD PIGMAN 

izing groups for pharmaceuticals such as theophylline (831), and p-amino-
salicylic acid (882). 

The lower homologs of this series include ethanolamine (NH2CH2-
CH2OH) and 2,3-dihydroxy-n-propylamine. Ethanolamine in particular 
has achieved considerable industrial importance. 

As described earlier, the glycosylamines (I) may be reduced by catalytic 
hydrogénation to glycamines (II) (388). 

H C = N R H2C—NHR 

HCOH H* HCOH 

I I 
(I) (Π) 

The rearrangement of iV-glucosylarylamines gives 1-arylamino-l-deoxy-
f ructoses, which may be reduced to glucamines and mannamines. (See under 
Amadori rearrangement.) Reduction of glucosazone with sodium amalgam 
gives fructosamine (1-amino-l-deoxyfructose) (884)* 

Closely related derivatives are produced by the reduction of glucosamine 
and derivatives to a product sometimes known as glucosaminol. A more 
systematic name is 2-amino-2-deoxy-D-glucitol. The iV-acetyl derivative is 
obtained by the catalytic hydrogénation of iV-acetylglucosamine and the 
unacetylated compound by reduction of the hydrochloride (336). Free glu-
cosamine undergoes an interesting Cannizzaro reaction when reduced cata-
lytically to give 2-amino-2-deoxygluconic acid (glucosaminic acid) and 
2-amino-2-deoxy-D-glucitol (386). 

HC=0 CH2OH COOH 

I I I 
HCNH2 H, HCNH2 , HCNH2 

2 I ~~^ I + I 
HOCH HOCH HOCH 

I I I 
Nitro alcohols corresponding to the glycamines are obtained by treatment 

of sugars with nitromethane (337). The 2,4-O-benzylidene-L-xylopyranose 
551. E. H. Volwiler and E. E. Moore, U. S. Patent 2,161,114 (June 6, 1939). 
552. G. Auricchio, Boll. soc. ital. biol. sper. 25, 1042 (1949); Chem. Abstr. 45, 582 

(1951). 
SSS. See references previously given and R. B. Flint and P. L. Salzberg, U. S. Pat-

ent 2,016,962-3 (Oct. 8, 1935); P. L. Salzberg, U. S. Patent 2,193,433 (Mar. 12, 1940); 
H. Straube-Rieke, H. A. Lardy, and L. Anderson, J. Am. Chem. Soc. 75, 694 (1953). 

554. E. Fischer, Ber. 19, 1920 (1886). 
555. P. Karrer and J. Meyer, Helv. Chim. Ada 20, 626 (1937). 
836. P. A. Levene and C. C. Christman, / . Biol. Chem. 120, 575 (1937). 
8S7. J. C. Sowden and H. O. L. Fischer, J. Am. Chem. Soc. 67,1713 (1945) ; 68,1511 

(1946). 
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in methanol solution adds nitromethane under the influence of sodium 
methylate to give 2,4-0-benzylidene-6-deoxy-6-nitro-D-glucitol from which 
the benzylidene group is removed by hydrolysis with acids. Catalytic re-
duction gives the corresponding amino alcohols. 

The glycamines may serve as intermediates in the synthesis of 2-deoxy-
sugars. 2-Deoxy-D-ribose was prepared by nitrous acid oxidation of 2-amino-
2-deoxyribitol (838), obtained from D-arabinose and D-ribulose. 

Glucamine may be converted to 1,4-anhydro-D-glucitol by the action 
of sodium nitrite in acetic acid (839). 
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