
III. ESTERS 

A. THOMPSON AND M. L. WOLFROM* 

In the carbohydrate group as a whole, including polysaccharides, the 
dominant functional group is the hydroxyl group, particularly if the hemi-
acetal group is considered as a hydroxyl. The normal sugar alcohols (aldi-
tols), glycosides, and polysaccharides (glycans) have primary and second-
ary alcoholic groups, and the sugars, these groups and also carbonyl or 
hemiacetal groups. 

R' OR" 

R—CH2OH R—CHOH R'— COH 
I 

Primary alcohol Secondary alcohol Hemiacetal 

One of the most common reactions of hydroxyl groups is that of esterifica-
tion. The present chapter covers the ester derivatives of carbohydrates 
other than polysaccharides. Since the esters of the sugars have received the 
most study, the discussion will be centered about them. 

Some of the ester derivatives of polysaccharides, such as cellulose ace-
tates or nitrates, are of considerable industrial importance (Chapter XII) . 
Those of the sugars have not been commercialized to any great extent, with 
the possible exception of sucrose octaacetate. An important series of sur-
face-active materials are provided by alditols and their anhydro deriva-
tives partially esterified with long-chain fatty acids (Chapter VII). For the 
latter derivatives, increased solubility in water is provided by reaction 
with ethylene oxide. 

A few esters of the sugars occur in natural products (Chapter X). Vac-
cinin (mono-O-benzoyl-D-glucose) is found in the juice of blueberries; 
populin (salicin 6-benzoate) occurs in Populus species; sugar-beet pectin 
contains an O-acetyl group. Phosphate esters of hexoses, trioses, and 
hydroxy acids act as intermediates in the biological synthesis of poly-
saccharides, ethyl alcohol (alcoholic fermentation), and lactic acid (glycol-
ysis). An ester of crocetin and gentiobiose is known (Chapter X). 

* The section on "Phosphate Esters" (pp. 172-187) was prepared by W. Z. Hassid 
and C. E. Ballou. 
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Esterification is accomplished by reaction of the carbohydrate with an 
acyl halide or an acid anhydride and catalyst. The catalyst may be an acid, 
as perchloric, sulfuric, trifluoroacetic acid, or zinc chloride, or a base, like 
pyridine or sodium acetate. Acids may hydrolyze glycosidic bonds if present, 
whereas bases may cause rearrangements if reducing sugars are used. In 
common with other organic esters, these derivatives are hydrolyzed by 
both acids and alkalies, with alkalies being particularly effective. The fully 
substituted organic esters are soluble in organic solvents, particularly well 
in the chlorinated hydrocarbons. If fully esterified, the products generally 
are well crystallized and are obtained in good yield. 

The ease of reactivity of the sugar hydroxyl groups is usually in the order: 
hemiacetal hydroxyl, primary alcohol, secondary alcohol. The presence of 
ring structures, however, has a great influence on the reactivity. For the 
sugars, cyclic esters (usually pyranoses) are the principal products obtained 
on esterification, but sometimes small amounts of acyclic esters (deriva-
tives of the aldehydo- or keto-iorm) are among the reaction products, alde-
hydo-Forms seem to be encountered especially among the higher-carbon 
aldoses, whereas ketoses (1) are very prone to yield acyclic esters. 

Part I 

Acyl Derivatives 

1. ACETATE ESTERS 

A. CYCLIC ACETATES WITH PYRANOSE AND FURANOSE RINGS 

The acetyl derivatives of the sugars have been extensively employed as 
intermediates in sugar synthesis and for the isolation and identification of 
the sugars. Their value for these purposes arises from their ease of prepara-
tion and crystallization and because the acetyl groups are easily removed. 
The sugars are highly tautomeric and their numerous tautomeric phases 
may be captured and studied in their acetate esters. As early as 1860, 
Berthelot (2) obtained a sirupy ester by reacting D-glucose with acetic 
acid. Liebermann (3) introduced the use of anhydrous sodium acetate and 
acetic anhydride, and Franchimont (3a) obtained from D-glucose, sodium 
acetate, and acetic anhydride a crystalline ester which was probably /3-D-
glucopyranose pentaacetate. The use of zinc chloride as a catalyst in place 
of sodium acetate gave the a-D-anomer (4), although, because of difficulties 

1. E. M. Montgomery and C. S. Hudson, / . Am. Chem. Soc. 56, 2463 (1934); C. S. 
Hudson and D. H. Brauns, ibid. 37, 2736 (1915); E. Pacsu and F. V. Rich, ibid. 55, 
3018 (1933); M. L. Wolfrom and A. Thompson, ibid. 56, 880 (1934). 

2. M. Berthelot, Ann. chim. phys. [3] 60, 93 (1860). 
S. C. Liebermann and O. Hörmann, Ber. 11, 1618 (1878). 
Sa. A. P. N. Franchimont, Ber. 12,1940 (1879). 
4. E. Erwig and W. Koenigs, Ber. 22, 1464 (1889). 
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in analysis, the two pentaacetates were not recognized at the time as being 

CH2OH CH2OAc 

(Ac)oO 1 / H \ | (Ac)2Q t 

. xOAc H A NaOAc l \ O H H Λ ZnCi8l l \ O A c I I , 
AcO \ l y II HO \ | [ / OH acids AcO XI [X OAc 

OAc H OH H OAc 

jff-D-Glucopyranose a-D-Glucose a-D-Glucopyranose 
pentaacetate pentaacetate 

isomers. These two catalysts are still used extensively for acetylation, but 
pyridine, sulfuric acid, perchloric acid, and trifluoroacetic anhydride have 
advantages as catalysts in many instances (5). The catalytic efficiencies 
of perchloric acid, phosphoric acid, and zinc chloride are related to their 
relative proton affinities (relative acidities) in the acetylating medium (6). 

For the acetylation of ß-naphthol, the reaction has been shown to be 
subject to both acidic and basic catalysis (7). The rate of acetylation is 
slowest between pH 1 and 3 (in glacial acetic acid, acetic anhydride) and 
increases at both higher and lower acidities. These results may apply to the 
acetylation of carbohydrates. 

The acetylation reaction has been adapted to the analytical assay of 
hydroxyl groups (#). 

The acetylation of the nonreducing sugars and other derivatives which 
consist of a single modification can be carried out by almost any method 
which does not affect glycosidic linkages, but the acetylation of the reduc-
ing sugars is complicated by the existence of tautomers. For this reason it 
is necessary to select a method which will give the desired product. The iso-
mer obtained depends upon the catalyst used in the acetylation and upon 
the temperature. The following general scheme (9) illustrates the effect of 
these factors on the acetylation of D-glucose. At low temperatures (0°C.) 
the equilibriums represented by reactions (I) and (II) are only slowly es-
tablished and the acetylation reactions (III) or (IV) take place without 
isomerization. By the use of pyridine and a low temperature, the a-D-aldo-
hexose yields the α-Ό pentaacetate, and the ß-D-aldohexose yields the β-Ό 
pentaacetate. Behrend and Roth found that under these conditions acetyla-

5. A. Verley and F. Bölsing, Ber. 34, 3354 (1901) ; R. Behrend and P. Roth, Ann. 
331, 362 (1904) ; A. P. N. Franchimont, Compt. rend. 92,1053 (1881) ; D. Krüger and A. 
Roman, Ber. 69, 1830 (1936). 

6. D. Krüger, Nitrocellulose 9, 175 (1938). 
7. J. B. Conant and G. M. Bramann, J. Am. Chem. Soc. 50, 2305 (1928). 
8. M. Freed and A. M. Wynne, Ind. Eng. Chem. Anal. Ed. 8, 278 (1936); B. E. 

Christensen and R. A. Clarke, ibid. 17, 265 (1945). 
9. C. S. Hudson, Ind. Eng. Chem. 8, 380 (1916). 
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IV 

^ , H2S04 , ZnCh , pyridine (cold) P e n t a - O - a c e t y l - ß - D -
0-D-Glucopyranose s o d i u m a c e t a t e (ho t ) » g l u c o p y r a n o s e 

(I) 

«-D-Glucopyranose pyridine (cold) 

(HI) 

ZnCh , HiSOi 
or HC1 

Acids, ZnCh (hot or cold) P e n t a - O - a c e t y l - a - D -

glucopyranose 

(ID 

tion is faster than anomerization. At higher temperatures, in the presence 
of acid catalysts, isomerization between the acetates takes place, and the 
products obtained depend upon the position of the equilibrium represented 
by the reaction (II). In the case of D-glucose, the equilibrium mixture of 
the pentaacetates consists of 90 % of the alpha and 10 % of the beta penta-
O-acetyl-D-glucopyranose (10). For many sugars the α-D-acetates predomi-
nate in the equilibrium mixture and consequently the use of acid catalysts, 
such as zinc chloride, and a relatively high temperature (20 to 110°C.) 
produces the α-Ό acetate from either the α-D- or ß-D-sugar. With sodium 
acetate as a catalyst at a high temperature, the equilibrium (I) between 
the α-Ώ- and ß-D-sugars is established, whereas the equilibrium (II) between 
the acetates is not. Since the ß-D-sugar is acetylated more rapidly than the 
α-D-, the principal product is then the acetylated ß-D-sugar. 

The diagram also illustrates how the α-D acetates may be prepared from 
the ß-D acetates. For this purpose, a mixture of sulfuric acid, acetic acid, 
and acetic anhydride has certain advantages over zinc chloride (1). This 
reagent also brings about the transformation of acetylated glycosides to 
the corresponding O-acetyl-a-D-aldoses. In contradiction to the general 
belief that the reaction is only catalyzed by acid catalysts, solid sodium 
hydroxide in an inert solvent also catalyzes the transformation of the beta 
to the alpha O-acetyl-D-sugars (11). In the case of D-galactose, a consider-
able proportion of the ß-D-galactofuranose pentaacetate is produced by the 
hot acetylation with the sodium acetate catalyst (12); even more is formed 
on hot acetylation with pyridine (13). The acetylation of ketoses is a special 
problem with low temperatures and acid catalysts being favored, especially 
with fructose. Ketene is not a useful acetylating agent for the sugars (14). 

Reflecting the greater numbers of tautomers in solution, the number and 
types of crystalline isomers of the sugar acetates is generally greater than 

10. C. L. Jungius, Z. physik. Chem. 52, 97 (1905). 
11. M. L. Wolfrom and D. R. Husted, / . Am. Chem. Soc. 59, 364 (1937). 
12. C. S. Hudson, / . Am. Chem. Soc. 37, 1591 (1915). 
13. H. H. Schlubach and V. Prochownick, Ber. 63, 2298 (1930); R. K. Ness, H. G. 

Fletcher, Jr., and C. S. Hudson, / . Am. Chem. Soc. 73, 3742 (1951). 
14. C. D. Hurd, S. M. Cantor, and A. S. Roe, / . Am. Chem. Soc. 61, 426 (1939). 
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TABLE I 
PROPERTIES OF PENTA-O-ACETYL-D-GALACTOSES 

Substance 

Penta-O-acetyl-a-D-galactopyranose 
Penta-O-acetyl-ß-D-galactopyranose 
Penta-O-acetyl-cK-D-galactofuranose 
Penta-0-acetyl-/3-D-galactofuranose 
Penta-O-acetyl-a-D-galactoseptanose 
Penta-0-acetyl-/3,-D-galactoseptanose 
Penta-O-acetyl-aZdeÄi/do-D-galactose 

M.p. (°C.) 

96 
142 
87 
98 

128 
101 
121 

[«]? (CHC13) 

+106.7° 
+25° 
+61.2° 
-41.6° 
-11.0° 
-78.3° (18°C.) 
-25° (26°C.) 

for the parent sugar. Thus, seven isomeric pentaacetates of D-galactose are 
known (Table I). Dimeric acetates of the trioses and dioses are established 
{15). These are cyclic acetals derived from the dioxane ring. 

CH2 ^CHOAc 

I I 
CHOAc CH2 

Glycolaldehyde diacetate 

(cyclic dimer) 

B. ACYCLIC ACETATES 

The open-chain forms of the sugars are presumed to be the intermediates 
in certain reactions, such as mutarotation, oxidation to aldonic acids, or 
reduction to alditols, but, so far as is known, crystalline sugars always exist 
in one of the ring forms. In aqueous solutions, there is considerable evidence 
that appreciable amounts of the open-chain (aldehydo or keto\ probably hy-
drated in water) form may exist in solutions of sugars such as ribose and 
fructose. (See Chapter I.) As noted before (p. 139), acyclic esters are oc-
casionally obtained by direct acetylation methods, especially with the ke-
toses and the higher-carbon aldoses. In general, the ring of an aldose can be 
opened by the action of hydrochloric acid and ethanethiol (ethyl mercap-
tan) to form the acyclic diethyl dithioacetal (16) (mercaptal). Amorphous 
penta-0-methyl-aZde%do-D-glucose, prepared (17) by the methylation of 
D-glucose diethyl dithioacetal (I) with subsequent removal of the dithioace-
tal group, has an acyclic structure. Demercaptalation of the acetylated di-

15. R. K. Summerbell and L. K. Rochen, J. Am. Chem. Soc. 63, 3241 (1941). 
16. E. Fischer, Ber. 27, 673 (1894). 
17. P. A. Levene and G. M. Meyer, J. Biol. Chem. 69, 175 (1926). 
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thioacetal (II) in the presence of cadmium carbonate allowed the isolation 
of crystalline aZde%do-D-glucose pentaacetate (III) (18). The acetyl and 
benzoyl derivatives of the free aldehyde and ketone (aldehydo and keto) 
forms of the sugars are in general well-characterized crystalline substances 
and have been extensively investigated by Wolfrom and by Brigl and their 
co-workers. The sugar dithioacetals (I), oximes (IV), and semicarbazones 

RSH 
+ 

D-Glucose 

coned. 
HC1 

I 
CH(NHOH) 

HCOH 

I 
HOCH 

HC(SR)2 

I 
HCOH 

I 

HOCH 

HCOH 

I 
HCOH 

I 
H2COH 

(I) 

HC=NOH 

(AC)JO 

HC(SR)2 

I 
HCOAc 

I 
AcOCH 

H C = 0 

I 
HCOAc 

I 
HgCh , AcOCH CdCO« ' 

* HCOAc + H'° 

I 
HCOAc 

H2COAc 

(ID 

HC=NOAc 

O ;=± HCOH 

I 
HOCH 

I 
(IV) 

o 
II 

R—C—SR' 

C1C=0 

I 

(CHOAc)n 

CH2OAc 

(AchO -> HCOAc (COOHh 

HCOAc 

I 
HCOAc 

I 
H2COAc 

(HI) 

H N O Î 

HC=NOH 

I 
+ HCOAc AcOCH 

(V) 

AcOCH 

I 
(VI) 

H2 

Ni 
(inactivated) 

o 
II 

R—C—H 

Pd 
H2 

H C = 0 

I 

(CHOAc)n + HC1 

CH2OAc 
18. M. L. Wolfrom, / . Am. Chem. Soc. 61, 2188 (1929). 
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have been applied to their preparation. The nitrogen condensation products 
of the reducing sugars exhibit ring-chain tautomerism (IV), and acyclic 
derivatives (V) are sometimes obtained by direct acylation methods (19). 
aldehydo-Acet&tes may also be prepared by the reduction of the acetylated 
aldonic acid chlorides or aldonate thiol esters (see formulas). Tetra-O-
&cety\-aldehydo-O-nbose (20) has been prepared by the two latter methods. 

The sugar dithioacetals are perhaps the best intermediates except that 
the reaction conditions may be too severe for some sugars, such as the disac-
charides, which may be hydrolyzed (21). The ketoses are too acid-sensitive 
for direct mercaptalation ; D-fructose diethyl dithioacetal has been prepared 
by Wolfrom and Thompson only by an indirect method (1). The reduction 
of the acid chloride has not been extensively used but should be limited only 
by the availability of the acetylated acids (p. 309) (22). 

As noted above, the ketoses are especially prone to produce acyclic ace-
tates by methods of direct acetylation, as exemplified by D-fructose (1) 
and D-sorbose (23). I t has been demonstrated by Pacsu (1) and by Wolfrom 
and Thompson (1) that the long known penta-O-acetyl-"«"-D-fructose of 
Hudson and Brauns (1) has a free ketonic group. A general method, involv-
ing the action of diazomethane on O-acetylated aldonic acid chlorides, has 
been developed for the synthesis of O-acetyl-fcefo-sugars (24) (see formulas). 

The acylic esters are true aldehydes or ketones and exhibit the reactions 
typical of these compounds. The aldehydo esters give positive tests with 
Schiff's reagent, whereas the unsubstituted aldoses do not. Oxidation of 
0-acetyl-aZde%do-sugars by hypobromite produces the corresponding O-ace-
tylated aldonic acids (25). 

The reaction of the acetyl and benzoyl sugars with ethanethiol in the 
presence of zinc chloride (26) is of value in distinguishing between cyclic 

19. M. L. Wolfrom and A. Thompson, J. Am. Chem. Soc. 53, 622 (1931); V. Deulo-
feu and J. O. Deferrari, J. Org. Chem. 17, 1087 (1952). 

20. M. L. Wolfrom and J. V. Karabinos, J. Am. Chem. Soc. 68, 724 (1946); R. 
Pasternack and E. V. Brown, U. S. Patent 2,237,263 (1941). 

21. M. L. Wolfrom, L. W. Georges, and S. Soltzberg, / . Am. Chem. Soc. 56, 1794 
(1934). 

22. G. B. Robbins and F. W. Upson, J. Am. Chem. Soc. 62,1074 (1940) ; C. D. Hurd 
and J. C. Sowden, ibid., 60, 235 (1938); M. L. Wolfrom, M. Königsberg, and D. I. 
Weisblat, ibid. 61, 574 (1939); K. Ladenburg, M. Tishler, J. W. Wellman, and R. D. 
Babson, ibid. 66, 1217 (1944). 

28. G. Arragon, Compt. rend. 196, 1733 (1933) ; H. H. Schlubach and J. Vorwerk, 
Ber. 66, 1251 (1933); Y. Khouvine and G. Arragon, Bull. soc. chim. France [5] 5, 1404 
(1938) ; M. L. Wolfrom, S. M. Olin, and E. F. Evans, J. Am. Chem. Soc. 66, 204 (1944). 

24. M. L. Wolfrom, S. W. Waisbrot, and R. L. Brown, J. Am. Chem. Soc. 64, 2329 
(1942). 
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Cl H C = N 2 CH2OAC 

c=o 
I 

(CHOAc)3 

CH2N2 

CH2OAc 
Tetra-0-acetyl-

D-arabonyl chloride 

C = 0 

(CHOAc)3 

CH2OAc 
1-Deoxy-l-diazo-
tetra-O-acetyl-

D -fructose 

HOAc 
CU++ 

c=o 
(CHOAc)3 

I 
CH2OAC 

Penta-O-acetyl-
too-D-fructose 

and acyclic forms, acetates of the aldehydo- and keto-îorm producing dithio-
acetals without acetyl loss. The fully acetylated esters of ß-D-glucopyranose, 
ß-D-galactopyranose, ß-D-fructopyranose, and Ώ-glycero-ß-O-gulo-heptoipym-
nose, lose one acetyl group and produce thioethyl ß-D-glycosides, whereas 
the a-anomers of the D-glucopyranose and D-galactopyranose acetates are 
unaffected. 

H C = 0 HC(SR)2 

(CHOAc)4 zfct > ( C H 0 A c ) 4 

CH2OAc CH2OAc 

I 
AcOCH 

I 
HCOAc 

I 
AcOCH 

I 
HCOAc 

I 
HCO 

RSH 
ZnCh 

1 
RSCH 

I 
HCOAc 

I 
AcOCH 

I 
HCOAc 

I 
HCO 

+ HOAc 

H2COAc H2COAc 

The 0-acetyl-a£de%cto-sugars mutarotate in aqueous and alcoholic solu-
tions and some form crystalline hydrates and alcoholates which have been 
shown to be aldehydrol and hemiacetal derivatives {27), respectively. 
Further acetylation of an aldehydo-aldohexose pentaacetate yields the 

25. R. T. Major and E. W. Cook, / . Am. Chem. Soc. 58, 2474 (1936). 
26. M. L. Wolfrom and A. Thompson, «/. Am. Chem. Soc. 56, 1804 (1934); P. Brigl 

and R. Schinle, Ber. 66, 325 (1933); R. U. Lemieux, Can. J. Chem. 29, 1079 (1951). 
27. M. L. Wolfrom, J . Am. Chem. Soc. 53, 2275 (1931); M. L. Wolfrom and W. M. 

Morgan, ibid. 54, 3390 (1932) ; R. J. Dimler and K. P. Link, ibid. 62,1216 (1940). 
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H H 

HOCOH 

I 
(H CO Ac) 4 

I 
H2COAC 

Aldehydrol 

HOH 
H C = 0 

(HOOAc)4 

H2COAc 

ROH 
ROCOH 

(H CO Ac) 4 

H2COAc 

Hemiacetal 

heptaacetate, AcOH2C—(CHOAc)4—CH(OAc)2 (28) also obtained on 
acetolysis of glycosides (29). 

C. CYCLIC ACETATES WITH A SEPTANOSE RING 

By a special series of reactions, a pair of cyclic penta-O-acetyl-D-galac-
toses with seven-atom rings (septanose rings) have been synthesized by 
Micheel with Suckfüll and with Spruck (30). The synthetic reaction se-
quence employed was: 

D-galactose diethyl dittiioacetal —► 2,3,4,5-tetra-O-acetyl-6-0-trityl-D-galactose 
diethyl dithioacetal —> 2,3,4,5-tetra-0-acetyl-6-0-trityl-D-galactose 

hydrate —> 2,3,4,5-tetra-O-acetyl-D-galactose hydrate —► 
1,2,3,4,5-penta-O-acetyl-a- and -0-D-

galactoseptanose (Table I) 

H2CT HCOAc 

AcOCH OAC AcO HCOAc 

c σ 
I I 

H H 
Penta-O-acetyl-a-D-galactoseptanose 

The septanose structure was confirmed (81) by conversion of the penta-
acetate to a methyl tetra-O-methyl-D-galactoseptanoside which upon oxi-
dation with nitric acid gave tetra-O-methylgalactaric acid, COOH— 
(CHOCH3)4COOH. 

28. M. L. Wolfrom, J. Am. Chem. Soc. 57, 2498 (1935) ; F. Micheel, F. Ruhkopf, and 
F. Suckfüll, Ber. 68, 1523 (1935). 

29. E. M. Montgomery, R. M. Hann, and C. S. Hudson, / . Am. Chem. Soc. 59,1124 
(1937); K. Freudenberg and K. Soff, Ber. 70, 264 (1937); B. Lindberg, Ada Chem. 
Scand. 3, 1153 (1949); L. Asp and B. Lindberg, ibid. 4, 1386, 1446 (1950). 

50. F. Micheel and F. Suckfüll, Ann. 602, 85 (1933); F. Micheel and W. Spruck, 
Ber. 67, 1665 (1934). 

51. F. Micheel and F. Suckfüll, Ann. 507, 138 (1933). 
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D. ACETYL MIGRATION 

In the presence of dilute alkali, acyl groups attached to sugars which 
also contain free hydroxyls may wander and occupy new positions {32). 
Helferich and Klein (33, 84) observed a mutarotation to take place for 
solutions of 1,2,3,4-tetra-O-acetyl-jö-D-glucose and found that the soft-
glass container catalyzed the transfer of an acetyl group, probably from the 
fourth to the sixth carbon atom. When the resulting 1,2,3,6-tetra-O-
acetyl-0-D-glucose was methylated by methyl iodide and silver oxide, a 
second migration of an acetyl group from carbon 1 to carbon 4 took place 
(34)- Such migrations (35) have been observed frequently (see also under 
Phosphate Esters) and are considered to take place through an intermediate 
orthoester as suggested by Fischer (86), rather than by an actual hydrolysis 
and recombination of the wandering group. It should be noted that the 
geometry of the pyranose rings is such that groups attached to carbons 1,4, 
and 6 can approach each other quite closely and that the postulated six-
membered orthoacetic structures are strainless even when the two linkages 
are trans to the ring. In all known instances of acetyl migration, the acetyl 
group moves in a direction away from the carbonyl group. Methods suit-

OAc 

H OAc H OAc 
1,2,3,4-Tetra-O-acetyl-jS-D-glucopyranose 

O ' 0 H " 
II 

CH3COCH2 

H A °v OAc 

τ τ Λ xOAc H x 
HO Xl / H 

OAc 
1,2,3,6-Tetra-0-acetyl-j8-D-glucopyranose 

82. E. Fischer, M. Bergmann, and A. Rabe, Ber. 53, 2362 (1920). 
88. B. Helferich and W. Klein, Ann. 450, 219 (1926) ; 465, 173 (1927). 
84. W. N. Haworth, E. L. Hirst, and E. G. Teece, J. Chem. Soc. p. 1408 (1930). 
85. See review by E. L. Hirst and S. Peat, Ann. Repts. Chem. Soc. 31, 172 (1934); 

J. M. Sugihara, Advances in Carbohydrate Chem. 8, 1 (1953). 
86. E. Fischer, Ber. 53, 1621 (1920). 
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able for the preparation of partially esterified sugar structures are reviewed 
in a succeeding section (p. 158). 

2. BENZOATE ESTERS 

The Schotten-Baumann reaction (action of benzoyl chloride and sodium 
hydroxide) has been used for benzoylating the hydroxyl groups of carbo-
hydrates (37). On benzoylating D-fructose, Brigl and Schinle (26, 38) ob-
tained simultaneously the 1,3,4,5-pyranose tetrabenzoate, 1,3,4,6-furan-
ose tetrabenzoate, and 1,3,4,5,6-fcefo-pentabenzoate, thus demonstrating 
the highly tautomeric nature of this ketohexose. To obtain com-
pletely benzoylated sugars, the method ordinarily is modified by the use of 
benzoyl chloride and pyridine or quinoline (39). Benzoylation takes place 
with more difficulty than acetylation, and considerably longer reaction 
periods are required. 

CH2OH 

l \ O H H / l 
HOX| / O H 

H OH 
a-D-Glucose 

By the use of substituted benzoyl chlorides, derivatives such as the 
penta-O-(p-bromobenzoyl)- and penta-0-(p-nitrobenzoyl)-D-glucoses have 
been prepared. 

The sugar benzoates are quite similar in their properties and reactions 
to the sugar acetates, and it frequently happens that, when a desired ace-
tate ester cannot be obtained in a crystalline condition, the benzoate ester 
may crystallize. This has been especially true in the aldopentose series. 
Furthermore, the anomeric penta-O-acyl-D-glucofuranoses are characterized 
only in the benzoate series. They may be converted to O-benzoylglycosyl 
halides by methods similar to those for the O-acetylglycosyl halides (see 
below), and the halogen may be replaced by R—0— groups (R = alkyl, 
aryl, and acyl groups) as for the O-acetyl analogs. As the compounds have 
not received the same amount of attention that has been devoted to the 
acetate esters, many problems remain uninvestigated. Recent work has 

37. Z. H. Skraup, Monatsh. 10, 389 (1889); L. Kueny, Z. physiol. Chem. 14, 330 
(1890). 

38. P. Brigl and R. Schinle, Ber. 67, 127 (1934). 
39. E. Fischer and H. Noth, Ber. 51, 321 (1918); P. A. Levene and G. M. Meyer, 

J. Biol. Chem. 76, 513 (1928). 
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Penta-O-benzoyl-D-glucoses (alpha and beta) 
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shown that mono-O-benzoyl-D-talose does not have an orthobenzoic acid 
structure (40) but other orthobenzoates are now known. 

Wandering of O-acyl groups from an esterified to an unesterified hydroxyl 
occurs (41) for O-benzoyl as well as O-acetyl groups. For example, DL-1 ,4-
di-O-benzoylgalactitol melts at 171°C, but if held at this temperature 
the product solidifies to an isomer melting at 202° which is 1,6-di-O-ben-
zoylgalactitol (42). But, in general, O-benzoyl groups are more stable 
than O-acetyl groups. The O-benzoyl derivatives of the free-aldehyde form 
of D-glucose have been investigated by Brigl and associate (43) ; they are 
similar to the O-acetyl analog. 

The use of boric acid has been suggested by Brigl for the preparation of 
partially O-benzoylated sugars (41, 44)- Unimolar O-benzoylation of glyco-
sides and mercaptals results usually in preferential esterification of the pri-
mary hydroxyl (45). 

Several partially O-benzoylated sugars and glycosides are naturally oc-
curring. Griebel isolated a mono-O-benzoyl-D-glucose (vaccinin) from the 
juice of blueberries (Vaccinium vitisidaea L.) I t was shown by Ohle (46) 
probably to be 6-mono-O-benzoyl-D-glucose. Populin, which is found in the 
bark of a species of poplar, was demonstrated by Richtmyer and Yeakel 
(45) to be salicyl 6-0-benzoyl-/3-D-glucopyranoside. 

CH2OH 

^ ^ 0 - C6H10O4- OCO - C6H5 

Populin (6-0-Benzoylsalicin) 

A nonreducing di-O-benzoyldisaccharide containing D-glucose and D-
xylose residues has been reported (47) as occurring in Daviesia latifolia, an 
Australian shrub. 

From the biological standpoint, 1-mono-O-benzoyl-D-glucuronic acid is 
the most important benzoyl derivative. This compound occurs in the urine 
of dogs fed benzoic acid. Its structure was shown by the following evidence 

40. W. W. Pigman and H. S. Isbell, / . Research Natl. Bur. Standards 19, 189 (1937). 
41. H. Ohle, Ber. 57, 403 (1924) ; P. Brigl and H. Grüner, Ann. 496, 67 (1932). 
42. R. M. Hann, W. D. Maclay, and C. S. Hudson, / . Am. Chem. Soc. 61, 2432 

(1939). 
48. P. Brigl and H. Mühlschlegel, Ber. 63, 1551 (1930). 
44. P. Brigl and H. Grüner, Ber. 67, 1969 (1934). 
45. T. Lieser and R. Schweizer, Ann. 519, 271 (1935); N. K. Richtmyer and E. 

Yeakel, J. Am. Chem. Soc. 56, 2495 (1934). 
46. H. Ohle, Biochem. Z. 131, 611 (1922). 
47. F. B. Power and A. H. Salway, J. Chem. Soc. 105, 767, 1062 (1914). 



150 A. THOMPSON AND M. L. WOLFROM 

(48). Upon acetylation and esterification, the natural product gives a tri-O-
acetyl methyl ester. This product is identical with that obtained by the re-
action of 1-bromotetra-O-acetyl-D-glucuronic acid methyl ester with silver 
benzoate and must have the O-benzoyl group at carbon 1. 

3. O-ACYLGLYCOSYL HALIDES 

In the cyclic forms of the sugars, the hemiacetal hydroxyl group on the 
reducing carbon (carbon 1 in the aldoses and carbon 2 in the known ke-
toses) has a greatly enhanced reactivity over that exhibited by the simple 
alcoholic functions of the sugar stem. This reactivity is influenced by the 
spatial asymmetry and by the nature and relative positions of the groups 
on the neighboring carbon atoms. These considerations account for marked 
differences observable in sugar ester behavior. Such groups as the hydroxyl, 
halogen, acoxy, alkoxy, nitrate, phosphate, or sulfate, may be substituted 
for each other, by the proper choice of reagents, on the reducing carbon of 

CH2OAc CH2OAc 

II OAc H OAc 

O 

II 
X = O H , F, Cl, Br, I, O—C—R, OR, ON02, OPO(OH)2, OS02OH 

the acetylated sugars. The acetoxy group on the reducing carbon of the 
acetylated sugars can be replaced by halogen or by nitrate groups (49). 
The resulting compounds, especially the O-acetyl-a-D-glycopyranosyl chlo-
rides and bromides, are important intermediates in synthesis. The first com-
pound of this type (tetra-O-acetylglucopyranosyl chloride) was prepared 
by Colley by the action of acetyl chloride on D-glucose (50). To prepare an 
acylglycosyl halide, an O-acetylated or O-benzoylated sugar is (51) most 
commonly treated with a solution of a halogen acid in acetic acid. Addition 
of acetic anhydride to the mixture is generally made and offers the advan-
tage of a lower freezing point, the possibility of obtaining a higher concen-
tration of halogen acid, the exclusion of moisture from the mixture, and 
prevention of incidental deacetylation. 

48. W. F. Goebel, / . Biol. Chem. 122, 649 (1937-38). 
49. W. Koenigs and E. Knorr, Ber. 34, 957 (1901). 
50. A. Colley, Ann. chim. phys. [4] 21, 363 (1870); D. H. Brauns, J. Am. Chem. Soc. 

44,401 (1922). 
51. A. Bodart, Monatsh. 23, 1 (1902); E. Fischer and H. Fischer, Ber. 43, 2521 

(1910). 
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Liquid hydrogen halide has been used as a reagent on the acetylated 
sugar {52). This method is especially valuable for obtaining the O-acetyl-
glycosyl fluorides, a reaction investigated particularly by Brauns (53). In 
some instances (cellobiose, see p. 482), the hydrogen fluoride causes rear-
rangements to take place with the production of derivatives of new sugars. 
Prolonged action of hydrogen bromide on D-glucopyranose pentaacetate 
produces dibromides by replacement of the acetoxy groups at carbons 1 and 
6 (anomeric and primary-alcohol groups). 

A mixture of phosphorus pentachloride and aluminum chloride has been 
used for preparing the O-acetylglycosyl chlorides from the acetylated sug-
ars in chloroform solution (&£)· Titanium tetrachloride may be used in place 
of the mixture of aluminum and phosphorus chlorides (55). Lemieux and 
Brice (56) have shown that penta-O-acetyl-ß-D-glucopyranose, but not its 
α-anomer, reacts rapidly with titanium chloride to form tetra-0-acetyl-ß-
D-glucopyranosyl chloride, which quickly rearranges to its α-anomer. Some 
sugars (the reducing disaccharides cellobiose and lactose) undergo inversion 
at carbons 2 and 3 of the reducing moiety during the reaction with phos-
phorus and aluminum chlorides and yield the halides of new sugars. 

Colley's method, using acetyl chloride, is not widely employed because of 
the difficulty in controlling the reaction. The first method is the best for 
most preparations although for the fluorides the second method is particu-
larly valuable. The stability of the O-acetylglycosyl halides follows the 
order: fluorides > chlorides > bromides > iodides. The iodides decompose 
rapidly even at 0°C, whereas the fluorides may be kept for long periods 
without decomposition. 

As the carbon atom carrying the halogen is asymmetric, two anomeric 
isomers are possible. Application of the isorotation rules of Hudson indi-
cates that most of the compounds in the aldohexose structures belong to a 
single series which is assigned the α-D-confîguration. With some of the 
aldopentoses, the stable form isolated is of the /3-D-configuration. Schlubach, 
however, has reported that tetra-O-acetyl-a-D-glucopyranosyl bromide 
(dextrorotatory) can be converted into the anomeric tetra-0-acetyl-ß-D-
glucopyranosyl chloride (levorotatory) by treatment with silver chloride. 
This /3-D-isomer was very unstable and was transformed rapidly into the 
α-D-anomer. Like instability has been detected in other ß-D-anomers of the 

52. E. Fischer and E. F. Armstrong, Ber. 34, 2885 (1901). 
58. D. H. Brauns, J. Am. Chem. Soc. 45, 833 (1923) ; D. H. Brauns and H. L. Frush, 

Bur. Standards J. Research 6, 449 (1931). 
64. F. von Arlt, Monatsh. 22, 144 (1901); Z. H. Skraup and R. Kremann, ibid. 22, 

375 (1901). 
55. E. Pacsu, Ber. 61, 1508 (1928). 
56. Rv U. Lemieux and C. Brice, Can. J. Chem. 30, 295 (1952). 



152 A. THOMPSON AND M. L. WOLFROM 

hexose series (57) and makes these substances in general useless for the syn-
thesis of α-D-glycosides by the Koenigs-Knorr reaction (see below). 

On the basis of conformational studies, Hassel and Ottar (58) have ad-
vanced a theory to explain the greater stability of one or the other of the 
two anomeric O-acetyl-D-glycopyranosyl halides. I t is considered that the 
pyranose ring is theoretically capable of eight strainless ring conformations, 
six boat and two staggered or chair forms. (See also Chapter I.) The evi-

Cl 

dence indicates that one of the two chair forms will be favored and that 
for most purposes the boat forms can be neglected. In the hexopyranoses the 
anomer in which the relative position of the halogen and the large group 
substituted on carbon 5 can be represented in the two chair forms by the 
equation 

—Xa , —CH2OAce ^ —Xe, —CH2OAc„ 

is more stable, while the less-stable anomer can be represented by 

—Xe, —CH2OAce ;=± —Xa , —CH20Aco 

The values e and a refer to the equatorial or axial positions of the sub-
stituents. In the absence of the —CH2OAc group, as in the aldopentopy-
ranose ring, the interaction between the groups on carbons 1 and 3 becomes 
of importance and determines the stable isomer. This behavior is known as 
the Hassel-Ottar effect governing the stability of anomeric halides. 

Alkalies remove halogen and acetyl groups from the O-acetyl-D-glycosyl 
iodides, bromides, and chlorides. However, the fluorine atom in tetra-O-
acetyl-D-glucosyl fluoride is more stable than the acetyl groups, which may 
be removed by alkali leaving D-glucosyl fluoride (59). The fluorine is more 
easily removed by acids than by bases, a relation which is the reverse of 
that for other halogens and most acyl groups. By heating gentiobiosyl 
fluoride with water and calcium carbonate, the free sugar is regenerated. 

The importance of the O-acetylglycopyranosyl halides lies in the ease 

57. E. Fischer, Ber. 44, 1898 (1911) ; H. Schlubach, ibid. 59, 840 (1926) ; P. Brigl and 
H. Keppler, ibid. 59, 1588 (1926); D. H. Brauns, J. Am. Chem. Soc. 49, 3170 (1927); 
H. Schlubach and R. Gilbert, Ber. 63, 2292 (1930). 

58. O. Hassel and B. Ottar, Ada Chem. Scand. 1, 929 (1947). 
59. B. Helferich, K. Bäuerlein, and F. Wiegand, Ann. 447, 27 (1926). 
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with which the halogen atom may be replaced by many acoxyl, aroxyl, and 
alkoxyl groups. Ordinarily the reaction is carried out at room temperature 
in an anhydrous, inert solvent (such as benzene or ether) with alcohols or 
with the salts of phenols or acids and in the presence of silver carbonate, 
silver oxide, or an organic base such as pyridine or quinoline. These latter 
substances probably function by removing the halide ion as AgX or the 
hydrogen halide as the salt of the organic base. When water is formed in 
the reaction, the presence of a desiccant in the reaction mixture is desirable. 
The reactivity of the O-acetylglycopyranosyl halides is in the order: I > 
Br > Cl > F. Since the iodides decompose too easily to be kept for any 
time and since the fluorides react with too much difficulty, the bromides 
and chlorides are most commonly employed. 

Some of the many ester or halide groups which have been introduced into 
the sugar molecule by this means are: I (60), Cl (61), F (60), ON02 (49), 
OH (62), CH3CO (49, 68), CI3CCO (60), p-CH3—C6H4S02(tosyl) (60). 

A few of the alkyl or aryl groups which may be substituted in this way 
are: CH3—, C2H5—, tt-CieH33—-, CH2OH—CH2—, C6H6—, benzyl, a-naph-
thyl, menthyl, and D-glucopyranosyl (64). 

Anomerization of a- and ß-isomers, formation of O-acetyl-D-glycopy-
ranosyl halides, replacement of the halides by other groups, and the forma-
tion of glycosides and orthoacetates are closely related reactions and follow 
similar patterns. This substitution appears to be a first-order reaction (65), 
in which an ion from the environment moves in as the rate-controlling 
dissociation of the departing group occurs, resulting in inversion of the 

CH2OAc CH2OAc 

OAc OAc 

optical form of carbon 1. However, when an acetyl group on carbon 2 occurs 
trans to the departing group on carbon 1, a complication arises. The trans 
acetyl group attacks the back side of carbon 1 as the departing group 

60. B. Helferich and R. Gootz, Ber. 62, 2505, 2789 (1929). 
61. H. H. Schlubach, P. Stadler, and I. Wolf, Ber. 61, 287 (1928). 
62. E. Fischer and K. Delbrück, Ber. 42, 2776 (1909) ; E. Fischer and K. Hess, Ber. 

45, 912 (1912); B. Lindberg, Ada Chem. Scand. 1, 710 (1947). 
68. B. Lindberg, Ada Chem. Scand. 3, 1355 (1949). 
64. See Chapters IV and IX, under individual oligosaccharides. 
65. F. H. Newth and G. O. Phillips, J. Chem. Soc. pp. 2896, 2900, 2904 (1953); N. B. 

Chapman and W. E. Laird, Chemistry & Industry p. 20 (1954); R. U. Lemieux and G. 
Huber, Can. J. Chem. 33, 128 (1955). 
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dissociates, forming an orthoester type of ion which is open to attack by 
nucleophilic groups. 

Winstein and co-workers (66) have determined that the relative rates of 
acetolysis of eis- and irans-2-acetoxycyclohexyl p-toluenesulfonates are: 
unsubstituted, 1.00 > trans-2-OAc, 0 . 3 0 » m-2-OAc, 4.5 X 10~4. The 
course of these reactions are discussed and the deductions appear to be 
applicable to the sugars. Related interpretations have also been made for 
the series by Isbell and Frush, by Post, and by Pacsu (67). 

Lemieux and Brice (56, 68) introduced C14-labeled acetate ion into an 
anomerization reaction catalyzed by an aprotic acid and involving 0-D-glu-
copyranose pentaacetate as the initial material. This substance, a 1,2-
imns-isomer, has been reported to give, under the reaction conditions, an 
equilibrium mixture of 90% of the α-Ώ- and 10% of the ß-D-anomer (10, 
69). Lemieux and Brice found that a very rapid initial reaction occurred, 
in which the ß-D-glucopyranose pentaacetate became labeled, followed by 
a much slower formation of similarly labeled α-D-anomer. They believed 
that the starting material (VII) equilibrates very rapidly with an ortho-
ester ion (VIII) and the labeled acetate ion to yield labeled starting ma-
terial. This is followed by a slower rate-controlling reaction to form a second 
intermediate such as a 1,6-orthoester ion (XII) or a carbonium ion (XIII 
or XIV). This new intermediate can then combine with labeled acetate ion 
to form a labeled a-D-glucopyranose pentaacetate (XV). Anomerization of 
a-D-glucopyranose pentaacetate, a 1,2-ci's-isomer, would involve either the 
reverse course or a direct replacement with inversion and without neigh-
boring group participation. In either case it would proceed only to a 
limited extent because of the high stability of the α-D-anomer under these 
acidic conditions. 

The above scheme may be applied to substitution reactions, in general, 
under three types of conditions: first, as above, in the presence of a strong 
aprotic acid such as the halides of zinc, tin, boron, titanium, or of an 
anhydrous hydrogen halide; second, in a weakly basic solution containing 
an excess of anions as would exist in a solution of silver or mercuric acetate 
in acetic acid; and, third, in alkaline solution containing strongly basic 
anions such as hydroxyl or alkoxyl. 

66. S. Winstein, C. Hanson, and E. Grunwald, J. Am. Chem. Soc. 70, 812 (1948); 
S. Winstein, E. Grunwald, R. E. Buckles, and C. Hanson, ibid. 70, 816 (1948). 

67. H. L. Frush and H. S. Isbell, J. Research Natl. Bur. Standards 27, 413 (1941); 
H. W. Post "The Chemistry of the Aliphatic Orthoesters,,, p. 106. Reinhold, New 
York, 1943; E. Pacsu, Advances in Carbohydrate Chem. 1, 78 (1945). 

68. R. U. Lemieux, Advances in Carbohydrate Chem. 9, 1 (1954); R. U. Lemieux 
and C. Brice, Can. J. Chem. 33, 109 (1955). 

69. K. Freudenberg and K. Soff, Ber. 69, 1245 (1936) ; E. P. Painter, / . Am. Chem. 
Soc. 75, 1137 (1953). 
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The replacement of a hemiacetal acetate group by a halogen requires 
strongly acid conditions under which anomerization readily occurs and the 
more stable anomeric form will appear in the product. The replacement of 
a halogen by acetate is carried out under milder, nonanomerizing condi-
tions. In the l,2-c?'s-isomer, the reaction is largely a simple replacement 
with inversion at the reducing carbon. In a 1,2-£rans-isomer, the halogen 
would dissociate to form the orthoacetate ion (VIII) which would combine 
with acetate ion to form (VII) without inversion. Thus, tetra-O-acetyl-a-D-
glucopyranosyl bromide (a eis form) and tetra-O-acetyl-a-D-mannopy-
ranosyl bromide (a trans form), when treated with silver acetate in acetic 
acid, both yield the ß-D-anomer (49, 70). 

In a neutral or alkaline medium containing water, a 1,2-cis halide is re-
placed by hydroxyl with inversion. In the 1,2-trans situation, a hydroxyl 
ion can combine with the orthoester ion (VIII) to give a 1,2-hydrogen 
orthoacetate (IX) (66) which then isomerizes to a 2,3,4,6-tetra-O-D-
glycopyranosyl acetate (X) without inversion of the carbon atom at position 
1. In alcohol the situation is the same except that the alkyl orthoacetate 
(XI) is stable (67). Additional support for these speculations is given by 
Ness, Fletcher, and Hudson (71) in their work on replacement reactions 
with the tri-O-benzoylaldopentopyranosyl halides (see p. 198). 

Most of the known O-acylglycosyl halides are pyranose in ring structure. 
One which was later shown to be a furanose form was described by Hudson 
and Johnson (72) and has been utilized to synthesize ß-D-galactofuranose 
2,3,5,6-tetraacetate (72, 78) and ethyl ß-D-galactofuranoside (74)> A 
1,3,4,6-tetra-O-acetyl-D-fructofuranosyl bromide was undoubtedly an 
intermediate (not isolated) in the conversion of inulin triacetate to the 
sirupy 1,3,4,6-tetra-O-acetyl-D-fructose utilized in the synthesis of iso-
sucrose (75). 

4. TRIHALOGENOACETATE DERIVATIVES 

Brigl (76) has obtained (77) a stable 3,4,6-tri-0-acetyl-2-0-(trichloro-
acetyl)-ß-D-glucosyl chloride by the action of solid phosphorus pentachlo-
ride on ß-D-glucopyranose pentaacetate. This compound yields 1,3,4,6-

70. P. A. Levene and R. S. Tipson, J. Biol. Chem. 90, 89 (1931). 
71. R. K. Ness, H. G. Fletcher, Jr., and C. S. Hudson, / . Am. Chem. Soc. 72, 2200 

(1950); 73, 959 (1951); H. G. Fletcher, Jr., and C. S. Hudson, ibid. 72, 4173 (1950). 
72. C. S. Hudson and J. M. Johnson, J. Am. Chem. Soc. 38, 1223 (1916). 
78. J. Compton and M. L. Wolfrom, J. Am. Chem. Soc. 56, 1157 (1934). 
74. H. H. Schlubach and K. Meisenheimer, Ber. 67, 429 (1934). 
75. J. C. Irvine and E. T. Stiller, / . Am. Chem. Soc. 54,1079 (1932) ; W. W. Binkley 

and M. L. Wolfrom, ibid. 68, 2171 (1946). 
76. P. Brigl, Z. physiol. Chem. 116, 1 (1921) ; 122, 245 (1922). 
77. W. J. Hickinbottom, / . Chem. Soc. p. 1676 (1929). 
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tetra-0-acetyl-2-0-(trichloroacetyl)-a-D-glucose upon treatment with silver 
acetate in acetic acid (78). Because of the strong electron-attracting ability 
of the three chlorine atoms, the trans trichloroacetyl group apparently does 
not participate in this replacement reaction. The Brigl ß-chloro derivative 
is also of interest because it was used to prepare 3,4,6-tri-0-acetyl-l,2-
anhydro-D-glucose (76), an intermediate in the synthesis of sucrose (79). 

Trifluoroacetates of carbohydrates have been prepared (80). These sub-
stances, which are quite sensitive to hydrolysis, show some promise as 
intermediates in synthetic work. Trifluoroacetic anhydride is a powerful 
impelling reagent for the acetylation of polysaccharides (80). 

5. ACYLGLYCOSYL HALIDES OF ACYCLIC STRUCTURE 

The free-aldehyde form of O-acetylated hexoses was shown by Wolfrom 
(28) to react with acyl halides to form products of the type R—CH(OAc)X, 
isolable in the two forms (81) predictable on stereochemical grounds. A 
product of this structure has been obtained in low yield by the direct action 
of acetic anhydride and hydrogen bromide upon L-arabinose (82). Phos-
phorus pentachloride reacts with ordinary aldehydes to produce the 1,1-
dihalides. I t reacts similarly with aZete/it/do-penta-O-acetyl-D-galactose to 
give the 1,1-dichloride (83). 

A useful halide was encountered by Hudson and co-workers (29) in the 
partial acetolysis of methyl tri-O-acetyl-ß-D-arabinopyranoside and was 
shown to have the structure R—CH(OMe)Cl. I t was obtainable in two 
forms and its halogen was replaceable by methoxyl and acetoxyl groups. 
Other and more general methods for preparing these halides were devised 
by Wolfrom and co-workers (84) and the products were utilized in the 
preparation of acetals and thioacetals, as shown below (85). 

H 

R — C = 0 + EtSH —> R— CH(SEt)(OH) - * R—CH(SEt)(OAc) —> 

R—CH(SEt)Cl ->R—CH(SEt)(OEt) 

78. R. U. Lemieux and G. Huber, Can. J. Chem. 31, 1040 (1953). 
79. R. U. Lemieux andG. Huber, J. Am. Chem. Soc. 75, 4118 (1953); 78, 4117 (1956). 
80. E. J. Bourne, C. E. M. Tatlow, and J. C. Tatlow, J. Chem. Soc. p. 1367 (1950); 

M. Stacey, E. J. Bourne, J. C. Tatlow, and J. M. Tedder, Nature 164, 705 (1949). 
Si. M. L. Wolfrom and R. L. Brown, J. Am. Chem. Soc. 63, 1246 (1941). 
82. G. E. Felton and W. Freudenberg, J. Am. Chem. Soc. 57, 1637 (1935). 
88. M. L. Wolfrom and D. I. Weisblat, J. Am. Chem. Soc. 62, 1149 (1940). 
84. M. L. Wolfrom, M. Königsberg, and F. B. Moody, J. Am. Chem. Soc. 62, 2343 

(1940). 
85. M. L. Wolfrom, D. I. Weisblat, and A. R. Hanze, J. Am. Chem. Soc. 62, 3246 

(1940). 
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6. PARTIALLY ESTERIFIED SUGAR STRUCTURES 

When 2,3,4,6-tetra-O-methyl-D-glucose was synthesized by Purdie and 
Irvine (86), Fischer and Delbrück countered by preparing a corresponding 
acetate through the controlled hydrolysis (62) of the halogen in penta-O-
acetyl-D-glucopyranosyl bromide. Fischer then obtained other partially 
esterified D-glucose structures through the use of blocking groups, employ-
ing for this purpose the mono- and diisopropylidene cyclic acetals of D-glu-
cose. These were benzoylated and, on removal of the isopropylidene groups, 
there resulted a monobenzoate and a tribenzoate of D-glucose (89, 87). The 
benzoate groups are now known to have entered the 3- and the 3 , o p -
positions, respectively. Exact structure assignment is complicated by the 
possibility of acyl migration (see p. 147). A useful blocking group was intro-
duced by Helferich in the triphenylmethyl (trityl) ether (Chapter VII) 
formed by the action of trityl chloride on the sugar or substituted sugar in 
pyridine solution, the reagent reacting preferentially with the primary 
alcoholic functions (88). Further substitution, as by acetylation, may then 
be made and the trityl ether group is removed subsequently by mild acidity; 
in this manner 1,2,3,4-tetra-O-acetyl-ß-D-glucopyranose was made avail-
able (83) and was employed in the synthesis of gentiobiose (38). Partial 
benzoylation of D-glucose diethyl dithioacetal with subsequent demercap-
talation yielded 3,4,5,6-tetra-0-benzoyl-aZ<M?/do-D-glucose (89). The 
3,4,6-triacetate of D-glucopyranose was obtained by the partial hydrolysis 
of 3,4,6-tri-0-acetyl-2-0-(trichloroacetyl)-/3-D-glucosyl chloride (76, 90). 
Other methods for obtaining partially esterified sugar structures are known, 
but such esters have not been as useful as the corresponding methyl ethers 
because of the greater lability of the ester function. 

7. CARBONATES, XANTHATES, CARBANILATES 

The sugars react with methyl (or ethyl) chloroformate at 0°C. in the 
presence of alkali to give a mixture of cyclic carbonate and acyclic O-meth-
oxycarbonyl (or O-ethoxycarbonyl) derivatives (91). The cyclic carbonate 
structures resemble those of the isopropylidene cyclic acetals as shown in 
the formulas. 

In the presence of pyridine and methyl or ethyl chloroformate, the sugars 
are converted to fully acylated O-methoxycarbonyl or O-ethoxycarbonyl 
derivatives (92). 

86. T. Purdie and J. C. Irvine, J. Chem. Soc. 83, 1021 (1903); 85,1049 (1904). 
87. E. Fischer and C. Rund, Ber. 49, 88 (1916). 
88. B. Helferich, Advances in Carbohydrate Chem. 3, 79 (1948). 
89. P. Brigl, H. Mühlschlegel, and R. Schinle, Ber. 64, 2921 (1931). 
90. P. Brigl and R. Schinle, Ber. 62, 1717 (1929). 
91. C. F. Allpress and W. N. Haworth, J. Chem. Soc. 125, 1223 (1924). 
92. G. Zemplén and E. D. Läszlo, Ber. 48, 915 (1915). 
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A better method for the preparation of the carbonates utilizes the action 
of carbonyl chloride (phosgene) at 0°C. on pyridine solutions of the sugars. 
By this method, D-glucose, D-fructose, D-mannose, and L-arabinose dicar-
bonates have been obtained (93). 

The carbonate groups, similarly to other acyl groups, are hydrolyzed 
easily by alkalies and with more difficulty by acids. This difference from 
the properties of sugar cyclic acetals (the isopropylidene sugars) is used 
advantageously for the preparation of the glucofuranosides. Because of 
the hydrolytic action of hydroxyl ions, the methylation procedures cannot 
be used for the elucidation of the structures of these compounds, but it is 
usually considered that the sugar carbonates are analogous in structure to 
isopropylidene sugars. The dicarbonates of several common sugars have 
been given the following structures: D-glucofuranose l,2:5,6-dicarbonate, 
D-mannofuranose 2,3:5,6-dicarbonate, D-galacto- and L-arabinopyranose 
1,2:3,4-dicarbonate, D-f ructopyranose 1,2:4,5-dicarbonate. 

A carbonate group and an isopropylidene group may be introduced into 
a sugar molecule in a single step by carrying out the reaction with carbonyl 
chloride in dry acetone solution. D-Xylose under these conditions gives 
1,2-O-isopropylidene-D-xylose 3,5-carbonate although D-galactose yields 
di-0-isopropylidene-6-0-(chlorof ormyl)-D-galactopyranose (94). Treatment 
of the D-mannofuranose dicarbonate with thionyl chloride gives the D-man-
nofuranosyl chloride dicarbonate. 

When the sugar molecule contains only one free hydroxyl group, two 
moles of the sugar derivative may react with one mole of carbonyl chlo-
ride (95). The following formulas illustrate the reaction of 1,2,3,4-tetra-
O-acetyl-D-glucopyranose and phosgene to form bis(l ,2,3,4-tetra-O-
acetyl-D-glucopyranose) 6-carbonate. 

The xanthates, or dithiocarbonates, are important substances in cellu-
lose technology. They have been studied to some extent with the simple 
sugars. Their sodium salts are formed from the alcohol, carbon disulfide, 
and alkali and may be converted to the alkyl esters. 

98. W. N. Haworth and C. R. Porter, / . Chem. Soc. p. 151 (1930); p. 2796 (1929). 
94. W. N. Haworth, C. R. Porter, and A. C. Waine, Rec. trav. chim. 67, 541 (1938). 
95. D. D. Reynolds and W. O. Kenyon, / . Am. Chem. Soc. 64, 1110 (1942). 
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These esters are not useful in the formation of olefins by the Tschugaev 
reaction. Evidence exists that position 2 in aldoses is favored in xantha-
tion. 

ROH + CS2 + NaOH -> RO—CS—S"Na+ + HOH 

RO—CS—S~Na+ + R'X — RO—CS—SR' + Na+ + X~ 

The ease of crystallization and the stability under mild conditions of 
hydrolysis has created interest in the sugar carbanilates. These derivatives 
are made by the reaction of carbohydrates with phenyl isocyanate in pyri-
dine solution (96). 

O 
I CeR~5—N=C=0 I II 

HCOH > HCOC—NH—C6H5 

I I 
8. GALLOYL DERIVATIVES AND TANNINS 

Certain tannins are probably gallic acid and digallic acid esters of 
D-glucose and of other sugars and derivatives. In order to provide evidence 
for the structure of the gallotannins, Fischer, Freudenberg, and Bergmann 
(97) synthesized a number of these derivatives by the action of tri-O-acetyl-
galloyl chloride or penta-O-acetyl-ra-digalloyl chloride on D-glucose. The 
acetyl groups were subsequently removed. These substances may be repre-
sented as shown below. 

0 = C 

or 
Oil HO" 

Oil Oil 0 = C O -
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Penta-O-galloyl- or penta- Galloyl radical ra-Digalloyl radical 
O-digalloyl-D-glucose 

(galloyltannins) 
96. H. Tessmer, Ber. 18, 968, 2606 (1885); W. M. Hearon, G. D. Hiatt, and C. R. 

Fordyce, / . Am. Chem. Soc. 66, 995 (1944); M. L. Wolfrom and D. E. Pletcher, ibid. 
62, 1151 (1940). 

97. E. Fischer, Ber. 52, 809 (1919); K. Freudenberg, "Tannin, Cellulose and 
Lignine Springer, Berlin, 1933. 
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The synthetic galloyl and digalloyl esters were not demonstrated ab-
solutely as identical with the natural gallotannins, but the natural sub-
stances may be mixed esters of O-galloyl- and O-digalloyl-D-glucose, in 
which case the number of isomers would be so great as to make the syn-
thesis extremely difficult. In addition, tri-, tetra-, and poly-galloyl radicals 
might also be present in the molecule. Karrer, Salomon, and Peyer (98) 
suggest that the Chinese gallotannin from the leaf galls of Rhus semialata 
is a mixture. Certain fractions have the average composition of a nona-
galloyl-D-glucose with the nine galloyl groups attached together or to the 
sugar residue, possibly as four digallic acid and one gallic acid although 
other combinations may occur. For the Turkish gallotannin, obtained from 
gall nuts of certain oaks, the problem appears simpler since the molecule 
contains only five molecules of gallic acid; the tannin is, presumably, the 
penta-O-galloyl-D-glucose. However, the substances are difficult to purify, 
and the natural substances are clearly mixtures. The tanning properties of 
synthetic galloyl esters of the sugars are very similar to those of natural 
gallotannins (99). 

Glucogallin obtained from the Chinese rhubarb by Gilson has been iden-
tified (100) through synthesis as Ι-0-galloyl-ß-D-glucose. 

The bark of the North American shrub Hamamelis virginica contains in 
addition to other tannins, about 1 to 2% of crystalline hamameli-tannin 
(XVI) (97). The substance has the composition of a di-O-galloylhexose, and 
on acid or enzyme hydrolysis, it gives two moles of gallic acid and one mole 
of an unusual hexose, hamamelose (XVII), whose structure has been es-
tablished as 2-C-(hydroxymethyl)-D-ribose (XVII) (101). 
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98. P. Karrer, H. R. Salomon, and J. Peyer, Helv. Chim. Ada 6, 3 (1923). 
99. A. Russell, W. G. Tebbens, and W. F. Arey, J. Am. Chem. Soc. 65, 1472 (1943) ; 

A. Russell and W. G. Tebbens, ibid. 66, 1866 (1944). 
100. E. Fischer and M. Bergmann, Ber, 51, 1760 (1918). 
101. O. T. Schmidt, Ann. 476, 250 (1929); O. T. Schmidt and K. Heintz, ibid. 

515, 77 (1934). 
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9. ALDONATE ESTERS 

Simple esters of the sugar acids, as ethyl D-mannonate (102) and diethyl 
galactarate (108), have long been known (Chapter VI). D-Galacturonic 
acid occurs in pectins largely esterified with methanol (104). Many of the 
methyl esters of the O-acetyl aldonic acids have been obtained by the 
action of diazomethane upon the fully acetylated aldonic acids. Penta-0~ 
acetyl-D-gluconates of some of the alditols (XVIII) and of cellulose have 
been described (105). The methyl acid ester of di-0-acetyl-L-(c?eatfro)-

H2COCO(HCOCOCH3)4CH2OCOCH3 

I 
(HCOCO(HCOCOCH3)4CH2OCOCH3)4 

H2COCO(HCOCOCH3)4CH2OCOCH3 
(XVIII) 

threaric (tartaric) acid (XIX) is known. An ester condensation polymer 
(XX) of low molecular weight has been prepared from D-gluconic acid 
(106). 
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102. O. F. Hedenburg, J. Am. Chem. Soc. 37, 345 (1915). 
108. J. Malaguti, Ann. chim. phys. [2] 63, 86 (1836); E. Fischer and A. Speier, Ber. 

B, 3252 (1895). 
104. Z. I. Kertesz, "The Pectic Substances," p. 68. Interscience, New York, (1951). 
106. M. L. Wolfrom and P. W. Morgan, J. Am. Chem. Soc. 64, 2026 (1942). 
106. C. L. Mehltretter and R. L. Mellies, J. Am. Chem. Soc, 77, 427 (1955). 
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10. OTHER ESTERS OF CARBOXYLIC ACIDS 

The sugars and their derivatives have been esterified with many other 
organic acids. Among these are the fatty acids and cinnamic acid (92,107). 
Most of the products have been made by the action of acyl halides and 
pyridine on sugars. The fatty acid esters are similar in properties to the 
natural fats, the glycerol esters. 

Considerable interest has been shown in the partially esterified esters of 
the sugar alcohols and their anhydrides because of their surface-active 
properties. For this reason, the methods of preparation have received much 
study (see p. 397) (108). 

The monopalmitate of ascorbic acid (109) has been prepared by a method 
(110) that has been applied only to a few other carbohydrates. The method 
consists of reacting ascorbic acid and fatty acid in 95% sulfuric acid at 
room temperature. Since the esterification is reported to take place for 
primary alcohol groups, the method may have value in the preparation of 
other pure monoesters. The monoesters of ascorbic acid offer promise as 
antioxidants for edible fats and oils (111). 

Polymerizable esters of sugars are made by treatment of sugars with 
methacrylic anhydride and pyridine (112). 

I I 
HCOH HCOCO—C(CH3)=CH2 
| + (CH2=CCH3CO)20 -► | 

HCOH HCOCO—C(CH3)=CH2 

I I 
Solutions of glucose pentamethacrylate gel in the presence of cobalt naph-
thenate or of benzoyl peroxide. 

11. TOSYLATES AND MESYLATES 
p-Toluenesulfonic (113) (tosyl), methanesulfonic (114) (mesyl), and 

other organic sulfonic esters have been prepared and are discussed in 
detail by Tipson (115). The tosyl esters, which have been particularly well 

107. K. Hess and E. Messmer, Ber. 54, 499 (1921); S. Oden, Arkiv Kemi Mineral. 
Geol. 7, No. 15 (1918). 

108. H. A. Goldsmith, Chem. Revs. 33, 257 (1943). 
109. D. Swern, A. J. Stirton, J. Turer, and P. A. Wells, Oil and Soap 20, 224 (1943). 
110. W. R. Bloor, / . Biol. Chem. 7, 427 (1910); 11, 141, 421 (1912). 
; ; / . R. W. Riemenschneider and J. Turer, U. S. Patents 2,375,250; 2,383,815-16 

(1945). 
112. R. H. Treadway and E. Yanovsky, J. Am. Chem. Soc. 67, 1038 (1945); W. N. 

Haworth, H. Gregory, and L. F. Wiggins, J. Chem. Soc. p. 488 (1946). 
US. K. Freudenberg, O. Burkhart, and E. Braun, Ber. 59, 714 (1926). 
1U. B. Helferich and A. Gnüchtel, Ber. 71, 712 (1938); B. Helferich and H. Joc-

hinke, Ber. 73, 1049 (1940). 
115. R. S. Tipson, Advances in Carbohydrate Chem. 8,107 (1953). 
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studied, exhibit certain unique characteristics which make them of great 
importance in synthetic and analytical organic chemistry. Presumably, the 
other sulfonate esters should have analogous properties, but they have not 
received enough study to make this certain. 

Preparation of sulfonate esters is accomplished by treatment of a carbo-
hydrate with a pyridine solution of an aryl or alkyl sulfonyl chloride 
(RSO2CI) or with 50 % sodium hydroxide and the sulfonyl chloride at room 
temperature. Under these conditions, all of the hydroxyl groups may be 
esterified except those on the reducing (anomeric) carbons which are re-
placed by halide atoms. Thus, D-glucose gives tetra-O-tosyl-D-glucopy-
ranosyl chloride. The primary hydroxyl group seems to be more easily 
esterified than the secondary hydroxyls (116). 

The tosyloxy groups which esterify primary hydroxyl groups may be 
replaced by an iodine atom when the ester is heated with an acetone or 
acetonylacetone solution of sodium iodide. Tosyloxy groups esterified with 
secondary hydroxyls usually remain unaffected by this treatment unless 
contiguous to a similar group esterified with a primary hydroxyl (117). 
When the latter condition exists, both groups may be removed with the 
formation of a double bond, erythritol tetratosylate forming butadiene 
(118). 

I I Nal I I I 2 Nal I 
HC—O > HC—O; HCOTs , . > CH + I2 + 2 TsONa 

I I I II 
H2COTs H2CI H2COTs CH2 

Creation of a double bond also may occur when there is a free hydroxyl 
adjacent to a tosyl group at a primary alcohol grouping as in 6-O-tosyl-D-
glucofuranosides (119). Exceptions to the rule are the tosyl esters of "iso-
mannide" and " isosorbide" ; the tosyloxy groups of these compounds, al-
though esterifying secondary hydroxyl groups, are replaced with iodine 
under the above conditions (see p. 397). 

The difference in ease of replacement of tosyloxy groups esterified with 
primary and secondary alcoholic groups is used to measure quantitatively 
the primary groups in a compound (120). This is done by tosylation of the 
material; treatment of the ester with sodium iodide replaces the O-tosyl 
groups esterified with primary alcoholic groups; the iodo compound is 
treated with silver nitrate, and the iodine atoms are replaced quantitatively 
with nitrate groups; the liberated iodide precipitates as silver iodide which 

116. A. Bernoulli and H. Stauffer, Helv. Chim. Ada 23, 615 (1940); J. Compton, 
J. Am. Chem. Soc. 60, 395 (1938). 

117. R. M. Hann, A. T. Ness, and C. S. Hudson, / . Am. Chem. Soc. 66, 73 (1944); 
A. B. Foster and W. G. Overend, J. Chem. Soc. p. 3452 (1951). 

118. R. S. Tipson and L. H. Cretcher, J. Org. Chem. 8, 95 (1943). 
119. D. J. Bell, E. Friedmann, and S. Williamson, J. Chem. Soc. p. 252 (1937). 
120. J. W. H. Oldham and J. K. Rutherford, / . Am. Chem. Soc. 54, 366 (1932). 
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may be determined quantitatively. 

I I I 
o Nal 

o 
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+ Agi 

The yield of the iodo compound or of the p-toluenesulfonic acid is high and 
has been used for the determination of the nature of the alcoholic group in 
the parent compound {121). The replacement of a tosyloxy by a nitrate 
group is also brought about directly by heating the ester with silver nitrate 
in acetonitrile solution. Since the nitrate group can be removed with the 
formation of a free hydroxyl group by reduction with iron dust and acetic 
acid, mixed O-acyl derivatives may be prepared (see p. 169). The mesyl 
esters (CH3SO2OR) may be carried through a similar series of replacement 
reactions, and for these esters it is also possible to replace with iodine some 
of the mesyl groups which esterify secondary hydroxyls. 

p-Toluenesulfonate groups, in otherwise completely substituted sugar 
derivatives, are extremely difficult to saponify but are removed without 
Waiden inversion; thus boiling a 5% solution of l,2:5,6-di-0-isopropyli-
dene-3-O-tosyl-D-glucose in 2.5 N potassium hydroxide (in 50% ethanol) 
for seven hours afforded an almost quantitative yield of 1,2:5,6-di-O-
isopropylidene-D-glucose {122). They are more readily removed by reduc-
tive detosylation with sodium amalgam in aqueous ethanol, the above 
alcohol being so regenerated without Waiden inversion and with the 
production of sodium p-toluenesulfmate {123). Other reducing agents may 
be employed and, if the tosylate is primary, reductive cleavage to a methyl 
group can be effected. 

I [H] I 
CH2OTS — > CH3 

Tosyl esters of the carbohydrates occuring within the rings, are not re-
placeable by acetate ion under vigorous conditions. 

If the sulfonate is attached to a ring hydroxyl which is adjacent to an 
unsubstituted hydroxyl, and if the two groups are configurationally trans, 
epoxy ring closure is effected by alkaline (though not by acid) treatment 
with a concomitant Waiden inversion at the carbon which originally bore 
the sulfonate ester. If the two asymmetric centers are configurationally 
eis, the original ester may be recovered unchanged under conditions which 

121. W. T . Haskins, R. M. Hann , and C. S. Hudson, / . Am. Chem. Soc. 64, 132 
(1942). 

122. J . W. H. Oldham and G. J . Robertson, J. Chem. Soc. p . 685 (1935); P . A. 
Levene and J . Compton, J. Am. Chem. Soc. 57, 777 (1935). 

123. K. Freudenberg and F . Brauns, Ber. 55, 3233 (1922). 
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lead readily to epoxide formation in the former {124) (see also Chapter 
VII). 

°* OMe 

Such an epoxy ring as the above may be hydrolyzed under acidic or basic 
conditions (more vigorous than is required for their formation) with 
Waiden inversion at the carbon undergoing carbon-to-oxygen scission 
(Chapter VII). Two products are therefore formed, with one being gen-

OMe HO /L ° \ OMe 

OH OH 

erally preferred, depending upon the configuration of the anhydro sugar 
as a whole, on the substituent groups in it, and upon the nature of the 
reagent used {124). The new glycol groupings necessarily appear in the two 
possible trans configurations (see also p. 390). 

Application of the above principles concerned with the opening and clos-

H T s O / J X H H O / Ts=p-CH3C6H4S02 

.H H 

OTs H OTs H 

KO\Z 
H H H H 
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ing of epoxy rings fixed in another sugar ring, will lead to the prediction of 
the possible products obtainable if a disulfonate ester is present or if a 
monosulfonate ester is present and is flanked on either side by a hydroxyl 
group. 

The transformations from one sugar to another which result from the 
above reactions are of considerable importance for the preparation of the 
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H OH 
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124. S. Peat, Advances in Carbohydrate Chem. 2, 37 (1946); A.,Müller, M. Moricz, 
and G. Verner, Ber. 72, 745 (1939) ; D. J. Bell and S. Williamson, J. Chem. Soc. p. 1196 
(1938). 
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rare sugars. The rare sugar D-altrose may be prepared from D-glucose by the 
series of reactions shown {125). 

Although the epoxy or ethylene oxide ring is the usual ring formed, other 
types have been reported. (See Chapter VII, also.) By treating methyl 
3-0-tosyltri-0-acetyl-/3-D-glucopyranoside (XXI) with sodium methoxide, 
Peat and Wiggins {126) obtained, in addition to methyl 2,3-anhydro- and 
3,4-anhydro-ß-D-allopyranoside (XXIII and XXII) , the methyl 3,6-anhy-
dro-ß-D-glucofuranoside (XXIV). The furanoside is considered to have 
been formed from (XXII) by reaction of the primary hydroxyl group with 

AcO 

OMe 

H OAc 
(XXI) 

NaOMe 

HO 

OMe HOCrf 
+ 

OMe 

H OH 
(XXIV) 

the epoxy ring and subsequent shifting of the pyranose ring to the more 
stable furanoside. 

Part II 

Inorganic Esters 

1. NITRATE ESTERS 

Carbohydrate nitrates have considerable importance as explosives {127). 
Cellulose nitrate, of a high degree of nitration (approximately 2.5 groups 
per anhydro-D-glucose unit), plasticized with glycerol trinitrate, is cur-

125. G. J. Robertson and C. F. Griffith, J. Chem. Soc. p. 1193 (1935); N. K. Richt-
myer and C. S. Hudson, / . Am. Chem. Soc. 63, 1727 (1941). 

126. S. Peat and L. F. Wiggins, / . Chem. Soc. pp. 1088, 1810 (1938); W. N. Haworth, 
L. N. Owen, and F. Smith, ibid. p. 88 (1941). 

127. For a general discussion, see T. L. Davis, "Chemistry of Powder and Explo-
sives," Vol. II, p. 191. Wiley, New York, 1943. 
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rently the only useful gun propellant, being utilized to expel the shell from 
the gun barrel. I t is stabilized with diphenylamine. Highly nitrated starch 
is also utilized as an explosive, especially for grenades. The nitrate esters of 
ethylene glycol, glycerol, and D-mannitol are useful explosives. Many 
nitrates of simple sugars and glycosides have been prepared by Will and 
Lenze (128). They are unstable to heat and storage. 

Nitration can be effected at low temperatures by mixed acids (sulfuric 
and nitric); by nitric acid of high concentration; by nitric acid and acetic 
anhydride (acetyl nitrate is formed in such mixtures and they must not be 
concentrated); and by nitrogen pentoxide in halogenated hydrocarbon 
solvents with or without the addition of sodium fluoride to complex with 
the nitric acid formed (129): 

ROH + N205 -> RONO2 + HNO3 

Nitration of an aldose can be effected without change in anomeric form; 
thus, α-D-glucopyranose yields α-D-glucopyranose pentanitrate and ß-D-
glucopyranose gives ß-D-glucopyranose pentanitrate. 

The halogen atoms of O-acetylglycopyranosyl halides may be replaced 
by nitrate ester groups with the production of O-acetylglycopyranosyl 
nitrates, which can also be made from the acetate by the action of concen-
trated nitric acid in chloroform (49,130). Halogen atoms or tosyloxy groups 
esterifying primary alcoholic groups are substituted by nitrate groups on 
reaction with silver nitrate. The amount of silver halide produced has been 
used for the estimation of primary alcohol groups (see p. 165). Since the 
nitrate may be converted to a hydroxyl by reduction with iron dust and 
acetic acid, the nitrates are often useful for the preparation of partially 
substituted sugar derivatives (131). 

Nitrate esters undergo rapid decomposition on detonation or on ther-
mal ignition (132); gaseous oxides of carbon and nitrogen are formed. Work 
with the simple nitrate esters of monohydric alcohols indicates that the 
first step in the thermal decomposition is homolytic cleavage to produce 

128. W. Will and F. Lenze, Ber. 31, 68 (1898); J. A. Wyler, U. S. Patents 2,039,045, 
2,039,046 (1936). 

129. G. V. Caesar and M. Goldfrank, / . Am. Chem. Soc. 68, 372 (1946) ; L. Brissaud, 
Mém. services chim. état, 30, 120 (1943), Chem. Abstr., 41, 715 (1947); J. Honeyman 
and J . W. W. Morgan, Advances in Carbohydrate Chem. 12 in press (1957). 

180. Z. H. Skraup and R. Kremann, Monatsh. 22, 1037 (1901); A. Colley, Compt. 
rend. 76, 436 (1873). 

131. Ό. J. Bell and R. L. Synge, J. Chem. Soc. p. 1711 (1937); 833, 836 (1938); J. 
Dewar and G. Fort, ibid. p. 492, 496 (1944); J. W. H. Oldham, ibid. p. 2840 (1925); J. 
Dewar, G. Fort, and N. McArthur, ibid. p. 499 (1944). 

182. M. L. Wolfrom, J. H. Frazer, L. P. Kuhn, E. E. Dickey, S. M. Olin, D. O. 
Hoffman, R. S. Bower, A. Chaney, E. Carpenter, and P. McWain, J. Am. Chem. Soc. 
77,6573 (1955). 
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nitrogen dioxide and a radical which is stabilized by the formation of a 
carbonyl group. 

\ l / \ l / 
c c 

H 2 C : 0 : N 0 2 -> H 2 C :0 · + N 0 2 

1 
\ l / 

C + H2C::0 
Nitrate esters generally do not undergo simple saponification on treat-

ment with alkali but instead undergo extensive decomposition with the 
production of nitrite ion, carbonyl groups, and anhydro compounds. The 
last reaction can be favored in sterically suitable situations; thus, a high 
yield of methyl 3,6-anhydro-a-D-glucopyranoside was obtained on treat-
ing methyl α-D-glucopyranoside 6-nitrate with alkali {133). 

Denitration can be effected by chemical reducing agents (134)- For 
monomolecular nitrates, reductive denitration with hydrogen and Raney 
nickel (135) is preferable. Ammonium hydrogen sulfide effectively de-
nitrates the nitrated polysaccharides. 

2. SULFATE ESTERS 

Chlorosulfonic acid, HOSO2CI, reacts with D-glucose to form the follow-
ing ester. 

SO3H 
H2 H H O H H 
C—C—C C C C—1 

HO3SO 0 0 H O Cl 
I SO3H SO3H 

In pyridine and with a suitably blocked derivative, the same reagent can 
be used selectively to introduce sulfate acid ester groups; thus, 1,2:5,6-
di-O-isopropylidene-D-glucose can be sulfated, and, on removal of the cyclic 
acetal groups, D-glucose 3-sulfate can be obtained as a suitable salt. Sulfur 
trioxide or chlorosulfonic acid in liquid sulfur dioxide, and sulfur trioxide 
in halogenated hydrocarbon solvents, pyridine, or iV,iV-dimethylforma-
mide, can also be employed for sulfation. 

Desulfation can be effected without Waiden inversion, through acetoly-
sis performed by solution of the salts in absolute hydrogen sulfate at low 

188. E. K. Gladding and C. B. Purves, J. Am. Chem. Soc. 66, 76 (1944). 
Î84. D. O. Hoffman, R. S. Bower, and M. L. Wolfrom, J. Am. Chem. Soc. 69, 249 

(1947). 
186. L. P. Kuhn, J. Am. Chem. Soc. 68,1761 (1946). 
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temperature followed by the addition of acetic anhydride (186). Removal 
of sulfate acid esters can be carried out also by hydrolysis with acid or 
alkali; in the latter case, anhydro-ring formation is occasionally encoun-
tered. Thus 1,2-O-isopropylidene-D-glucofuranose 6-sulfate is stated to 
form the 3,6-anhydro derivative, whereas the 3-sulfate of the same struc-
ture is hydrolyzed to the parent D-glucose derivative without anhydride 
formation or Waiden inversion (187). 

Natural sulfate acid esters occur as salts in many seaweed polysac-
charides (188). They are also found widely distributed in the polysac-
charides (189) of animal tissues (Chapter XII), such as those in skin, 
cartilage, cornea, and gastric mucin. Heparin (p. 720) (140), the natural 
blood anticoagulant, is a highly sulfated polysaccharide of this type and 
contains both sulfate acid ester groups and a sulfamic acid function, 
RNHSO2OH. 

3. BORIC ACID ESTERS (140a) 

Boric acid esters of the sugars are rather ill-defined, but v. Vargha re-
ported that when D-glucose is shaken in an acetone solution containing 
sulfuric acid and orthoboric acid (H3BO3), a crystalline 1,2-O-isopropyli-
dene-D-glucofuranose 3,5-orthoborate separates (HI). In the main, how-
ever, these esters are used for special purposes. They have been employed 
for the preparation of partially benzoylated sugar derivatives. In the 
presence of aqueous borax, the alditols and sugars have rotations quite 
different from those for the aqueous solutions (142). 

The ionization of boric acid is enhanced in solutions containing carbo-
hydrates (148). This effect is variable, apparently depending upon the 
individual complexing ability of the sugar. Khym and Zill (144) have used 
this effect to separate sugars by removing their borate complexes from 
ion-exchange resins in columns by differential elution with acid developers 

186. M. L. Wolfrom and R. Montgomery, J. Am. Chem. Soc. 72, 2859 (1950). 
137. E. G. V. Percival, J. Chem. Soc. p. 119 (1945). 
188. T. Mori, Advances in Carbohydrate Chem. 8, 316 (1953). 
189. P. A. Levene, "Hexosamines and Mucoproteins." Longmans, Green, London, 

1925; M. Stacey, Advances in Carbohydrate Chem. 2,161 (1946). 
140. A. B. Foster and A. J. Huggard, Advances in Carbohydrate Chem. 10,335 (1955). 
140a. For additional discussion, see Chapters I and V. 
141. L. von Vargha, Ber. 66, 704 (1933). 
142. L. Vignon, Compt. rend. 77, 1191 (1873) ; 78, 148 (1874) ; M. Murgier and M. E. 

Darmois, Atti 10th congr. intern, chim. 2, 737 (1938). 
143. G. Magnanini, Z. physik. Chem. 6, 58 (1890); H. Schäfer, Z. anorg. Chem. 247, 

96 (1941) ; M. G. Mellon and V. N. Norris, Ind. Eng. Chem. 16,123 (1924) ; L. S. Weath-
erby and H. H. Chesney, ibid. 18, 820 (1926); J. Böeseken, Advances in Carbohydrate 
Chem., 4,189 (1949). 

144. J. X. Khym and L. P. Zill, J. Am. Chem. Soc. 73, 2399 (1951); 74, 2090 (1952). 
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of successively increasing strength. Foster (143) has used the effect to 
separate sugars by paper ionophoresis. The borate complexes formed by 
the various mono-O-methylhexopyranoses or D-glucopyranosyl-D-gluco-
pyranoses display rates of movement highly characteristic of their struc-
tures. 

Crystalline esters of alditols and aldoses completely esterified with 
phenylboronic acid, C6H5B(OH)2, have been reported (146). 

4. HALOGENO ESTERS 
Halogeno esters, other than the O-acetylglycosyl halides (p. 150), are 

known wherein a halogen has replaced one or more of the primary hydroxyl 
functions in aldoses, alditols (p. 261), and ketoses. Generally, these deriva-
tives are known in otherwise substituted (mainly esterified) structures. 
They can be made by the prolonged action of hydrogen bromide, either the 
liquid alone or in acetic acid solution, on the acetates; and by replacement 
with iodine of primary tosyl or nitrate groups with sodium iodide in ace-
tone or acetonylacetone solution (p. 164). The iodide (or other halide) can 
be exchanged for other halides by heating with the desired sodium halide 
in acetone solution. Scission of the 1,6-ring of l,6-anhydro-/3-D-glucopy-
ranose with phosphorus pentabromide gave tri-0-acetyl-6-bromo-6-deoxy-
D-glucopyranosyl bromide (147). Treatment of the O-acyl-1-deoxy-l-diazo-
keto-g\ycoses (148) with dry hydrogen chloride or bromide in ether pro-
duces the O-acyl-l-deoxy-l-halogeno-fce/o-glycose. 

Secondary halogen esters are also known. The addition of bromine to 
D-glucal 3,4,6-triacetate (p. 401) produces 3,4,6-tri-0-acetyl-2-bromo-2-
deoxy-D-glucopyranosyl bromide (149). Methyl 4,6-dichloro-4,6-dideoxy-
α-D-glucopyranoside 2,3-sulfate was obtained by the action of sulfuryl 
chloride on methyl a-D-glucopyranoside (150). 

Helferich and Gnüchtel (114) state that iodide replacement by the action 
of sodium iodide in acetone is not confined exclusively to the 6-O-mesyl 
group but also took place with an O-mesyl group substituted at carbon 4. 

5. PHOSPHATE ESTERS* (151) 
The naturally occurring phosphate esters are products of intermediary 

metabolism and are of great metabolic importance (Chapter XIII) . They 

* This section was prepared by W. Z. Hassid and C. E. Ballou. 
145. A. B. Foster, / . Chem. Soc. p. 982 (1953); R. Consden and W. M. Stanier, 

Nature 169, 783 (1952). 
146. H. G. Kuivila, A. H. Keough, and E. J. Soboczenski, J. Org. Chem. 19, 780 

(1954); M. L. Wolfrom and J. Solms, ibid. 21, 815 (1956). 
147. P. Karrer and A. P. Smirnoff, Helv. Chim. Ada 5, 124 (1922). 
148. M. L. Wolfrom and R. L. Brown, J. Am. Chem. Soc. 65,1517 (1943) ; M. L. Wol-

from, A. Thompson, and E. F. Evans, ibid. 67,1793 (1945). 
149. E. Fischer, M. Bergmann, and H. Schotte, Ber. 53, 509 (1920). 
150. B. Helferich, G. Sprock, and E. Besler, Ber. 58, 886 (1925). 
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TABLE I I 

DISSOCIATION CONSTANTS OF SOME SUGAR PHOSPHATES" 

[Compiled by L. F . Leloir (151)] 

Compound 

Phosphoric acid 
D-Xylose 1-phosphate 
D-Glucose 1-phosphate 
D-Glucose 3-phosphate 
D-Glucose 6-phosphate 
D-Fructose 6-phosphate 
D-Fructose 1,6-diphosphate 
D-Galactose 1-phosphate 
Maltose 1-phosphate 

ptfi 

1.95-2.00 
1.25 
1.10 
0.84 
0.94 
0.97 
1.48 
1.00 
1.52 

P # 2 

6.83-6.93 
6.15 
6.13 
5.67 
6.11 
6.11 
6.29* 
6.17 
5.89 

Reference 

(153, 164) 
(155) 
(154) 
(156) 
(156) 
(156) 
(157) 

(158, 159) 
(155) 

° The values are those calculated with the formula : K\ = 

B 

H+ [B + H+] 
and püTj = 

p H - log -

C - [B + H+] 

where H + represents the hydrogen-ion concentration, B the amount 
>C -B 

of alkali added to the acid, and C the concentration of the acid. 
6 The pK values for fructose diphosphate are average values of the constants of 

the two phosphate groups. Meyerhof and Lohman calculated the values of each of the 
secondary dissociation constants as pK2a = 6.1 and pî 2& = 6.5. 

serve as intermediates in the synthesis and degradation of starch, glycogen, 
and sucrose. They also function as substrates in the processes of glycolysis, 
fermentation of sugars to alcohol and other products, photosynthetic fixa-
tion of carbon dioxide, and in most oxidative biological processes. Phos-
phate esters occur as constituents of nucleic acids and of coenzymes which 
are closely related to vitamins of the B complex (Chapter VIII). 

The phosphoric mono- and diesters of the sugars are strongly acidic sub-
stances isolated often as crystalline barium, calcium, lead, sodium, cyclo-
hexylammonium, or alkaloid salts. They are usually stronger acids than 
free orthophosphoric acid (Table II), a fact which has been rationalized 
according to modern theory {152). 

151. For an excellent detailed review see L. F . Leloir, in "Progress in the Chem-
istry of Organic Natura l P roduc t s" (L. Zechmeister, ed.) , Vol. 8; p . 47. Springer, 
Vienna, 1951. 

152. W. D . Kumler and J . J . Eiler, ./. Am. Chem. Soc. 65, 2355 (1943). 
158. D . D . Van Slyke, J.Biol. Chem. 52, 525 (1922); H . T . S. Br i t ton and R. A. 

Robinson, Trans. Faraday Soc. 28, 531 (1932). 
154. C. F . Cori, S. P . Colowick, and G. T. Cori, J. Biol. Chem. 121, 465 (1937). 
155. W. R. Meagher and W. Z. Hassid, J. Am. Chem. Soc. 68, 2135 (1946). 
156. O. Meyerhof and K. Lohmann, Biochem. Z. 185, 113 (1927). 
157. O. Meyerhof and J . Suranyi, Biochem. Z. 286, 319 (1936). 
158. H . W. Kosterl i tz , Biochem. J. 37, 321 (1943). 
159. S. P . Colowick, J. Biol. Chem. 124, 557 (1938). 
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A. SYNTHESIS OF PHOSPHATE ESTERS 

The use of phosphorus oxychloride for the synthesis of phosphate esters 
of sugars (160) has been largely replaced by dibenzyl (161) and diphenyl 
phosphorochloridates (162). The latter reagent may be prepared in a pure, 
stable form which reacts readily with an alcohol in pyridine at low tem-
perature. The phenyl groups may be removed from the resulting di-O-
phenyl phosphate derivative of the alcohol by catalytic hydrogénation 
employing a platinum catalyst. 

Phenyl phosphorodichloridate (168) is useful in the synthesis of asym-
metric phosphate diesters such as that of the phosphatide shown below. 

H2COH 
I 

HCOOCR + (C6H60)P0C12 

I 
H2COOCR 

OC6H5 O 

I II 
H2COP— OCH2CH2NHCOCH2C6H5 

II 
o 

HCOOCR 

I 
H2COOCR 

OC6Hf 

I 
H2COP—Cl 

II 
o 

HCOOCR 

I 
H2COOCR 

HOCH! 2CH2NHO OCH2CeH6 

Pt and Pd 
Ha » 

OH 
I 

H2COP—OCH2CH2NH2 

II 
o 

HCOOCR 

I 
H2COOCR 

Inorganic phosphate reacts with epoxides to give phosphate esters. This 
method (164) is particularly useful for the preparation of D-glucose 6-phos-
phate labeled with the isotope P32. 

Glycose 1-phosphates may be prepared by reacting the poly-O-acetyl-
glycosyl bromide with trisilver phosphate (154)- The resulting phosphate 
triester is simultaneously deacetylated and hydrolyzed under controlled 
conditions to give the a-D-glycose 1-phosphate. By this procedure a-D-
glucose (165), a-D-mannose (166), and a-D-galactose 1-phosphates (167) 

160. E. Fischer, Ber. 47, 3193 (1914); C. Neuberg and H. Pollak, Ber. 43, 2060 
(1910); E. Baer, Biochem. Preparations. 2, 25, 31 (1952). 

161. F. R. Atherton, H. T. Openshaw, and A. R. Todd. / . Chem. Soc. p. 382 (1945). 
162. P. Brigl and H. Müller, Ber. 72, 2121 (1939) ; H. A. Lardy and H. O. L. Fischer, 

Biochem. Preparations. 2, 39 (1952). 
168. E. Baer, J. Maurukas, and M. Russell, J. Am. Chem. Soc. 74, 152 (1952). 
164. O. P. Lampson and H. A. Lardy, J. Biol. Chem. 181, 693 (1949). 
165. M. E. Krahl and C. F. Cori, Biochem. Preparations. 1, 33 (1949). 
166. S. P. Colowick, / . Biol. Chem. 124, 557 (1938). 
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HXOPO K 

+ K2HP04 

H2COP03K2 

HOH 

H OH 

have been prepared. The 0-isomers are prepared by reacting the poly-O-
acetylglycosyl bromide with diphenyl silver phosphate, followed by cata-
lytic hydrogénation to remove the phenyl groups and saponification of 
the acetyl groups (168). 

They also can be synthesized by coupling the poly-O-acetylglycosyl 
bromide with monosilyer phosphate as the phosphorylating agent (168a). 

Enzymic syntheses of a-D-glucose 1-phosphate from starch by the action 
of phosphorylase (169) and of D-glucose 6-phosphate from readily available 
D-fructose 1,6-diphosphate have been described (170). 

B. PHOSPHATE MIGRATION 

Phosphate esters readily undergo intramolecular migration from one 
hydroxyl group to another under the influence of acid (171). (See Fig. 1, 
172.) This migration probably proceeds through a cyclic compound 
similar to the orthoester structure proposed in acyl group migration 
(p. 147 and 433): 

OH I | 
/ I HCOH 

H C — O P = 0 HC—O OH 

OH P = 0 
OH 

H C — O P = 0 
HCOH HC—O 

OH 

Any procedure of isolation or preparation that involves treatment with hot 

167. H. W. Kosterlitz, Biochem. J. 33, 1087 (1939). 
168. L. Zervas, Naturwissenschaften 27, 317 (1939); M. L. Wolfrom, C. S. Smith, 

D. E. Pletcher, and A. E. Brown, J. Am. Chem. Soc. 64, 23 (1942). 
168a. F. J. Reithel, J. Am. Chem. Soc. 67, 1056 (1945). 
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FIG. 1. Acid catalyzed phosphate migration of D-glyceric acid 2-phosphate to the 
3-phosphate. 

acid will likely bring about such migrations, resulting in an equilibrium 
mixture, which in the case of the glyceric acid phosphates is four parts of 
the 3-isomer and one part of the 2-isomer (172). 

Compounds possessing the cyclic phosphate structure may be prepared 
by the action of phosphorus oxychloride or phenyl phosphorodichloridate 
on a glycol, or by treating phosphate monoesters with trifluoroacetic an-
hydride (173) or a carbodiimide reagent (174)- The latter is the preferred 
reagent since it may be used in the presence of water and usually gives a 
good yield of a pure product. The reaction is formulated as follows: 

R 

OH R 

/ I 
H C — 0 P = 0 N 

OH + C 

II 
HCOH N 

R 

HN 1 + 

I 
o c 

/ II 
HC— O — P = 0 NH 

HCOH 

HC—O 

HC—O 

OH 

OH R 

O 

R—N—C—N—R 
P = 0 + 

H H 
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The resulting cyclic phosphate diester is hydrolyzed readily in acid or 
alkali to the phosphate monoester. 

These cyclic phosphates are intermediates in the enzymic and alkaline 
degradation of ribonucleic acids, and may be the activated intermediates 
for the enzymic synthesis of ribonucleic acids from the nucleotides (175). 
Enzymes specific for the hydrolysis of nucleoside 2,3-cyclic phosphates to 
the monoesters have been prepared from snake venom, spleen, and in-
testinal mucosa. (See Chapter VIII.) 

C. HYDROLYSIS OF PHOSPHATE ESTERS 

The ease of hydrolysis of phosphate monoesters by acid or alkali varies 
greatly with the structure. The rate of hydrolysis actually measured may 
be the result of secondary changes in the sugar portion brought about by 
the acid or alkali, or it may represent the hydrolysis of the phosphate 
group after it has migrated to another position, since the rate of phosphate 
migration in acid solution is greater than that of its hydrolysis (176). In 
some compounds the phosphate group probably leaves by an elimination 
mechanism rather than by hydrolysis, with the result that the removal of 
phosphate is particularly enhanced. 

H C = 0 H C = 0 H C = 0 

HCOH -> H3PO4 + COH -> C = 0 

I II I 
H2COP03H2 H2C CH3 

Table III lists the rates of hydrolysis in acid of some pentose and hexose 
phosphates. In general, the glycosyl phosphates hydrolyze readily in acid, 
due to their glycosidic structure. Phosphates located a- or ß- to carbonyl 
functions are also easily removed. 

The primary esters, such as D-glucose 6-phosphate, are much more 
resistant to acid hydrolysis, whereas phosphate esters of glyceric acid or 

169. R. M. McCready and W. Z. Hassid, J. Am. Chem. Soc. 66, 560 (1944) ; Biochem. 
Preparations 4, 63 (1955). 

170. W. A. Wood, Biochem. Preparations. 3, 71 (1953). 
171. P. A. Levene and A. L. Raymond, J. Biol. Chem. 107, 75 (1934); E. Chargaff, 

ibid. 144, 455 (1942) ; E. Baer and M. Kates, ibid. 185, 615 (1950). 
172. Taken from C. E. Ballou and H. O. L. Fischer, / . Am. Chem. Soc. 76, 3188 

(1954). 
178. D. M. Brown, D. I. Magrath, and A. R. Todd, J. Chem. Soc. p. 2708 (1952). 
174. H. G. Khorana, Chem. Revs. 53, 145 (1953) ; C. A. Dekker and H. G. Khorana, 

J. Am. Chem. Soc. 76, 3522 (1954). 
175. L. A. Heppel, in "Chemical Pathways of Metabolism" (D. M. Greenberg, 

ed.), Vol. II, p. 263. Academic Press, New York, 1954. 
176. K. R. Farrar, J. Chem. Soc. p. 3131 (1949). 



OBSERVED HYDROLYSIS CONSTANTS OF SOME SUGAR PHOSPHATES 

[Compiled by L. F. Leloir {151)] 

Compound 

D-Ribose 1-phosphate 
D-Ribose 3-phosphate 

D-Ribose 5-phosphate 

D-Xylose 1-phosphate 
D-Xylose 5-phosphate 
α-D -Glucose 1-phosphate 

/3-D-Glucose 1-phosphate 
D-Glucose 2-phosphate 
D-Gluconic acid 2-phosphate 
D-Glucose 6-phosphate 

D-Gluconic acid 6-phosphate 
a-D-Glucose 1,6-diphosphate 

/3-D-Glucose 1,6-diphosphate 
D-Fructose 1-phosphate 

D-Fructose 6-phosphate 

D-Fructose 1,6-diphosphate 
a-D-Galactose 1-phosphate 

β-Ώ -Galactose 1-phosphate 
D-Mannose 6-phosphate 

D-Mannonic acid 6-phosphate 
D-Mannonic 7-lactone 6-phosphate 
L-Sorbose 6-phosphate 
Maltose 1-phosphate 
Ketoheptose monophosphate 

Normal-
ity of 
acid 

0.5 
0.01 
0.25 
0.01 
0.25 
0.1 
1 
0.1 
0.25 
1 
1 
0.1 
1 
0.1 
OA6 

1 
OA* 
1 
0.25 
1 
1 
OA6 

1 
0.1 
OA6 

1 

1 
0.25 
0.25 
0.25 
0.1 
1 
OA6 

1 
1 
1 
0.1 
1 

Temp-
erature 

(°C.) 

25 
100 
100 
100 
100 
36 

100 
36 
37 
33 
33 

100 
100 
100 
100 
100 
100 
100 
37 
30 
30 

100 
100 
100 
100 
100 

100 
25 
37 
37 

100 
100 
100 
100 
100 
100 
36 

100 

k X 103a 

1200 
~1.7 
~4 .5 
~0 .3 
~0 .5 

6.21 
3-4 

4.36 
1.30 
5.0 

15.0 
2.18 
0.3 
0.13 
0.167 
0.23 
0.28 

0.15-0.26 
0.31 
0.78 
3.15 
0.62 

70 
9 

0.4-0.5 
4.36 

52 
4.2 
0.90 
5.9 
5.6 
0.13 
0.29 
0.28 

0.13-0.20 
0.12 
4.8 
3.21 
4 

Refer-

ence 

(177) 
(178) 
(179) 
(178) 
(179) 
(155) 
(180) 
(155) 
(154) 
(181) 
(181) 
(182) 
(188) 
(184) 
(184) 
(185) 
(185) 
(186) 
(187) 
(188) 
(188) 
(189) 
(189) 
(189) 
(185) 
(185) 
(190) 

(191) 
(191) 
(192) 
(185) 
(185) 
(185) 
(186) 
(186) 
(198) 
(155) 
(194) 

a The constants are calculated with the formula k = - logio , or more usually, 
t a — x 

k = logio · The time is in minutes, and a is the initial concentration of 
t2 — h a — X2 

the substance. The time for 50% hydrolysis, ti/2 = -7—, the time for 98% hydrolysis, 
k 

1.7 

6 OA means that the free acid was heated at its own acidity. 
178 
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glycerol require prolonged heating at 100°C. in 1 N acid for complete 
hydrolysis (195). 

The mechanism of alkaline hydrolysis of phosphate esters (rupture of 
P —> 0 bond) is such that inversion during hydrolysis is unlikely (196). 
Acid hydrolysis on the other hand catalyzes cleavage of the C —» O bond 
(197). 

D. NATURALLY OCCURRING HEXOSE PHOSPHATES 

A number of hexose phosphates have been isolated from natural sources. 
Of these D-fructose 1,6-diphosphate (Harden-Young ester) (I), D-fructose 
6-phosphate (Neuberg ester) (II), D-glucose 6-phosphate (Robison ester) 
(III), and a-D-glucose 1-phosphate (IV) are of particular biochemical im-
portance in the processes of fermentation and glycolysis. These hexose 
phosphates are interconvertible in the presence of the proper enzymes and 
cofactors. 

The work on phosphorylated sugars was initiated by Harden and Young 
(198), who first discovered D-fructose 1,6-diphosphate in fermenting yeast. 

177. H. M. Kalckar, J. Biol. Chem. 167, 477 (1947). 
178. P. A. Levene and E. T. Stiller, / . Biol. Chem. 104, 299 (1934). 
179. H. G. Albaum and W. W. Umbreit. J. Biol. Chem. 167, 369 (1947). 
180. P. A. Levene and A. L. Raymond, / . Biol. Chem. 102, 347 (1933). 
181. M. L. Wolfrom, C. S. Smith, D. E. Pletcher, and A. E. Brown, J. Am. Chem. 

Soc. 64, 23 (1942). 
182. K. R. Farrar, / . Chem. Soc. p. 3131 (1949). 
183. J. Courtois and M. Ramet, Bull. soc. chim. France 11, 539 (1944). 
184. R. Robison and E. J. King, Biochem. J. 25, 323 (1931). 
185. R. Robison, Biochem. J. 26, 2191 (1932). 
186. V. R. Patwardhan, Biochem. J. 28, 1854 (1934). 
187. C. E. Cardini, A. C. Paladini, R. Caputto, L. F. Leloir, and R..E. Trucco, 

Arch. Biochem. 22, 87 (1949). 
188. T. Posternak, / . Biol. Chem. 180, 1269 (1949). 
189. B. Tanko and R. Robison, Biochem. J. 29, 961 (1935). 
190. M. Macleod and R. Robison, Biochem. J. 27, 286 (1933). 
191. H. W. Kosterlitz, Biochem. J. 37, 318 (1943). 
192. F. J. Reithel, / . Am. Chem. Soc. 67, 1056 (1945). 
198. K. M. Mann and H. A. Lardy, / . Biol. Chem. 187, 339 (1950). 
194. R. Robison and M. G. Macfarlane, in "Methoden der Fermentforschung," 

(Bamann-Myrbäck, eds.), p. 296. Georg Thieme, Leipzig, 1941. 
195. W. Kiessling, Ber. 68, 243 (1935). 
196. E. Blumenthal and J. B. M. Herbert, Trans. Faraday Soc. 41, 611 (1945); see 

also D. M. Brown and A. R. Todd, J. Chem. Soc. p. 2040 (1953) ; D. Lipkin and P. T. 
Talbert, Chemistry & Industry p. 143 (1955). 

197. M. Cohen, J. Biol. Chem. 180, 771 (1949). 
198. A. Harden and W. J. Young, J. Chem. Soc. 21, 189 (1905); A. Harden, "Alco-

holic Fermentation," 4th ed. Longmans, Green, London, 1932. 



180 A. THOMPSON AND M. L. WOLFROM 

HO 
I 

0=POCH2 n 

OH H 
D-Fructof uranose 1,6-diphosphate 

(I) 
OH 

I 
CH2OP=0 

CKLOH 

OH 

OH H 
D-Fructof uranose 6-phosphate 

(Π) 

OH 

H OH 
D-Glucopyranose 6-phosphate 

(HI) 

H OH 
a-D-Glucopyranose 1-phosphate 

(IV) 

The procedure consisted in allowing air- or acetone-dried yeast or yeast 
juice to ferment sugar in the presence of phosphate. Under these conditions 
phosphate becomes esterified according to the following equation: 

2 Hexose + 2 phosphate —» hexose diphosphate + 2 ethanol + 2 C02 

According to the conditions, hexose monophosphate and trehalose phos-
phate also accumulate in varying amounts. Separation of the fructose di-
phosphate from the monophosphate can be effected by precipitating the 
diphosphate with neutral lead acetate or barium ions, followed by pre-
cipitation of the monophosphate from the supernatant liquid with basic 
lead acetate or barium ions in 50% or stronger ethanol (199). The separa-
tion of the different monophosphates was carried out by fractional crys-
tallization (200). Chromatographie methods have also been used (Chapter 
XI). 

Besides the many esters isolated from yeast and muscle tissue, Levene 
and his associates prepared ribose 3- and 5-phosphates by hydrolysis of 
nucleotides (201). a-D-Glucose 1-phosphate was isolated by Cori, Colowick, 
and Cori (202) as a product of the phosphorolysis of glycogen. Leloir and 

199. R. Robison and W. T. J. Morgan, Biochem. J. 24, 119 (1930). 
200. R. Robison and E. J. King, Biochem. J. 25, 323 (1931); also see W. W. Um-

breit, R. H. Burris, and J. F. Stauffer "Manometric Techniques and Tissue Metabo-
lism, " Burgess, Minneapolis, 1949. 

201. P. A. Levene and E. Jorpes, J. Biol. Chem. 81, 575 (1929); P. A. Levene and 
W. A. Jacobs, Ber. 44, 746 (1911). 

202. C. F. Cori, S. P. Colowick, and G. T. Cori, J. Biol. Chem. 121, 465 (1937). 
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co-workers {203) showed that a-D-glucose 1,6-diphosphate is present in 
animal tissues and yeast and possesses properties of a coenzyme. a-D-Galac-
tose 1-phosphate was found by Kosteriitz {204) in the liver of a rabbit 
which had been fed D-galactose. D-Ribose 1-phosphate and deoxyribose 
1-phosphate were obtained by Kalckar {205, 206) by the phosphorolysis 
of nucleosides. 

E. D-FRUCTOSE 1,6-DIPHOSPHATE (HARDEN-YOUNG ESTER) 

The fact that hexose diphosphate forms an osazone with simultaneous 
elimination of one phosphate group when treated with hydrazine shows 
that one of the phosphate groups in the molecule is attached to carbon 1 
{207). Determination of the rates of hydrolysis of the methyl α,β-D-fruc-
toside diphosphate derivatives showed them to be very high {208). This 
high rate was taken as proof that the glycosides possess a furanose ring. 
Elimination of the phosphate groups from these compounds by phosphatase 
produced the corresponding methyl a- and ß-D-fructosides. The specific 
rotations and ease of hydrolysis of the latter showed that they were D-fruc-
tofuranosides. In addition, methylation and subsequent hydrolysis of these 
glycosides yielded tetra-O-methyl-D-fructofuranose. The structure of the 
ester was, thus, established as D-fructofuranose 1,6-diphosphate. 

F. FRUCTOSE 6-PHOSPHATE (NEUBERG ESTER) 

This ester was first prepared {209) by partial hydrolysis of D-fructose 
diphosphate and later isolated by Robison {210) from the hexose mono-
phosphate fraction obtained by yeast juice fermentation. 

The phosphate group at carbon 1 of D-fructose 1,6-diphosphate is hy-
drolyzed in 1 N acid, at 100°C, approximately 12 times as fast as that at 
carbon 6. Although at this temperature some destruction of the D-fructose 
occurs, a fairly good yield of the ester can be obtained by this method. An 
improved procedure whereby the hydrolysis is carried out at a lower tem-
perature is given by Neuberg, Lustig, and Rothenberg {211). 

208. L. E. Leloir, R. E. Trucco, C. E. Cardini, A. C. Paladini, and R. Caputto, 
Arch. Biochem. 19, 339 (1948). 

204. H. W. Kosteriitz, Biochem. J. 31, 2217 (1937). 
205. H. M. Kalckar, J. Biol. Chem. 167, 477 (1947). 
206. M. Friedkin and H. M. Kalckar, J. Biol. Chem. 184, 437 (1950); M. Friedkin, 

H. M. Kalckar, and E. Hoff-Jörgensen, J. Biol. Chem. 178, 527 (1949); see also M. 
Friedkin and D. Roberts, ibid. 207, 257 (1954). 

207. W. J. Young, Biochem. Z. 32, 178 (1911). 
208. W. T. J. Morgan, Biochem. J. 21, 675 (1927) ; H. H. Schlubach and H. E. Bar-

tels, Ann. 541, 76 (1939); P. A. Levene and A. L. Raymond, J. Biol. Chem. 79, 621 
(1928). 

209. C. Neuberg, Biochem. Z. 88, 432 (1918). 
210. R. Robison, Biochem. J. 26, 2191 (1932). 
211. C. Neuberg, H. Lustig, and M. A. Rothenberg, Arch. Biochem. 3, 33 (1944). 
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G. D-GLUCOSE 6-PHOSPHATE (ROBISON ESTER) 

This hexose phosphate was detected by Harden and Robison (212) in 
the products of yeast juice fermentation and recognized only as a mixture 
of an aldose and D-fructose. Later Robison and King (213) were able to pre-
pare D-glucose 6-phosphate in pure form. The assignment of position of the 
phosphate group in the D-glucose was adduced from the following: Positions 
1 and 2 were eliminated because the osazone contained phosphate. Inas-
much as the synthetically prepared D-glucose 3-phosphate (214) was found 
to have properties different from the natural substance, position 3 was also 
excluded. Positions 4 and 5 were eliminated on the ground that two methyl 
glycosides could be prepared from this ester, one of which behaved, on acid 
hydrolysis, as a furanoside and the other as a pyranoside (215). Levene and 
Raymond (216) finally synthesized a hexose monophosphate, known to 
contain the phosphate at carbon 6, and which had chemical and biological 
properties similar to those of the Robison ester. Robison and King (217) 
also prepared an osazone from their purified natural ester which was iden-
tical with that given by D-fructose 6-phosphate. 

H. Λ-D-GLUCOSE l-PHOSPHATE (CORI ESTER) 

This ester was first isolated as a crude product by Cori, Colowick, and 
Cori (218) as a result of the action of frog muscle enzymes on glycogen and 
inorganic phosphate. A pure product was obtained when rabbit muscle 
extracts were dialyzed and then incubated with glycogen, phosphate buffer, 
and adenylic acid. The latter served as an activator of the enzyme (phos-
phorylase). 

a-D-Glucose 1-phosphate was prepared synthetically (218) by treatment 
of tetra-O-acetyl-D-glucosyl bromide with silver phosphate in benzene. 
The tri-(tetra-O-acetyl-D-glucose) 1-phosphate produced was converted 
into D-glucose 1-phosphate by hydrolysis with acidic methanol and was 
obtained as an amorphous barium salt. The crystalline dipotassium salt 
was described by Kiessling (219). 

Since the ester is alkali-stable and non-reducing and liberates D-glucose 
on hydrolysis, the phosphate must be attached to carbon 1 in the D-glu-
cose. Cori, Colowick, and Cori (218) suggested that the hexose phosphate 

212. A. Harden and R. Robison, Proc. Chem. Soc. 30, 16 (1914). 
213. R. Robison and E. J. King, Biochem. J. 25, 323 (1931). 
214. P. A. Levene and A. L. Raymond, J. Biol. Chem. 89, 479 (1930). 
215. E. J. King, R. R. McLaughlin, and W. T. J. Morgan, Biochem. J. 25, 310 

(1931). 
216. P. A. Levene and A. L. Raymond, J. Biol. Chem. 91, 751 (1931); 92, 757 (1931). 
217. R. Robison and E. J. King, Biochem. J. 25, 323 (1931). 
218. C. F. Cori, S. P. Colowick, and G. T. Cori, J. Biol. Chem. 121, 465 (1937). 
219. W. Kiessling, Biochem. Z. 298, 421 (1938). 
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had the a-type linkage and the pyranose configuration. Wolfrom and 
Pletcher {220) confirmed this structure by showing that when the ester 
was oxidized with periodate, two moles of this reagent were consumed, with 
liberation of one mole of formic acid but of no formaldehyde. This evidence 
is consistent with a hexopyranose 1-phosphate structure. The α-linkage was 
adduced from the high dextrorotation and from a comparison with the 
synthetic ß-D-glucose 1-phosphate. 

I. MISCELLANEOUS PHOSPHATE ESTERS 

D-Ribulose 5-phosphate is found together with D-ribose 5-phosphate as 
an oxidation product of D-gluconic acid 6-phosphate with a purified yeast 
enzyme (221-223). The D-ribulose 5-phosphate was identified as the 
o-nitrophenylhydrazone derivative, having a specific rotation in methanol 
of 50 ± 5°. D-Ribulose 5-phosphate appears to be the precursor of D-ribose 
in yeast and rat liver. A D-ribulose diphosphate was detected in the prod-
ucts formed during the first fewr seconds of photosynthesis (224). 

An extract has been prepared from spinach leaves which catalyzes the 
formation of D-ribulose diphosphate from adenosine triphosphate and 
D-ribose 5-phosphate (225). The D-ribulose diphosphate appears to be an 
intermediate in a carbon dioxide fixation system in which D-ribose 5-phos-
phate was the added substrate (226). 

The action of an enzyme, transketolase, from rat liver or from spinach, 
on pentose 5-phosphate results in the formation of a triose phosphate and 
an ester of sedoheptulose, which is presumably sedoheptulose 7-phosphate. 
The heptulose has been identified by the preparation of sedoheptulosan 
tetrabenzoate (227). 

Sedoheptulose diphosphate is formed from sedoheptulose 7-phosphate 
and D-fructose 1,6-diphosphate in the presence of the enzymes aldolase 
and transaldolase (228). One of its two phosphate groups is relatively labile 

220. M. L. Wolfrom and D. E. Pletcher, J. Am. Chem. Soc. 63, 1050 (1941). 
221. B. L. Horecker and P. Z. Smyrniotis, J. Biol. Chem. 196, 135 (1952). 
222. B. L. Horecker, P. Z. Smyrniotis, and J. E. Seegmiller, J. Biol. Chem. 193, 

383 (1951). 
223. J. E. Seegmiller and B. L. Horecker, J. Biol. Chem. 194, 261 (1952). 
224. A. A. Benson, / . Am. Chem. Soc. 74, 2123 (1952); J. R. Quayle, R. C. Fuller, 

A. A. Benson, and M. Calvin, ibid. 76, 3610 (1954). 
225. A. Weissbach, P. Z. Smyrniotis, and B. L. Horecker, J. Am. Chem. Soc, 76, 

5572 (1954). 
226. A. Weissbach, P. Z. Smyrniotis, and B. L. Horecker, J. Am. Chem. Soc. 76, 

3611 (1954). 
227. B. L. Horecker, P. Z. Smyrniotis, and H. Klenow, J. Biol. Chem. 205, 661 

(1953). 
228. B. L. Horecker, P. Z. Smyrniotis, H. H. Hiatt, and P. A. Marks, J. Biol. Chem. 

212,827 (1955). 
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to acid hydrolysis. The sedoheptulose diphosphate is cleaved by aldolase 
to yield one mole of dihydroxyacetone phosphate and presumably D-eryth-
rose phosphate. The ester is probably sedoheptulose 1,7-diphosphate. The 
free sugar has been identified by conversion to sedoheptulosan tetra-
benzoate. 

D-Erythrose 4-phosphate has been synthesized and shown to condense 
with dihydroxyacetone phosphate in the presence of aldolase to give a 
heptulose diphosphate with properties similar to the one described above 
{229). The synthetic tetrose phosphate is optically inactive, and is decom-
posed by acid at a rate similar to glyceraldehyde 3-phosphate. 

Both the a- and ß-forms of lactose 1-phosphate have been prepared (230). 
The a-lactose 1-phosphate was synthesized by phosphorylating hepta-O-
acetyl-a-lactosyl bromide with silver diphenyl phosphate. For the prepara-
tion of the ß-form of this ester monosilver phosphate was used as a phos-
phorylating agent (192). 

a-D-Mannose 1,6-diphosphate was made from 2,3,4-tri-0-acetyl-6-
diphenylphosphonyl-a-D-mannosyl bromide and silver diphenyl phosphate" 
(231). The specific rotation of the potassium salt of the ester in water is 
[all1 +29.9°. 

The specific rotations of the various hexose phosphates are given in 
Table IV. 

J. PHOSPHATE ESTERS OF 3-CARBON SUGARS 

These compounds, listed in Table V, are all intermediates in the metabo-
lism of D-glucose. (See Chapter XIII.) Although all have been isolated 
from natural sources, they are most readily available in pure form by syn-
thetic procedures. The phosphates of glyceraldehyde and dihydroxyace-
tone are very sensitive to decomposition by alkali with the liberation of 
inorganic phosphate, a characteristic on which their determination in the 
presence of other alkali-stable phosphate esters is based (231a). They are 
also decomposed by hot dilute acid. 

229. C. E. Ballou, H. O. L. Fischer, and D. L. MacDonald, J. Am. Chem. Soc. 77, 
2658,5967 (1955). 

230. F. J. Reithel and R. C. Young, J. Am. Chem. Soc. 74, 4210 (1952). 
281. T. Posternak and J. P. Rosselet, Helv. Chim. Ada 36,1614 (1953). 
281a. K. Lohmann, Ann. Rev. Biochem. 7, 125 (1938). 
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TABLE IV 

T H E SPECIFIC ROTATION OF SOME SUGAR PHOSPHATES 

[Compiled by L. F. Leloir (1δί)] 

Compound 

D-Ribose 3-phosphate 

D-Ribose 5-phosphate 

D-Arabinose 5-phosphate 

D-Xylose 1-phosphate 

D-Xylose 5-phosphate 

a-D-Glucose 1-phosphate 

ß-D-Glucose 1-phosphate 
α-L-Glucose l-phosphate 

D-Glucose 2-phosphate 

D-Glucose 3-phosphate 

D-Glucose 4-phosphate 

D-Glucose 5-phosphate 
D-Glucose 6-phosphate 

D-Gluconic acid 6-phosphate 

D-Gluconic lactone 6-phos-
phate 

a-D-Glucose 1,6-diphosphate 
0-D-Glucose 1,6-diphosphate 

Salt 

Na2 

Na2 

Free acid 
Ba 
Ba 
Brucine 
Ba 
K2 

Na2 

Na2 

Free acid 
K2 

K2 

Ba 
Brucine 
Brucine 
Ba 
K2 

K2 

K2 

Free acid 
Free acid 
Brucine 
Ba 
Ba 
Brucine 
Brucine 
Ba 
Free acid 
Free acid 
Ba 
Ba 
K2 

Ba 
Free acid 

— 

Free acid 
Free acid 

Solvent 

Water 
/Half satd. 
\ boric acid 
Water 
Water 
Water 
50% Pyridine 
Water 
Water 
50% Pyridine 

ÎHalf satd. 
\ Borax 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

fO.liV Sulfuric 
\ acid 
Water 
Water 
50% Pyridine 
Water 
Water 
Pyridine 
20% Ethanol 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

Water 
Water 

Light 
source 

D 
D 

D 
D 
D 
D 
D 
D 
D 
D 

D 
D 

5461 
D 
D 
D 
D 
D 
D 
D 

5461 
D 
D 
D 

5461 
D 

1 D 
D 
D 

5461 
D 

5461 
D 

5461 
5461 
5461 

D 
D 

M 

-9 .7° 
+38° 

+16.5° 
+5° 

-18.8° 
-48.6° 
+65° 
+76° 
+3.2° 
+4° 

+120° 
+78.5° 
+90° 
+75° 
+0.5° 

-20° 
-73.2° 
-78.2° 
+15° 
+35° 

+39° 
+39.5° 
-14.5° 
+26.5° 
+27° 
-45.3° 
-9 .8° 

+15° 
+35.1° 
+41.4° 
+18° 
+21.2° 
+21.2° 

-1 .5° 
+0.2° 

+21° 

+83° 
-19° 

Refer-
ence 

(m) 
(282) 

(2S2) 
(2SS) 
(234) 
(284) 
(155) 
(155) 
(180) 
(180) 

(154) 
(220) 
(220) 
(154) 
(220) 
(220) 
(286) 
(285) 
(182) 
(182) 

(286) 
(287) 
(288) 
(287) 
(286) 
(289) 

(240) 
(241) 
mi) 
(241) 
(241) 
(W) 
(241) 

1 (HD 
(HD 

(188) 
| (188) 
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TABLE IV—Continued 

Compound 

D-Fructose 1-phosphate 

D-Fructose 6-phosphate 
D-Fructose 1,6-diphosphate 
a-D-Galactose 1-phosphate 

/3-D-Galactose 1-phosphate 
D-Mannose 1-phosphate 

D-Mannose 6-phosphate 

D-Mannonic 7-lactone 6-
phosphate 

D-Mannonic δ-lactone 6-
phosphate 

D-Tagatose 6-phosphate 
L-Sorbose 1-phosphate 
L-Sorbose 6-phosphate 
Trehalose monophosphate 

Ketoheptose monophosphate 

Salt 

Free acid 
Ba 
Brucine 
Ba 
Free acid 
Free acid 
K2 

Ba 
Ba 
Ba 
Free acid 
Ba 
Free acid 
Ba 

— 

— 

Ba 
K2 

Ba 
Free acid 
Ba 
Brucine 
Ba 

Solvent 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

Water 

Water 
Water 
Water 
Water 
Water 
Water 
Water 

Light 
source 

5461 
5461 
5461 
D 
D 
D 
D 

5461 
D 
D 
D 
D 

5461 
5461 
5461 

5461 

D 
D 
D 

5461 
5461 
5461 
5461 

M 

-64.2° 
-39° 
-52.1° 
+3.6° 
+4.1° 

+148.5° 
+ 108° 
+ 113° 
+92° 
+31.3° 
+58° 
+36° 
+ 15.1° 
+3.5° 

+54.1° 

+60.6° 

+5.6° 
-16.5° 
-12.0° 

+185° 
+132° 
+31° 
+8° 

Refer-
ence 

(189) 
(189) 
(189) 
(HS) 
WS) 
(191) 
(191) 
(191) 
(191) 
(192) 

m) 
(185) 

(186) 

(186) 

(Ηδ) 
(193) 
(193) 
(W) 
(Η6) 
(Π6) 
(W) 

(Compiled by W. Z. Hassid and C. E. Ballou) 

α-L-Arabinose 1-phosphate 

j8-L-Arabinose 1-phosphate 

a-D-Xylose 1-phosphate 

j8-D-Xylose 1-phosphate 

/3-D-Ribofuranose 1-phos-
phate 

α-D-Ribofuranose 1-phos-
phate 

D-Xylose 3-phosphate 

Cyclohex-
ylamine 

Cyclohex-
ylamine 

Cyclohex-
ylamine 

Cyclohex-
ylamine 

Ba 

Cyclohex-
ylamine 

Cyclohex-
ylamine 

Ba 

Water 

Water 

Water 

Water 

5% acetic 
acid 

Water 

Water 

Water 

D 

D 

D 

D 

D 

D 

D 

D 

+30.8° 

+91° 

+58° 

+0.8° 

-47.1° 

+40.3° 

+14.1° 

+1.27° 

(U8) 

(H8) 

W) 

(W) 

(W) 

(250) 

(251) 

232. P. Levene and S. A. Harris, / . Biol. Chem. 101, 419 (1933). 
233. A. M. Nichelson and A. R. Todd, J. Chem. Soc. p. 2476 (1949). 
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TABLE IV—Continued 

284. P. A. Levene and C. C. Christman, J. Biol. Chem. 123, 607 (1938). 
286. A. L. Potter, J. C. Sowden, W. Z. Hassid, and M. Doudoroff, J. Am. Chem. 

Soc. 10, 1751 (1948). 
286. K. Josephson and S. Proffe, Ann. 481, 91 (1930). 
287. P. A. Levene and A. L. Raymond, J . Biol. Chem. 89, 479 (1930). 
288. P. A. Levene and A. L. Raymond, J. Biol. Chem. 91, 751 (1931). 
239. A. L. Raymond, J. Biol. Chem. 113, 375 (1936). 
240. K. Josephson and S. Potter, Biochem. Z. 258, 147 (1933). 
241. R. Robison and E. J. King, Biochem. J. 25, 323 (1931). 
242. H. A. Lardy and H. O. L. Fischer, J. Biol. Chem. 164, 513 (1946). 
243. C. Neuberg, H. Lustig, and M. A. Rothenberg, Arch. Biochem. 3, 33 (1944). 
244. S. P. Colowick, / . Biol. Chem. 124, 557 (1938). 
245. E. L. Totton and H. A. Lardy, J. Biol. Chem. 181, 701 (1949). 
246. R. Robison and W. T. J. Morgan, Biochem. J. 22, 1277 (1928). 
247. R. Robison, M. G. Macfarlane, and A. Tazelaar, Nature 142, 114 (1938). 
248. E. W. Put man and W. Z. Hassid, J. Am. Chem. Soc. in press. 
249. R. S. Wright and H. G. Khorana, J. Am. Chem. Soc. 78, 811 (1956). 
260. G. M. Tenner, R. S. Wright and H. G. Khorana, J. Am. Chem. Soc. 78, 506 

(1956). 
251. J. G. Moffatt and H. G. Khorana, J. Am. Chem. Soc. 78, 883 (1956). 

TABLE V 
PHOSPHORYLATED 3-CARBON INTERMEDIATES OF CARBOHYDRATE METABOLISM 

Compound 

D-Glyceraldehyde 3-phosphate 
Dihydroxyacetone phosphate 
D-Glyceric acid 3-phosphate 

D-Glyceric acid 2-phosphate 

D-Glyceric acid 1,3-diphosphate 
D-Glyceric acid 2,3-diphosphate 
L-Glycerol 1-phosphate 
Enolpyruvate phosphate 

M D 

+14° (free acid in water) 
— 

-14.5° (1 JVHC1) 
—745° (neutral molybdate) 
+13° (1 N HC1) 
+5° (neutral molybdate) 
—2.3° (free acid in water) 
— 2.3° (free acid in water) 
-1.45° (2iVHCl) 

— 

Refer-
ences 

{254) 
(255) 
(256) 

(257) 

(258) 
(259) 
(260) 
(261) 

264. O. Meyerhof and R. Junowicz-Kocholaty, J. Biol. Chem. 149, 71 (1943); C. E. 
Ballou and H. O. L. Fischer, J. Am. Chem. Soc. 77, 3329 (1955). 

255. W. Kiessling, Ber. 67, 869 (1934). 
256. O. Meyerhof and W. Schulz, Biochem. Z. 297, 60 (1938) ; C. E. Ballou and H. O. 

L. Fischer, Abstract 7D, 126th Meeting, American Chemical Society, 1954. 
257. C. E. Ballou and H. O. L. Fischer, J. Am. Chem. Soc. 76, 3188 (1954). 
258. E. Negelein and H. Brömel, Biochem. Z. 303, 132 (1939). 
259. E. Baer, J. Biol. Chem. 185, 763 (1950). 
260. E. Baer and H. O. L. Fischer, / . Biol. Chem. 128, 491 (1939). 
261. E. Baer and H. O. L. Fischer, J. Biol. Chem. 180, 145 (1949). 




