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The carbonyl group of aldoses (I) and ketoses (IX) may react externally, 
under acid catalysis, with alcohols to form glycosides (mixed monocyclic 
acetals, II, III) and under special conditions and in the presence of suit-
able blocking groups, to form acyclic acetals (VIII). Dithioacetals ("mer-
captals", V) and 1-thioglycosides (VI) are formed when thiols ("mer-
captans") are employed instead of alcohols. The dithioacetals are obtainable 
from the aldoses directly. If the condensation is internal, glycosans (in-
ternal bicyclic acetals, IV) are formed from aldoses; ketohexoses form 
bimolecular dianhydrides (X) containing a central dioxane ring. 

The carbonyl groups of aldehydes or ketones condense with pairs of hy-
droxyls provided by a carbohydrate to produce alkylidene or arylidene 
derivatives. These resulting compounds are cyclic acetals, which differ 

I I 
HCOH HCO 1 

i i I 
(HCOH)n + RCHO -» (HCOH)nCHR 

HCOH HCO 1 
I I 

(n = 0 or 1) 
from glycosides and glycosans in that the carbonyl group is supplied by a 
noncarbohy drate. 

Anhydro derivatives may be considered to be of two general types: (1) 
glycosans (inner glycosides, IV) for which water is split out between an 
anomeric hydroxyl group and a primary or secondary alcohol group, (2) 
anhydrides (ethers, XI), treated under "Ethers" in a subsequent chapter, 
which may be considered to be derived by the removal of water between 
hydroxyl groups, neither of which is on the reducing carbon. 

The glycosides are widely distributed in plants and to a lesser extent in 
animals. Because the chemistry of the natural glycosides resides to a con-
siderable degree in the noncarbohydrate portion and in biochemical as-
pects, the natural glycosides are discussed in a later chapter in connection 
with enzymes (Chapter X). 
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CH90H 

HO > £ _ Ï / C 

H OH 
(XI) 

3,6-Anhydro-a-D-glucopyranose 

1. GLYCOSIDES 

The glycosides may be defined as acetal derivatives of the cyclic forms of 
the sugars (normally pyranoses and furanoses) in which the hydrogens of 
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the hemiacetal hydroxyls have been replaced by alkyl or aryl groups and 
which on complete hydrolysis yield a mono- or polyhydric alcohol or phenol 
and one or more monosaccharides. In the older literature the term "gluco-
side" was used generically for all such derivatives and was not confined to 
glucose derivatives. Present usage restricts "D-glucosides" to the D-glucose 
derivatives whereas "glycosides" is used in the generic sense. Specific gly-
cosides are named by replacing the ending "ose" of the parent sugar by 
"oside" and by adding the name of the alkyl or aryl radical and the symbol 
a or ß to designate the configuration of the glycosidic (anomeric) carbon, 
as methyl ß-D-glucopyranoside. For more complex groups, it is sometimes 
more convenient to use the name of the alcohol or phenol rather than the 
radical, as hydroquinone a-D-galactopyranoside. 

Many phytochemical names such as salicin and helicin are in use for 
natural glycosides although chemical names usually are to be preferred 
since they indicate the structure and facilitate classification. However, the 
trivial names offer the advantage of brevity and frequently indicate the 
source of the glycoside, as salicin from Salix. For convenience, the alkyl 
or aryl group is often referred to as the "aglycon group" (less preferably as 
the "aglucone group") and the corresponding free phenol or alcohol as the 
"aglycon." The sugar radical is the "glycosy 1" (glycofuranosyl, glycopyran-
osyl) group and is obtained by removing the hydroxyl of the anomeric 
carbon (carbon 1 of aldoses). 

Di-, oligo-, and poly-saccharides have glycosidic linkages. For these com-
pounds, the aglycon group is a sugar radical (see under Oligosaccharides, 
Chapter IX). Glycosans are inner glycosides for which acetalation has 
taken place completely within a single sugar molecule. 

A. METHODS FOR SYNTHESIS 

The first successful synthesis of glycosides was carried out by Michael. 
The synthesis was accomplished by the interaction of tetra-O-acetyl-a-D-
glucopyranosyl chloride (I) and the potassium salts of phenols (1). Under 
the conditions of the reaction, acetyl groups were also removed, and the 
glycoside was produced. 

ÇH,OAc 
-0, 

O \ | _ _ L / C I ^-^ 

vo OMe 

+ KC1 
H ÔAc H OH 

(I) 
Methylarbutin 

/. A. Michael, Am. Chem. J. 1, 305 (1879) ; 6, 336 (1885) ; Compt. rend. 89, 355 (1879). 
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Fischer, in an attempt to synthesize the acetals of the sugars by the ac-
tion of methyl alcohol and hydrogen chloride, found that only one methyl 
group was introduced per mole of sugar and" that he had obtained the methyl 
analog of the natural glycosides (#, 2a). The Michael synthesis can be ap-
plied only to condensations with phenols and the Fischer synthesis applies 
only to alcohols. Koenigs and Knorr, however, by utilizing their tetra-O-ac-
etyl-a-D-glucopyranosyl bromide, silver carbonate, and an alcohol or phenol 
(under anhydrous conditions) provided a procedure applicable to the prep-
aration of both alkyl and aryl glycosides (3). The above methods, their 
modifications, and new methods have been widely applied to the prepara-
tion of glycosides. These methods are considered separately below in more 
detail. 

a. Fischer Method 

Aldehydes and ketones react in anhydrous alcoholic solutions of hydrogen 
chloride with the formation of acetals, and the simplest members of the 
sugar series, glycolaldehyde and glyceraldehyde, react similarly. The cyclic 
sugars, which are already hemiacetals, under these conditions establish an 
equilibrium in which the anomeric pyranosides and furanosides predomi-
nate. γ-Hydroxy aldehydes, such as 7-hydroxyvaleraldehyde, act similarly 
and create oxygen rings by intramolecular acetal formation (4). The fura-
nose forms of the sugars seem to react the most readily, but the pyranosides 
generally are the principal constituents under equilibrium conditions. 
Hence, if the furanosides are particularly desired, the reaction is carried 
out under the milder conditions. At the boiling temperature of the solvent, 
equilibrium is usually attained after 3 to 24 hours for hydrogen chloride 
concentrations of 0.5 to 1.5%. 

CH2OH CH2OH 
α OH UÄ ° \OCH, H 

CH3OH ^ Y Ά N ° + , x H 

4%HCI „JXOH H / l T JXOH H X _ T T 
(boil) HO XI IX H HO \ | | X OCH 

0.7% HCl, 20-C. S i r U P y f u r a n 0 s i d e m i x t u r e 

Levene, Raymond, and Dillon (5) have made a detailed study of the 

2. E . Fischer, Ber. 26, 2400 (1893). 

2a. E . Fischer, Ber. 28, 1145 (1895). 
8. W. Koenigs and E. Knorr , Ber. 34, 957 (1901). 
4. B. Helferich and F . A. Fries, Ber. 58, 1246 (1925). 
5 P . A. Levene, A. L. Raymond, and R. T . Dillon, J. Biol. Chem. 96, 699 (1932). 
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FIG. 1. Composition of solution during glycoside formation at 25° in methanol 
containing 0.5 per cent hydrogen chloride. 

changes which take place during methyl glycoside formation, and their 
data are summarized for a number of common sugars in Fig. 1. 

The composition of the reaction mixture was determined by analysis for 
reducing sugars before and after hydrolysis under strongly acidic conditions 
(pyranosides and furanosides hydrolyzed) and under weakly acidic condi-
tions (furanosides hydrolyzed). 

As will be noted from Fig. 1, furanosides appear to be formed in the first 
stages of the reaction, but their quantity decreases in the later stages. 
On the other hand, the proportion of pyranosides increases progressively 
with time. The quantity of furanoside varies greatly with the nature of the 
sugar and seems to be particularly great for ribose. The values for fructose, 
and possibly other sugars, should be interpreted with caution because the 
difference in ease of hydrolysis of some furanosides and pyranosides is small 
(see later discussion of the ease of hydrolysis of glycosides). 

I t appears probable that the dialkyl acetals are formed under the same 
conditions as for the glycosides but that the equilibrium favors the forma-
tion of the mixed acetals (the glycosides). In methyl alcohol which contains 
hydrogen chloride, the D-glucose and D-galactose dimethyl acetals yield 
the corresponding pyranosides (6). For the D-glucosides, D-mannosides, and 
D-galactosides, the alpha pyranose form predominates over the beta in the 
equilibrium mixture. The glycosidation of D-galactose with methanol and 
hydrogen chloride has been investigated (7) by modern Chromatographie 

6. H. A. Campbell and K. P. Link, / . Biol. Chem. 122, 635 (1938); M. L. Wolfrom 
and S. W. Waisbrot. / . Am. Chem. Soc. 61, 1408 (1939). 

7. D. F. Mowery, Jr., and G. F. Ferrante, J. Am. Chem. Soc. 76, 4103 (1954). 
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T A B L E I (7) 

M E T H Y L GLYCOSIDATION OF D-GALACTOSE 

25°C, 0.5% HC1, c 0.75 

64°C., 4% HC1, c 1.5 

Time 
(hr.) 

6 
940 

3 
20 

Furanose (%) 

α-Ό-

17 
30 
73 
39 

β-Ό-

33 
7 
4 
5 

Pyranose (%) 

CK-D-

0 
49 
9 

40 

β-Ό-

50 
14 
14 
16 

isolative methods and it has been shown that a mixture of ß-D-furanosides 
and -pyranosides is first formed which then shifts to a mixture of the a-D-
anomers (Table I). The furanoside assay employed was again based upon 
the relative ease of hydrolysis of this ring structure. Although Micheel and 
Suckfüll (8) have shown that methyl 0-D-galactoseptanoside has the same 
low stability toward acid hydrolysis as the corresponding furanoside, such 
a septanoside was not encountered by Mowery and Ferrante (7) in their 
isolative work effected by clay-column Chromatographie techniques. 

The Fischer procedure is particularly good for the preparation of the alkyl 
pyranosides although a few crystalline furanosides have been obtained in 
this manner (9). Better methods for the furanosides are described later. 
The disaccharides are partially hydrolyzed under the conditions of glycoside 
formation as are also the acetyl groups of acetylated sugars. 

The use of ion-exchange resins makes possible the commercial continuous 
process for the preparation of methyl a-D-glucopyranoside. 

The introduction of acid catalysis effected by the acid form of a suitable 
ion-exchange resin, has also led to the synthesis of the anomeric methyl 
glycosides of D-glucurono-7-lactone (10). As these glycosides were known 
to be furanoid (11), reduction of the lactone (12) with sodium borohydride 
(IS) yielded the anomeric forms of methyl D-glucofuranoside. 

8. F . Micheel and F . Suckfüll, Ber. 66, 1957 (1933). 
9. W. N . Haworth, E . L. Hirst , and J . I . Webb, J. Chem. Soc. p . 651 (1930); C. B . 

Purves and C. S. Hudson, J. Am. Chem. Soc. 56, 708 (1934); E . M. Montgomery and 
C. S. Hudson, ibid. 59, 992 (1937); R. K. Ness, H. W. Diehl and H. G. Fletcher, Jr., 
ibid., 76, 763 (1954); I · Augestad and E. Berner, Ada Chem. Scand. 8, 251 (1954). 

10. J . E . Cadot te , F . Smith, and D . Spriestersbach, J. Am. Chem. Soc. 74, 1501 
(1952); E. M. Osman, K. C. Hobbs, and W. E . Walston, J. Am. Chem. Soc. 73, 2726 
(1951). 

11. F . Smith, J. Chem. Soc. p . 584 (1944). 
12. D . D. Phillips, J. Am. Chem. Soc. 76, 3598 (1954). 
IS. M. L. Wolfrom and H. B. Wood, J. Am. Chem. Soc. 73, 2933 (1951). 
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6. Anomeric Replacement 

The preparation of a glycoside by the Koenigs-Knorr reaction involves 
treatment of an O-acetylglycosyl halide with the corresponding alcohol or 
phenol, in certain inert solvents when necessary, and in the presence of 
excess silver carbonate or silver oxide. 

?H2OAc CH2OAc 

°\. Br~ H ^ ~ ° \ ° C H 3 
\ . MeOH ^ | / H \ l 3 

,xOAc H/ l 4 X\OAc K/ AgîCO, A K o A c H Λ 
AcO Xl IX Br AcO \ | [X AcO XI V H 

OAc H OAc 
Tetra-O-acetyl-a-D- Methyl tetra-O-acetyl-

glucopyranosyl bromide ß-D-glucopyranoside 

The substitution follows first-order kinetics with inversion of the anomeric 
carbon, the dissociation of the halide being the rate-controlling step (14)-
However, when a trans situation exists between the 1-halogen and the 2-0-
acetyl group, the 0-acetyl group may attack the back face of carbon 1 as the 
halogen departs, forming an orthoester carbonium ion. Frush and Isbell 
(15), Pacsu (16a), and Lemieux (16) have discussed this in detail. Under 
the slightly basic conditions of the Koenigs-Knorr reaction an alkoxy radical 
can then attack this carbonium ion to form a stable orthoester. 

CH, CH3 

CH20Ac C+ CH^OAc C-OCH3 

-oj V H / έ τ - 0 / b 

AcO Xl IX Br 

Tetra-O-acetyl-a-D- Tri -0-acetyl -a -D-mannopyranose 
mannopyranosyl bromide 1,2-(methyl orthoacetate) 

The halogen of the irans-isomer may also be replaced, with inversion of 
the carbon atom, without participation of the 2-0-acetyl group to form an 
alkyl glycoside. However, the dissociation of the halogen, the rate-control-
ling step, is many times faster when aided by the 2-0-acetyl group. The 

U. E. P. Painter, J. Am. Chem. Soc. 75, 1137 (1953) ; F. H. Newth and G. 0 . Phil-
lips, / . Chem. Soc. pp. 2896, 2900, 2904 (1953) ; L. J. Haynes and F. H. Newth, Advances 
in Carbohydrate Chem. 10, 207 (1955). 

16. H. L. Frush and H. S. Isbell, / . Research Natl. Bur. Standards 27, 413 (1941). 
16a. E. Pacsu, Advances in Carbohydrate Chem. 1, 78 (1945). 
16. R. U. Lemieux, ibid. 9, 1 (1954). 
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major product of the Koenigs-Knorr reaction in which a 2-0-acetyl group 
is in the /raws-position to the 1-halogen in the starting material, is, there-
fore, the alkyl orthoacetate, with a small amount of the alkyl 0-D-glyco-
pyranoside. 

An interesting reaction useful in testing for the orthoester structure is 
that which takes place with hydrogen chloride in chloroform. Under these 
conditions, the orthoester derivatives are converted to the normal O-acetyl-
glycosyl chlorides. 

H3C 0—CH 

\ / 
C 

/ \ 
CH30 O—CH O 

I 
—c— 

HCCl 

HCl 
O 

(CHCh) 
CH3CO—CH O 

I 
—c— 

Aldose methyl orthoacetate O-Acetylglycosyl chloride 

Derivatives having an orthoacetic acid structure (with a free hydroxyl 
rather than a methoxyl group) have been described (17), but no direct 
proof of structure was provided. The orthoacetic acid and ester structures 
call for a new asymmetric carbon, and in one instance the two forms have 
been isolated. Talley, Reynolds, and Evans (18) isolated two isomeric 
orthoacetate forms (I, II) of the product obtained by condensing tetra-O-
acetyl-a-D-mannopyranosyl bromide with 1,2,3,4-tetra-O-acetyl-ß-D-glu-
cose. 

I 
(AcO)4G10 O—CH 

\ / 
C 

H3C O—CH 

AcOCH 

I 

HCOAc 

HCO— 

H2COAc 

H3C 

(AcO)4G10 
/ 

I 
0—CH 

O—CH 

I 
AcOCH 

I 
HCOAc 

I 
HCO— 

I 
H2COAc (I) (ID 

17. W. N. Haworth, E. L. Hirst, and E. G. Teece, J. Chem. Soc. p. 1408 (1930); 
N. K. Richtmyer and C. S. Hudson, / . Am. Chem. Soc. 58, 2534 (1936). 

18. E. A. Talley, D. D. Reynolds, and W. L. Evans, / . Am. Chem. Soc. 65, 575 
(1943). 



196 M. L. WOLFROM AND A. THOMPSON 

The first representative of the orthoester type was prepared by Fischer, 
Bergmann, and Rabe (19), who, by reacting tri-O-acetyl-a-L-rhamnosyl 
bromide with methyl alcohol in the presence of silver carbonate, obtained a 
compound with the same analysis as an acetylated methyl L-rhamnoside 
but which exhibited the unique property of having one acetyl group resist-
ant to alkaline hydrolysis. A similar derivative of D-mannose was then re-
ported by Dale (20). 

An explanation for this behavior was arrived at simultaneously by 
Freudenberg and Braun and by Bott, Haworth, and Hirst (21). The evi-
dence adduced by the latter workers for the structure of the D-mannose 
derivative (III) follows. 

Substance with analysis corresponding to that for methyl tetra-O-acetyl-D-

mannoside (III) OH- -> Substance with analysis corresponding to that for 

methyl mono-O-acetyl-D-mannoside (IV) (CHa)2SQ4 
NaOH 

nor HC1 ORr— 

Tri-O-methyl derivative of (IV) > Tri-O-methyl-D-mannose —> 

3,4,6-Tri-0-methyl-D-mannono-ô-lactone 

The structure of the lactone was demonstrated by synthesis. Eliminating a 
three-atom ethylene oxide ring as improbable, the position of the alkali-
resistant O-acetyl group is located by this evidence as carbon 2. The re-
sistance of this group to alkaline hydrolysis is indicative of an unusual struc-
ture. An orthoester structure agrees with this resistance as well as with the 
ease with which the acetyl and methyl groups arehydrolyzed by acids. The 
ordinary alkyl orthoacetates exhibit similar properties. 

H3C OCH3 H3C OCH3 

CH3O OCH3 

Methyl orthoacetate 
H H AcO O O 

I I I I I 

AcOH2C—C—C C—C CH 

OAc H H 

O 3,4,6-Tri -O-acetyl -ß-D-mannose 
1,2-(methyl orthoacetate) 

19. E. Fischer, M. Bergmann, and A. Rabe, Ber. 53, 2362 (1920). 
20. J. K. Dale, / . Am. Chem. Soc. 46, 1046 (1924). 
21. K. Freudenberg and E. Braun, Naturwissenschaften 18, 393 (1930) ; H. G. Bott, 

W. N. Haworth, and E. L. Hirst, J. Chem. Soc. p. 1395 (1930). 
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These compounds were called originally "gamma" glycosides (a term 
used for furanosides at the time) because of their ease of hydrolysis by acids. 
Sugars for which orthoacetate derivatives have been reported are : L-rham-
nose, D-mannose, D-lyxose, 4-0-ß-D-glucopyranosyl-D-mannose, D-talose, 
D-ribose, O-glycero-O-gulo-heptose, turanose, maltose, D-fructose, neolactose, 
O-glycero-L-talo-heptose {16), D-glucose {22), and an acyclic orthoacetate of 
D-galactose {23). 

Since the Koenigs-Knorr reaction takes place with inversion, it would 
seem possible to prepare some of the more difficultly obtainable a-D-glyco-
sides by starting with the 0-acetyl-/3-D-glycopyranosyl halides rather than 
with the common α-D-anomers. The notable instances in which this proce-
dure has succeeded was accomplished {24) with 3,4,6-tri-0-acetyl-2-0-
trichloroacetyl-ß-D-glucopyranosyl chloride and 3,4,6-tri-O-acetyl-0-D-
glucopyranosyl chloride. Apparently neither the O-trichloroacetyl group 
nor the hydroxyl group on carbon 2 {16, 16a, 16, 25) can participate in a 
substitution reaction which allows simple replacement to occur without the 
formation of orthoesters. The instability of ordinary O-acetyl-ß-D-glyco-
pyranosyl halides limits its application. When the a-D-glycopyranoside is 
not obtained by this procedure, it is probable that interconversion of the 
isomeric halides took place more rapidly than the replacement reaction (see 
O-Acetyl-D-glycopyranosyl Halides, Chapter III) . 

Many improvements in the original method, in special instances, are 
particularly valuable {26). The use of "Drierite" (anhydrous calcium 
sulfate) is often beneficial. The presence of iodine may improve the yields. 
The O-acetylglycosyl bromides react at a lower temperature than the cor-
responding chlorides and are to be preferred for most reactions; the longer-
chain aliphatic alcohols do not react with the chlorides under the usual con-
ditions. If the aglycons are valuable substances, the use of an excess of the 
glycosyl halide is advisable {27). The O-benzoylglycosyl bromides often 
may be used advantageously in place of the acetyl analogs {28). 

As mentioned above, Michael in his original synthesis of the aromatic 
glycosides utilized the reaction between tetra-O-acetyl-D-glucopyranosyl 
chloride and the potassium salts of phenols. The utility of the method has 

22. R. U. Lemieux and C. Brice, Can. J. Chem. 33, 109 (1955). 
28. M. L. Wolfrom and D. I. Weisblat, J. Am. Chem. Soc. 66, 805 (1944). 
24. W. J. Hickinbottom, / . Chem. Soc. p. 1676 (1929); W. F. Goebel, F. H. Babers, 

and O. T. Avery, J. Exptl. Med. 55, 761 (1932). 
25. R. U. Lemieux, C. Brice, and G. Huber, Can. J. Chem. 33, 134 (1955). 
26. D. D. Reynolds and W. L. Evans, J. Am. Chem. Soc. 60, 2559 (1938); B. Hel-

ferich and J. Goerdeler, Ber. 73, 532 (1940); C. M. McCloskey, R. Pyle, and G. H. 
Coleman, / . Am. Chem. Soc. 66, 349 (1944). 

27. A. Robertson and R. B. Waters, J. Chem. Soc. p. 2730 (1930). 
28. J. W. H. Oldham, J. Am. Chem. Soc. 56, 1360 (1934) ; H. G. Fletcher, Jr., R. K. 

Ness, and C. S. Hudson, J. Am. Chem. Soc. 73, 3698 (1951). 
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been greatly increased by using the more reactive tetra-O-acetyl-D-gluco-
pyranosyl bromide and by carrying out the reaction in an alkaline aqueous-
acetone solution of the phenol (29). This method is a convenient one for 
the preparation of phenyl glycosides and takes place with inversion of the 
anomeric carbon atom. Under the conditions of the modified procedure, 
the acetyl groups are not saponified, and the acetylated glycosides are 
obtained. 

When weakly acidic catalysts are used, orthoester formation stops, and 
simple replacement occurs with retention of configuration in 1,2-trans and, 
with inversion, in a 1,2-cis situation (28, 30). When still stronger acid cata-
lysts are used, anomerizing equilibria prevail in which the major product 
is the most structurally stable anomer (see Transglycosidation (31), be-
low). The identity of the more stable halogen anomer is determined by the 
Hassel-Ottar effect (32), and is the α-anomer in the O-acetyl-D-aldohexo-
pyranose series, while in the O-acetyl-aldopentopyranose series, the ß-ano-
mers of D-ribose and L-arabinose and the α-anomers of D-xylose and D-lyxose 
are the stable forms (p. 152). 

Zemplén and Csürös (33) have been able to prepare some of the a-D-
glycosides by the use of the more acid catalysts mercuric acetate or ferric 
chloride, in place of silver carbonate, and by fixing the ratio of D-glucosyl 
halide to the catalyst. 

The acetoxy group on the first carbon of the acetylated aldoses is more 
labile than the other acetoxy groups and, as previously discussed (p. 150), 
is easily replaced by a halogen atom to form the O-acetylglycosyl halides. 
I t is also replaceable, as discovered by Helferich and Schmitz-Hillebrecht 

?H2OAc 

AcO X T " Ύ H AcO X| |X 0 

OAc 
I 

0-D-Glucopyranose pentaacetate Phenyl 0-D-glucopyranoside tetraacetate 

29. C. Mannich, Ann. 394, 223 (1912); E. Fischer and E. F. Armstrong, Ber. 34, 
2885 (1901) ; 35,833 (1902) ; J. H. Fisher, W. L. Hawkins, and H. Hibbert, J. Am. Chem. 
Soc. 62, 1412 (1940). 

50. R. K. Ness, H. G. Fletcher, Jr., and C. S. Hudson, J. Am. Chem. Soc. 73, 959 
(1951); H. G. Fletcher, Jr., and R. K. Ness, ibid. 76, 760 (1954). 

51. M. Doudoroff, H. A. Barker, and W. Z. Hassid, J. Biol. Chem. 168, 725 (1947). 
52. O. Hassel and B. Ottar, Ada Chem. Scand. 1, 929 (1947); see Chapter III of 

this volume. 
SS: G. Zemplén and Z. Csürös, Ber. 64,993 (1931) ; G. Zemplén, Fortschr. Chem. org. 

Naturstoffe I , 1 (1938); ßer. 74A, 75 (1941). 
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(34), by a phenoxy group when the acetylated sugar is heated with a phenol 
in the presence of an acid catalyst (zinc chloride or p-toluenesulfonic acid). 
The weak p-toluenesulfonic acid catalyst and a short heating time favors 
replacement with retention of configuration, but, unless optimal conditions 
are found, considerable anomerization occurs and both isomers are pro-
duced. The stronger aprotic acid zinc chloride, and a longer heating time 
favor anomerization (see Transglycosidation, below) and the production 
of the stable isomer. The yields may be improved by removing the acetic 
acid by vacuum distillation during the reaction (35). The phenyl tetra-O-
acetyl-a-D-glucopyranoside is the main product when equilibrium is es-
tablished in the presence of zinc chloride and phenol. It has been demon-
strated that the utilization of quinoline at 100°C. instead of silver carbonate 
favors the formation of the phenyl a-D-glycosides (36). 

While the above methods have been cited for the preparation of pyrano-
sides, it is apparent that they might also serve for the synthesis of other ring 
structures should the reactants have nonpyranoid rings preformed in them. 
Thus, tetra-O-acetyl-a-D-galactofuranosyl chloride and tetra-O-acetyl-a-D-
galactoseptanosyl chloride have been utilized in the synthesis of ethyl ß-D-
galactofuranoside (37) and methyl 0-D-galactoseptanoside (8), respectively. 

c. From Dithioacetals 

Through variation of the conditions employed for the hydrolysis, in the 
presence of mercuric compounds, of the thioalkyl groups from aldose or 
ketose dithioacetals (mercaptals), pyranosides, furanosides, 1-thioglyco-
sides, or acetals may be obtained (6, 38-40). Several natural 1-thioglyco-

HC(SC2H5)2 

I 

HCOAc 

AcOCH 

AcOCH 

HCOAc 

I 
H2COAc 

Penta-O-acetyl-D-galactose 
diethyl dithioacetal 

84. B. Helferich and E. Schmitz-Hillebrecht, Ber. 66, 378 (1933). 
86. K. Sisido, J. Soc. Chem. Ind. Japan 39, 217B (1936). 
86. E. Fischer and L. von Mechel, Ber. 49, 2813 (1916). 
87. H. H. Schlubach and K. Meisenheimer, Ber. 67, 429 (1934). 
88. W. Schneider and J. Sepp, Ber. 49, 2054 (1916); W. Schneider, J. Sepp, and O. 

Stiehler, ibid. 51, 220 (1918). 

HC(OCH3)2 

I 
HCOAc 

I 
HgCi2, AcOCH 

CHaOH, CdCOa 
"Ham > A c 0 C H 

I 
HCOAc 

I 
H2COAc 

Penta-O-acetyl-D-galactose 
dimethyl acetal 
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sides are known (Chapter X). Mixed monothioacetals have been synthe-
sized (41)\ they are probable intermediates in these reactions (4®, ·4#)· The 
products obtainable vary with the sugar structure and the reaction condi-
tions. The method is particularly suitable for obtaining furanosides which 
may be formed, especially in the presence of mercuric oxide (39). In aqueous 

HC(SC2H5)2 

HCOH 
I 

HOCH 

HOCH 
I 

HCOH 

H2COH 
D-Galactose diethyl dithioacetal 

HgCl2l C2H5OH HgCI2, C2H6OH, HgO 

25-70eC. 

HOHC 

H OH 
Ethyl a-D-galactopyranoside 

HOH2C 

HgCl,, C2H6OH, HgO / HgCla, HjO, HgO \ 0 - 2 0 e C , 
'70°C. 

OC.H, 2 " 5 

H OH 

Ethyl /3-D-galactofuranoside 

OC2H5 

HOH2C H OH 
Ethyl α-D-galactofuranoside 

HgClj, HgO, C2H6OH 

SC0H, 2 n 5 

HOH2C H ÔH 

Ethyl 1-thio-a-D-galactofuranoside 

89. E. Pacsu, Ber. 58, 509 (1925); E. Pacsu and N. Ticharich, ibid. 62, 3008 (1929); 
J. W. Green and E. Pacsu, / . Am. Chem. Soc. 59, 1205, 2569 (1937); 60, 2056, 228J8 
(1938); E. Pacsu and E. J. Wilson, Jr., ibid. 61, 1450, 1930 (1939). 

40. M. L. Wolfrom, L. J. Tanghe, R. W. George, and S. W. Waisbrot, J. Am. Chem. 
Soc. 60,132 (1938) ; M. L. Wolfrom and S. W. Waisbrot, ibid. 60, 854 (1938) ; M. L. Wol-
from, S. W. Waisbrot, D. I. Weisblat, and A. Thompson, ibid. 66, 2063 (1944). 

41. M. L. Wolfrom and D. I. Weisblat. J. Am. Chem. Soc. 62, 878 (1940); M. L. 
Wolfrom, D. I. Weisblat, and A. R. Hanze, ibid. 62, 3246 (1940). 

42. E. Pacsu, / . Am. Chem. Soc. 61, 1671 (1939). 
48. M. L. Wolfrom, D. I. Weisblat, and A. R. Hanze, J. Am. Chem. Soc. 66, 2065 

(1944). 
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solution, the removal of a single thioalkyl group can produce 1-thioglyco-
sides. The acetals are formed when the hydroxyl groups are acetylated or 
otherwise blocked; in the case of D-fructose, the acetal is obtained in the 
absence of any blocking groups (42). The accompanying diagram illustrates 
the conditions employed for obtaining some of the possible products from 
D-galactose diethyl dithioacetal. The ethyl l-thio-a-D-galactofuranoside was 
not isolated, but the corresponding D-glucose derivative was made by the 
procedure shown. In some cases the dibenzyl and not the diethyl dithio-
acetal was actually employed. 

Ethanethiolysis (mercaptolysis) of methyl a- or ß-D-mannopyranoside 
with concentrated hydrochloric acid and ethanethiol for eighteen hours, at 
room temperature, yields ethyl 1-thio-ß-D-mannopyranoside (I), a small 
amount of the a-D-isomer, and none of the dithioacetal (44)- Better results 
were obtained with free D-mannose, using the same reaction conditions. I t 

I 
CHOH 

HOCH 

HOCH 

HCOH 

HCO-

HCl 

CH2OH 

D-Mannose 

I 
CH3OCH 

I 
HOCH 

I 
HOCH 

I 
HCOH 

I 
HCO— 

C2H6SH 

HCl 

HC(SC2H5)2 

HOCH 

C2H5SH HOCH 

HCOH 

HCOH 

CH2OH 

I 
C2H5SCH 

I 
HOCH 

I 
HOCH 

HCOH 

HCO— 

CH2OH 

Methyl /3-D-
mannopyranoside 

CH2OH 
(I) 

Ethyl l-thio-0-D-
mannopyranoside 

U· J. Fried and D. E. Walz, J. Am. Chem. Soc. 71, 140 (1949). 
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is known that these conditions produce D-mannose diethyl dithioacetal in 
five minutes {45). I t is therefore obvious that the dithioacetal is an inter-
mediate in the reaction. 

Similar prolonged ethanethiolysis of D-mannopyranosylstreptomycin (46) 
produced ethyl l-thio-α- and -ß-D-mannopyranosides, isolated as acetates. 
Likewise, streptomycin was cleaved with ethanethiol and hydrochloric acid 
(47) to produce ethyl 1-thiostreptobiosaminide diethyl dithioacetal hydro-
chloride. This type of cleavage is useful in structure determination since 
the carbonyls are protected with thioacetal groups as they are released (48). 
It was by means of this reaction that the nature of the acid-sensitive strep-
tose portion of streptomycin was elucidated. (See Chapter X.) 

d. Direct Alkylation 

The glycosidic hydroxyl undergoes preferential alkylation when the sugar 
is alkylated with one equivalent of dimethyl sulfate and alkali (49,49a). The 
procedure is particularly valuable for obtaining methyl glycosides of the 
D-mannose type for which the Koenigs-Knorr reaction fails because of ortho-
ester formation. Alkylation of tetra-O-acetyl-ß-D-fructopyranose with silver 
oxide and methyl iodide leads to the methyl ß-D-fructopyranoside tetra-
acetate (50). 

CHOH 
I 

-C— 
I 

o 
I 

(one mole) 
(CH»)2SQ4 

NaOH 

CH3OCH 
I 

—c— o 

e. From Glycals 

Alcohols in the presence of perbenzoic acid add to the double bond of 
glycals to give glycosides of two sugars (see under Glycals) since two new 

I 
H C 

II 
HC 

I 
—c-

o 
CoHsCOOOH 

CHiOH 

HCOCH3 

HOCH 
I 

—c— 
o 

46. P. A. Levene and G. M. Meyer, J. Biol. Chem. 74, 695 (1927). 
46. H. E. Stavely and J. Fried, J. Am. Chem. Soc. 71,135 (1949). 
47. F. A. Kuehl, Jr., E. H. Flynn, N. G. Brink, and K. Folkers, J. Am. Chem. Soc. 

68,2096 (1946). 
48. M. L. Wolfrom, D. R. Myers, and E. N. Lassettre, / . Am. Chem. Soc. 61, 2172 

(1939). 
49. L. Maquenne, Bull. soc. chim. France [3]33, 469 (1905). 
49a. H. S. Isbell and H. L. Frush, / . Research Natl. Bur. Standards 24,125 (1940). 
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asymmetric carbons are produced (1 and 2). For the addition of methyl 
alcohol to D-glucal, the principal product is the methyl a-D-mannopyrano-
side (51). 

/. Glycofuranosides and Glycofuranoses from Carbonates 

Haworth, Porter, and Waine (52) utilized the stability of the carbonates 
to acids and instability to bases (see p. 159) for the preparation of crystal-
line furanosides and furanoses as illustrated below. 

HOCH, 

0=C: 

H 0-C(CH3)2 

1,2-O-Isopropylidene-D-glucofuranose 

.OCH2 

0=CC I A 
> C " 

0-C(CH3)2 

1,2-0-1 sopropy lidene- D- gluco-
furanose 5,6-carbonate 

H OH 

D-Glucose 5,6-carbonate 

0=C 

Methyl a-D-glucofuranoside 
5,6-carbonate 

H OH 

Methyl a-D-glucofuranoside 

g. Enzymic Synthesis 

In the Fischer method for the synthesis of glycosides, an alcohol and a 
sugar are condensed by the use of an acid as the catalyst. As has been shown 

60. C. S. Hudson and D. H. Brauns, J. Am. Chem. Soc. 38, 1216 (1916). 
61. M. Bergmann and H. Schotte, Ber. 54, 1564 (1921). 
62. W. N. Haworth, C. R. Porter, and A. C. Waine, / . Chem. Soc. p. 2254 (1932). 
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in the work of Bourquelot and associates, enzymes may be utilized in place 
of the acid to catalyze the formation of glycosides. Recently much excellent 
work has been done on the synthesis of oligo- andpoly-saccharidesby means 
of enzymic action. For further discussion see Chapters IX, X, and XII . 

h. From 1,2-Anhydrides 

The reaction of 1,2-anhydro sugars with alcohols promises to be a useful 
method for the preparation of glycosides. Brigl (53) prepared methyl 
ß-D-glucopyranoside 3,4,6-triacetate by evaporating a solution of 1,2-
anhydro-3,4,6-tri-0-acetyl-D-glucose in methanol to dryness. Recently, 
Lemieux and Huber (54) have extended the method to the synthesis of 
sucrose (see Chapter IX). 

i. Transglycosidation (31) by Chemical Methods 

In the discussion of the Fischer glycosidation reaction (p. 191), it was 
noted that equilibria between anomers and ring forms arose when a reducing 
sugar was treated with an alcohol under acid catalysis. This type of reaction 
can then be employed to transform a glycoside of one structure into one of 
another structure. Methyl ß-D-galactopyranoside changes partially into the 
α-D-anomer on heating in methanol containing hydrogen chloride (55), and 
a furanoside may be converted to a pyranoside (39). The alkyl group of the 
glycoside may be exchanged if the alkyl group of the solvent alcohol differs 
from that of the initial glycoside. In methanol containing hydrogen chloride, 
ethyl a-D-glucopyranoside is transformed to methyl a-D-glucopyranoside ; 
the methyl and benzyl α-D-fructofuranosides yield benzyl ß-D-fructopyra-
noside when dissolved in benzyl alcohol under similar conditions (56). 
Acetylated methyl aldopyranosides have been converted to the analogous 
acetylated phenyl glycosides by heating with a phenol and zinc chloride 
(57) or with moist phosphorus oxychloride (58). 

Pacsu (59) has shown that in chloroform solution (free of water or 
ethanol) titanium chloride transforms the acetylated alkyl ß-D-glycosides to 
their α-D-isomers in high yield. Lindberg (60), using boron trifluoride as a 
catalyst, found that the rate of anomerization is dependent upon the nature 
of the aglycon, following the order Z-butyl > isopropyl > ethyl > methyl > 

68. P. Brigl, Hoppe Seyler's Z. physiol. Chem. 122, 245 (1922). 
64. R. U. Lemieux and G. Huber, J. Am. Chem. Soc. 75, 4118 (1953). 
65. C. L. Jungius, Z. physik. Chem. 52, 97 (1905). 
66. C. B. Purves and C. S. Hudson, J. Am. Chem. Soc. 59, 1170 (1937). 
67. E. M. Montgomery, N. K. Richtmyer, and C. S. Hudson, J. Am. Chem. Soc. 

64,690 (1942). 
68. T. H. Bembry and G. Powell, J. Am. Chem. Soc. 64, 2419 (1942). 
69. E. Pacsu, J. Am. Chem. Soc. 62, 2563, 2568, 2571 (1930). 
60. B. Lindberg, Acta Chem. Scand. 2, 426, 534 (1948). 
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allyl, benzyl. Although Pacsu had shown that the glycosidic linkage of a 
(1 —> 4)-linked disaccharide was resistant to these conditions, Lindberg 
(61) anomerized the disaccharide linkage of the /3-D-(1 —> 6)-linked gentio-
biose and converted it to isomaltose, a-D-(l —» 6). Lindberg found that in 
the anomerization of acetylated alkyl aldopyranosides with strong acid 
catalysts in an acetylating medium, some aldehydo-1,1-diacetate of the 
acetylated sugar structure (I) used was always formed as a by-product. 

When one aglycon is exchanged for another, the reaction is obviously 
intermolecular and can probably be explained by the postulations already 
discussed (see Anomeric Replacement). However, when anomerization oc-
curs, especially in an environment free of the aglycon obtained by the hy-
drolysis of the glycoside, the reaction is probably intramolecular and takes 
place without dissociation of the aglycon from the glycoside. In view of 
these considerations, Lindberg (62) suggests a reaction course for the ano-
merization of glycosides in strong acid which is supported by Painter (14) 
and is not in conflict with previous proposals. 

ÇH2OAc ÇH2OAc 
-OAc 

AcO 
L H.*>™ 

OAc 

0-D-Glucopyranoside 
tetraacetate 

OAc 

a-D-Glucopyranoside 
tetraacetate 

OAc 

2 0Ac-

HC(OAc)2 

HCOAc 
I 

AcOCH 
I 

HCOAc 
I 

HCOAc 
I 

CH2OAc 
aldehydo-Ό'Glucose heptaacetate 

(I) 
B. PROPERTIES OF GLYCOSIDES 

The glycosides are water-soluble substances except when the hydrocarbon 
aglycon becomes large enough to dominate the physical behavior of the com-

61. B. Lindberg, Ada Chem. Scand. 3, 1350, 1355 (1949). 
62. B. Lindberg, Ada Chem. Scand. 3, 1153 (1949). 



206 M. L. WOLFROM AND A. THOMPSON 

pound. In the n-alkyl ß-D-glucopyranoside series, the glucopyranosides 
become quite difficultly soluble in water when the aglycon has more than 
nine carbon atoms. The higher members of the n-alkyl series of ß-D-gluco-
sides are surface active and form liquid crystals at the melting point (63). 
The solubility of the surface-active materials in water is improved by treat-
ing the glycosides with alkylene oxides (as ethylene oxide) in the presence 
of catalysts such as sodium hydroxide or an amine (64)- The increased 
solubility of glycosides as compared with the free aglycon has been utilized 
to enhance the effect of many pharmaceutical substances; the glycosides of 
2-alkyl-l,4-naphthohydroquinones (antihemorrhagic agents) provide an 
example (65). 

a. Sensitivity to Alkaline Hydrolysis 

It is usually considered that the glycosidic linkage is stable to the action 
of alkalies and consequently that glycosides exhibit no reducing action on 
Fehling solution. However, some do reduce Fehling solution. The first 
alkali-sensitive glycoside reported is apparently the 2,4,6-tribromophenyl 
0-glycoside of Fischer and Strauss (66). 

The alkali-sensitive glycosides may be classified (67) into three types: 
(1) glycosides of phenols, (2) glycosides of enols conjugated with a carbonyl 
group, and (3) glycosides of alcohols substituted in the "^"-position by a 
negative group. As a matter of fact, the first two classifications could be 
put under the third, which is therefore the significant structural detail (68). 

The sensitivity of the phenyl glycosides to alkali has long been known, 
but Tanret (69) was the first to recognize that the degradation of phenyl 
ß-D-glucopyranoside yields 1,6-anhydro-ß-D-glucopyranose (see Glycosans, 
p. 221). 

An early example of the alkaline degradation of an enol glycoside is that 
of theobromine ß-D-glucopyranoside tetraacetate, discovered by Fischer 
and Helferich (70). The alkali lability of glycosides with enols of the type 

CH2OAc 0 

^OAc H T H H 

AftOXj [XH 
H OAc 

(I) 

68. C. R. Noller and W. Rockwell, J. Am. Chem. Soc. 60, 2076 (1938); W. W. Pig-
man and N. K. Richtmyer, ibid. 64, 369 (1942). 

64. I. G. Farbenind., A.-G., French Patent 838,863 (1939); Chem. Abstr. 33, 6996 
(1939). 

65. B. Riegel and P. G. Smith, U. S. Patent 2,336,890 (1943) ; Chem. Abstr. 38, 3420 
(1944). 
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shown in (I), may be associated with the activating conjugated carbonyl 
structure of the aglycon (71). 

Kuhn and Low (72) described a third type of alkali-sensitive glycoside, 
picrocrocin (II), which was observed to decompose in aqueous alkali to 
D-glucose and the aglycon safranal (III). (See Chapter X.) 

CH2OH H H 

H OH 

C \ -™1^ D.Glucose + ? 
XI 

3 

(Π) (ΠΙ) 
Picrocrocin Safranal 

Other alkali-sensitive glycosides of alcohols substituted in the '^"-position 
by a negative group and having structures similar to picrocrocin may be 
allocated to this third class. 

O 

Gl(OAc)4-^=2-0—CH2—CH2—C—CH3 

Gl(OAc)4-£=2-0— CH2—CH2— S0 2 — OC2H5 

Gl(OAc)4-f c E-0—CH2—CH2—N02 

[Gl (OAc) 4 = Tetra-O-acetyl-D-glucopyranosyl—] 

b. Hydrogenolysis of Aralkyl and Aromatic Glycosides 

Catalytic hydrogenolysis in the sugar series was first applied to the benzyl 
ethers by Freudenberg and associates (73), who found that these substances 
were cleaved by hydrogenolysis with sodium amalgam and with hydrogen 
and platinum metals in glacial acetic acid solution. Kariyone and Kondo 
(74) using colloidal platinum and hydrogen, cleaved D-glucose from the 
aryl glycosides aucubin and arbutin, but not from salicin. The benzyl 

66. E. Fischer and H. Strauss, Ber. 46, 2467 (1912). 
67. C. E. Ballou, Advances in Carbohydrate Chem. 9, 59 (1954). 
68. See also W. M. Corbett and J. Kenner, J. Chem. Soc. p. 2245 (1953); ibid. p. 3274 

(1954). 
69. C. Tanret, Compt. rend. 119, 158 (1894). 
70. E. Fischer and B. Helferich, Ber. 47, 210 (1914). 
71. C. E. Ballou and K. P. Link, J. Am. Chem. Soc. 72, 3147 (1950). 
72. R. Kuhn and I. Low, Ber. 74, 219 (1941). 
78. K. Freudenberg, W. Dürr, H. von Hochstetter, W. Jacobi, H. vom Hove, A. 

Noë, and E. Gärtner, Ber. 61, 1735 (1928). 
74. T. Kariyone and K. Kondo, J. Pharm. Soc. Japan 48, 679, 684 (1928); Chem. 

Abstr. 23, 393 (1929). 
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0-D-glycosides are cleaved by hydrogen with the aid of palladium catalysts 
(in the presence of hydrogen ions at room temperature and atmospheric 
pressure) to toluene and the sugar (75). The use of this catalyst provides 
a method for the conversion of aromatic to cyclohexyl glucosides (75). By 
the use of the palladium catalyst the following transformations are carried 
out: phenyl to cyclohexyl ß-D-glucopyranoside, and phenylpropyl to 3-cyc-
lohexylpropyl ß-D-glucopyranoside (but salicin to o-cresyl 0-D-glucopyran-
oside). Catalytic hydrogénation has also been employed for the prepara-
tion of gentiobiose from amygdalin (76). Because of the great reactivity of 
the ethylenic linkage, this linkage may be preferentially hydrogenated even 
when an aromatic ring is present (77). The benzyl ß-D-glycosides are also 
split by hydrogen with the aid of a platinum catalyst. The hydrogénation 
of aromatic ß-D-glycosides with platinum (75) follows two paths, either re-
ductive cleavage of the glycosidic link or hydrogénation of the phenyl to 
cyclohexyl ß-D-glycoside. When the latter occurs first the glycoside is not 
cleaved. Under optimal conditions, phenyl compounds have been cleaved to 
a maximum of 70 %. 

c. Hydrolysis by Acids 

The rates of hydrolysis of many glycosides have been measured and pro-
vide excellent though incomplete data for investigations of the influence of 
structural and configurational changes on the stability of the glycosidic 
linkage. Such comparisons can only be made in a qualitative fashion since 
the activation energies differ somewhat for the various glycosides, and com-
parisons made at one temperature may not always agree with those at an-
other temperature. 

Effect of Variations in the Aglycon Structure. As a rule, the glycosides with 
aliphatic aglycon groups (methyl and mandelonitrile glucosides) are more 
resistant to acid hydrolysis than those with aromatic aglycon groups. Al-
though there is a considerable difference in the activation energies for the 
various glycosides, this difference does not seem to be related entirely to the 
aromatic or aliphatic character of the aglycon group. The ease of hydrolysis 
of the D-glucopyranosides, of the same anomeric configuration, increases in 
the order ethyl, methyl, benzyl, phenyl (78). The ß-D-anomer is in most 
cases more readily hydrolyzed than is the α-D-anomer. The reverse is true 
for: the phenyl group as aglycon, the methyl D-gulopyranosides, and the 
(1 —> 4)- and (1 —» 6)-linked disaccharides of D-glucose. 

75. N. K. Richtmyer, / . Am. Chem. Soc. 56, 1633 (1934). 
76. M. Bergmann and W. Freudenberg, Ber. 62, 2785 (1929). 
77. N. K. Richtmyer and R. M. Hann, J. Am. Chem. Soc. 57, 227 (1935). 
78. L. J. Heidt andC. B. Purves, J. Am. Chem. Soc. 66, 1385 (1944); K. Butler, S. 

Laland, W. G. Overend, and M. Stacey, J. Chem. Soc. p. 1433 (1950). 
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TABLE II 
CONFORMATIONAL STABILITY AND R E L A T I V E R A T E S OF 

HYDROLYSIS OF THE METHYL GLYCOPYRANOSIDES0 

Methyl glycopyranoside of: 

a -D -Xylose 
/3-D -Xylose 
a-D-Glucose 
/3-D-Glucose 
D-grii/cero-a-L-grZwco-Heptose 
a-D-Lyxose 
/3-D-Lyxose 
a-D-Rhamnosee 

j8-D-Rhamnosee 

a-D-Mannose 
/3-D-Mannose 
D -glycero -a -L-raanno -Hept ose 
D-gtfycero-jS-L-raawno-Heptose 
a-D-Gulose 
/3-D-Gulose 
O-glycero-a-O-gulo-Heptose 
D -glycero -/3-D -gulo -Heptose 
a-D-Arabinose« 
0-D-Arabinose« 
a -D -Galactose 
/3-D-Galactose 

k/k'h 

4.5 
9.0 
1.0 
1.9 
0.76« 

14.5 
46.4 
9.5« 

21.9« 
2.4 
5.7 
1.3« 
3.0« 

58.1 
19.0 
20.9 
6.7 

13.1 
9.0 
5.2 
9.3 

Instability factors0 

Cl 

1* 
A 
1 
A 
1 
1,2 
A, Δ2 
1,2 
A, Δ2 
1,2 
A, Δ2 
1,2 
A, Δ2 
1,3,4 
A, 3, 4 
1,3,4 
A, 3, 4 
A, 1, 2, 3 
Δ2, 3 
1,4 
A, 4 

IC 

Δ2, 3, ¥ 
A, 1, 2, 3, 4 
Δ2, 3, 4, 5 
A, 1 , 2 , 3 , 4 , 5 
Δ2, 3, 4, 5 
3,4 
A, 1, 3, 4 
3 ,4 ,5 
A, 1, 3, 4, 5 
3 ,4 ,5 
A, 1, 3, 4, 5 
3 , 4 , 5 
A, 1, 3, 4, 5 
Δ2, 5 
A, 1, 2, 5 
Δ2, 5 
A, 1, 2, 5 
A, 4 
1,4 
Δ2, 3, 5 
A, 1, 2, 3, 5 

β Material in this table was calculated from data in publications of Isbell and 
Frush (49a) and Riiber and S0rensen (79) and from a theoretical consideration of 
conformational structures [see Reeves (82) ; Shafizadeh and Thompson, J. Org. Chem. 
21, 1059 (1956).] 

b Ratio of the rate constant for the hydrolysis of the methyl glycopyranoside to 
that of methyl a-D-glucopyranoside in 0.5 N hydrochloric acid at 75°C. 

c A, refers to the Hassel-Ottar (SB) rule regarding anomeric configurations, Δ2 
refers to the exalted influence of an axial group on carbon 2 in the particular orienta-
tion illustrated in Fig. 3; Cl and IC refer to the two chair forms of the pyranose ring, 
Fig. 2. 

d The arabic numerals refer to those carbon positions on the pyranose ring possess-
ing an instability factor. 

« Values found on enantiomorph or calculated indirectly because of incomplete 
data. 

Structure of the Pyranose Ring in Relation to Hydrolysis of the Glycosides. 
The relative rates of hydrolysis of a number of methyl glycosides have been 
determined (J$a, 79), and are recorded in Table II . It has been shown by 

79. C. N. Riiber and N. A. S0rensen, Kgl. Norske Videnskab. Selskabs Skrifter 
No. 1 (1938). See also first edition of this book. 
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Paul (80) that 2-O-methyl tetrahydropyran (methyl 2,3,4-trideoxyaldo-
pentopyranoside) is rapidly hydrolyzed by dilute acid at room temperature. 
The rates of hydrolysis of theethyl2,3-dideoxy-, ethyl 2-deoxy-, and ethyl 
a-D-glucopyranoside decrease in the order named (81). I t is, therefore, 
obvious that the substitution of hydroxyl groups in the tetrahydropyran 
structure greatly decreases the ease of hydrolysis of the glycosidic linkage. 
A considerable variation in the behavior of the sugars within the pyranose 
series indicates that the hydroxyl or other groups exert a somewhat less 
than maximal stabilizing influence in some positions. 

Reducing sugars, their glycosides, and other derivatives, are capable of a 
type of transient isomerism which involves changes in the ring shape (con-
formation) and vastly alters the relative position of various groups within 
the same molecule. A study of this type of isomerism is of considerable value 
in rationalizing the varying sensitivity of the glycopyranosides toward acid 
hydrolysis. I t is considered that the pyranose ring of any individual sugar 
is theoretically capable of eight strainless ring conformations, six boat and 
two staggered or chair forms (Fig. 2). (See also Chapter I, p. 40.) The 
evidence indicates that one of the two chair forms will be favored and that 
the boat forms can for most purposes be neglected (32, 82). 

Half the substituents lie approximately in the plane of the ring and these 
positions are designated equatorial (e); the other half are perpendicular 
and are designated axial (a). Reeves (82) states that any axial substituent, 
other than hydrogen, on the pyranose ring introduces an element of insta-
bility into the ring conformation. An enhanced unstabilizing effect is noted 
when the oxygen atom on carbon 2 is axial and its C—0 valence bisects the 
tetrahedral angle of the two C—0 valences of carbon 1 as shown in Fig. 3. 
The rule of Hassel and Ottar (32) concerning O-acetyl-D-glycopyranosyl 
halides can be applied to the glycopyranosides. In the aldohexopyranosides, 
that anomer which can be represented in the two chair forms by 

—ORe , —CH2OHa ;=± —ORa , —CH2OHe 

is the more stable; the less stable anomer can be represented by 

—0Ro , — CH2OHa ;=± —OR,, —CH2OHe. 

In the absence of the —CH2OH group in the aldopentopyranosides, the 
same rule may be applied to the substituents on carbons 1 and 3. A con-
formational analysis of a number of methyl D-glycopyranosides and the 

80. R. Paul, Bull. soc. chim. France [5] 1, 971 (1934); Compt. rend. 197,1652 (1933). 
81. W. G. Overend, M. Stacey, and J. Stanëk, J. Chem. Soc. p. 2841 (1949); G. N. 

Richards, Chemistry & Industry p. 228 (1955); A. B. Foster and W. G. Overend, ibid. 
p. 566 (1955). 

82. R. E. Reeves, J. Am. Chem. Soc. 72, 1499 (1950); Advances in Carbohydrate 
Chem. 6,107 (1951) ; A. Scattergood and E. Pacsu, / . Am. Chem. Soc. 62, 903 (1940). 
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instability factors to be found in the two chair forms discussed above are 
listed in Table II . Inspection of these data reveals that the rate of hydroly-
sis of the methyl D-glycopyranosides increases with the conformational 
instability of the most favored chair form. 

Reeves {82) has been able to explain the rotational and conductometric 
behavior of a large number of glycopyranosides in cuprammonium solution 
by means of conformational considerations, and to obtain experimental 
evidence confirming the predicted favored conformational forms. 

Methyl a-D-glucopyranoside, which has the most stable conformational 
structure of the hexopyranosides, is also the most slowly hydrolyzed, the 
resistance to hydrolysis in members of the series becoming less marked as 
more instability factors are introduced. The stabilizing effect of substitu-
tion on carbon 5 is illustrated by the increasing resistance to hydrolysis of 
the series of methyl glycosides of a-D-lyxose, α-L-rhamnose, a-D-mannose, 
and Ό-glycero-a-O-manno-heptose, having the α-D-mannopyranose structure 
in which the substituted groups on carbon 5 are: —H, —CH3, —CH2OH, 
and —CHOH—CH2OH. In anomeric pairs, the more stable form, as pre-
dicted by thç Hassel-Ottar rule concerning anomers, is usually the more 
difficult to hydrolyze. In some instances, as in the a- and ß-D-gulopyranose 
and a- and 0-L-arabinopyranose glycosidic structures, the anomer-directing 
effect may be reversed by a preponderance of opposing factors. 

The aldofuranosides are hydrolyzed slightly faster than the aldoseptano-
sides (8) and from 50 to 200 times more rapidly than the corresponding 
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aldopyranosides (83). A different behavior is exhibited by methyl a-D-fruc-
tofuranoside (56), which is hydrolyzed only about three times as fast as 
the corresponding pyranoside. This may possibly be explained by the fact 
that methyl α-D-fructopyranoside has the α-D-arabinopyranose structure 
with an added instability factor (—CH2OH) on carbon 1. The rules of con-
formation are not applicable to the furanosides, since this ring is essentially 
planar. 

C. DETERMINATION OF GLYCOSIDE STRUCTURE 

The determination of glycoside structure involves ascertainment of the 
ring size and the assignment of configuration to the anomeric carbon. There 
are no chemical methods presently available for the determination of the 
anomeric configuration of the ketosides. Structural establishment was 
effected for those glycosides derived from the methyl or simplest alkyl 
group. Correlations to other glycosides were then made through the O-ace-
tylglycosyl halides (p. 194). 

a. Determination of Ring Size by Methylation and Oxidation 

The ring size of the glycosides was first determined by methylation and 
oxidation procedures. Methylation (p. 369) of either anomer of methyl 
D-glucopyranoside (I, IV) with subsequent hydrolytic scission of the gly-
cosidic methyl group, led to the same crystalline tetra-O-methyl-D-glucose 
(III), and this on nitric acid oxidation yielded tri-O-methylxylaric acid 
(V), characterized as its diamide or bis(iV-alkylamide). This type of oxida-
tive proof of ring structure was first established with D-xylose by Hirst 
and Purves (84) and was later extended to D-glucose (85). Before this work 
it had been considered, by analogy with the lactones, that the more stable 
or "normal" ring form was the 1,4 or furanose. Similar treatment of the 
crystalline methyl a-D-glucofuranoside (VI) led to the identification of 
di-O-methyl-L-threaric acid (VIII) as the final oxidation product (86). The 
intermediate methylated lactones (II, VII) exhibited the hydrolytic be-
havior characteristic of δ- and γ-lactones, respectively. These established 
facts, along with others, have been incorporated in a general postulation 
to the effect that exo double bonds stabilize a 5-membered ring and de-
stabilize a 6-membered ring, an oxygen atom being considered as essentially 
conformationally equivalent to a méthylène group (87). 

A similar type of oxidative degradation was employed by Micheel and 

88. W. N. Haworth, Ber. 65A, 43 (1932). 
84· E. L. Hirst and C. B. Purves, J. Chem. Soc. p. 1352 (1923). 
86. E. L. Hirst, J. Chem. Soc. p. 350 (1926). 
86. W. N. Haworth, E. L. Hirst, and E. J. Miller, J. Chem. Soc. p. 2436 (1927). 
87. H. C. Brown, J. H. Brewster, and H. Shechter, J. Am. Chem. Soc. 76,467 (1954). 
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Suckfüll (88) in their establishment of the 1,6 or septanose ring form in the 
0-D-galactose structure. 

MeOCH 

HCOMe 

MeOCH 

I 
MeOCH 

I 
HCOMe 

I 
C H 2 0 -

C02H 
1 

HCOMe 
1 

ΗΝΟ,, M e 0 y H 

MeOCH 
1 1 

HCOMe 
1 1 

C02H 

Tetra-O-methyl-
galactaric acid 

Methyl tetra-O-methyl-
0-D-galactoseptanoside 

Oxidative degradation of methyl ethers has been utilized in establishing 
the ring structures in pyranosides of D-fructose (89) and L-sorbose (90) 

(OMe)CH2OMe 
HNOj 

MeO 

OMe H 

MeO 

(OH)C02H 

C02H 

OMe H 

MeOH2C 

(OMe)CH2OMe 
HN03 

H OMe 

MeOH2C 

H , OMe 

I KMn04 

HOoC 
\OMe H / 

H OMe 

C02H 

58. F. Micheel and F. Suckfüll, Ann. 507, 138 (1933). 
89. W. N. Haworth, E. L. Hirst, and A. Learner, J. Chem. Soc. p. 1040, 2432 (1927). 
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and in furanosides of the former (91); the ring form of an α-keto acid is an 
intermediate. (The reactions are shown on p. 214.) 

b. Determination of Ring Size by Glycol Cleavage; Periodate Ion as an Oxidant 

Glycol cleavage by oxidation with sodium periodate, lead tetraacetate, 
or sodium bismuthate, is a useful method for determination of the ring size 
of glycosides as well as for the assignment of anomeric configuration and 
position of substituents on the ring. (See Chapters VI and I.) 

After the discovery by Malaprade (92) that polyhydroxy compounds 
were oxidized by periodate ion, Fleury and co-wörkers (93) pointed out 
that the reaction is selective for hydroxyl groups on adjacent carbon 
atoms and results in chain scission. Hudson and co-workers (94) developed 
periodate oxidation into an extremely convenient method for structural 
studies in carbohydrates (95). Because of the masking effect of the aglycon 
on the reducing carbon, the methyl glycosides are particularly suitable 
materials for this type of analysis. The method involves the determination 
of the molar ratios of oxidant consumed and of formic acid and formalde-
hyde produced. D-Mannitol, for example, consumes five moles of oxidant 
and produces four moles of formic acid and two moles of formaldehyde. 

CH2OH 
| 2 HCHO 

HOCH 

I + 
HOCH 

| 510*~ ) 4 HC02H 
HCOH 

I + 
HCOH 
I 5 IO3-
CH2OH 

The periodate method affords a simple means for the determination of the 
ring structure of a glycoside. The number of moles of periodate consumed, 
of formic acid and formaldehyde produced, by the most common types of 
rings are: tetrofuranoside or pentofuranoside, one mole of periodate, no 
formic acid, no formaldehyde; pentopyranosides, two moles of periodate, 

90. R. L. Whistler and R. M. Hixon, J. Am. Chem. Soc. 59| 2047 (1937). 
91. J. Avery, W. N. Haworth, and E. L. Hirst, J. Chem. Soc. p. 2308 (1927). 
92. L. Malaprade, Bull. soc. chim. France [4] 39,325 (1926) ; [4] 43, 683 (1928) ; Compt. 

rend. 186,382 (1928). 
98. P. Fleury and J. Lange, Compt. rend. 195, 1395 (1932); / . pharm. chim. 17, 

107 (1933); 17, 196 (1933); H. Hérissey, P. Fleury, and M. Joly, ibid. 20, 149 (1934). 
94. E. L. Jackson and C. S. Hudson, J. Am. Chem. Soc. 59, 994 (1937); 61, 959 

(1939); W. D. Maclay, R. M. Hann, and C. S. Hudson, ibid. 61, 1660 (1939); E. L. 
Jackson, Org. Reactions 2, 341 (1944). 

95. J. M. Bobbitt, Advances in Carbohydrate Chem. 11, 1 (1956). 
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one mole of formic acid, no formaldehyde; hexopyranoside, two moles of 
periodate, one mole of formic acid, no formaldehyde. The dialdehydes ob-
tained can be stabilized by oxidation to dibasic acids (94) or by reduction 
to primary alcohols (96); the products so obtained can be employed for 
further characterization and differentiation. 

1 
CHOMe 
1 1 

CHOH 

CHOH 

CHOH 
1 
1 
1 

1 
CH2OH 

2 ΙΟΓ 

1 
CHOMe 
1 1 

H C = 0 
+ 

HC02H 
+ 

H C = 0 
1 
1 

ΤΤΡΠ 1 1 
CH2OH 

Glycosides containing the group —(CHOH)nCH2OH outside the ring, 
where n is 1 or more, may undergo a more extensive type of oxidation. The 
malondialdehyde acetal intermediate (see formulas) is further oxidized 
(97, 98) without showing a critical point in the rate curve (99). Many 
cyclic ß-diketones and some keto acids and deoxy sugars are oxidized at the 
méthylène groups. (See Chapter VI.) 
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The periodate glycol oxidation reaction is pH-dependent and proceeds 

96. A. T. Ness, R. M. Hann, and C. S. Hudson, / . Am. Chem. Soc. 66, 665, 670 
(1944); M. Abdel-Akher, J. K. Hamilton, R. Montgomery, and F. Smith, ibid., 74, 
4970 (1952) ; F. Smith and J. W. Van Cleve, ibid. 77, 3091 (1955). 

97. C. F. Huebner, S. R. Ames, and E. C. Bubl, J. Am. Chem. Soc. 68,1621 (1946). 
98. R. K. Ness, H. G. Fletcher, Jr., and C. S. Hudson, / . Am. Chem. Soc. 73, 3742 

(1951). 
49. M. L. Wolfrom, A. Thompson, A. N. O'Neill, and T. T. Galkowski, J. Am. 

Chem. Soc. 74, 1062 (1952). 
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best in the pH range 3-5. Periodate shows some tendency to act as a general 
rather than as a specific oxidant, and rate curves, determined at room 
temperature and below, are desirable. An a-glycol group contained in a 
ring and adjacent to an acetamido function, is attacked only slowly by 
periodate {100). Bicyclic structures are known which contain a-glycol 
groups that are completely resistant to periodate attack {101). These 
substances are the 1,6-anhydrohexofuranoses (see the succeeding section). 
In some types of periodate oxidation, formate esters of considerable 
stability may be formed {102). 

The periodate oxidation reaction can often be used to determine the 
location of a substituted hydroxyl in a molecule. Methyl 0-D-glucopyrano-
side, substituted by O-methyl on carbon 2 or 4, on 3, or on 6, consumes 
one, none, and two moles of oxidant, respectively, per mole of substance. 
The method has been extended to the determination of the types of linkages 
present in oligosaccharides {99) and to the determination of the degree of 
branching and of the types of linkages present in polysaccharides {108). 
(See Chapters IX and XII.) 

Lead tetraacetate is another useful a-glycol-cleaving reagent and has the 
advantage that it may be employed in organic solvents {104). It may also 
be used in aqueous solution {105) in which case any formic acid produced 
is oxidized to carbon dioxide {106). Even in anhydrous acetic acid, formic 
acid is oxidized slowly {107). Criegee and associates {108) have shown that 
the rate of lead tetraacetate oxidation is very much lower in anhydrous 
acetic acid than in other organic solvents and that in this solvent the oxi-
dant cleaves cyclic structures bearing czs-a-glycols more rapidly than cor-
respondingly situated imns-a-glycols. This difference has been utilized by 

100. M. L. Wolfrom, R. K. Madison, and M. J. Cron, / . Am. Chem. Soc. 74, 1491 
(1952). 

101. R. J. Dimler, Advances in Carbohydrate Chem. 7, 37 (1952). 
102. K. H. Meyer and P. Rathgeb, Helv. Chim. Ada 31, 1540,1545 (1948); 32, 1102 

(1949); G. R. Barker and D. C. C. Smith, Chemistry & Industry p. 30, 1035 (1952); 
F. S. H. Head and G. Hughes, J. Chem. Soc. p. 603 (1954). 

103. T. G. Halsall, E. L. Hirst, and J. K. N. Jones, J. Chem. Soc. p. 1399 (1947); 
A. Jeanes, W. C. Haynes, C. A. Wilham, J. C. Rankin, E. H. Melvin, M. J. Austin, 
J. E. Cluskey, B. E. Fisher, H. M. Tsuchiya, and C. E. Rist, J. Am. Chem. Soc. 76, 
5041 (1954). 

m. R. Criegee, Ann. 481, 275 (1930); Ber. 64, 260 (1931); Angew. Chem. 60, 153 
(1937). 

105. E. Baer, J. M. Grosheintz, and H. O. L. Fischer, / . Am. Chem. Soc. 61, 2607 
(1939). 

106. J. M. Grosheintz, / . Am. Chem. Soc. 61, 3379 (1939). 
107. R. C. Hockett, M. T. Dienes, H. G. Fletcher, Jr., and H. E. Ramsden, J. Am. 

Chem. Soc. 66, 467 (1944). 
108. R. Criegee, Ber. 65, 1770 (1932); R. Criegee, L. Kraft, and B. Rank, Ann. 

507,159 (1933). 
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Hockett and co-workers in a series of studies applied to sugar structures 
wherein the rate of oxidant consumption was accurately measured. Working 
with pyranosides, it was demonstrated that their vicinal triols are oxidized 
more rapidly if at least two of the hydroxyl groups are m-oriented and 
that an α-hydroxy aldehyde will be relatively rapidly oxidized if a hydroxyl 
group is sterically available for hemiacetal formation with the carbonyl 
group (109). They showed further that the hydroxy-malonaldehyde de-
rivative formed in the oxidation of hexofuranosides was susceptible to 
further oxidation by attack on hydrogen (110). No effect of configuration 
on the oxidation behavior of acyclic alditols was noted since no fixed space 
relations exist among the various hydroxyl groups because of the possibility 
of free rotation around the carbon-to-carbon single bonds (107). 

Sodium perbismuthate, NaBi0 3 , and argentic ion, Ag+++, have been 
shown to effect a-glycol cleavage (111)) they have been studied in some 
detail (112). 

Oxidation, by atmospheric oxygen, of solutions of methyl a-D-glucopy-
ranoside in cuprammonium solution is stated to proceed with cleavage of 
carbon bonds similar to that for periodic acid (113). 

c. Determination of Anomeric Configuration 

The use of the terms a and ß for anomeric forms of the glycosides was 
first systematized by Hudson (114), who stated that "the names should be 
so selected that for all sugars which are genetically related to D-glucose 
the subtraction of the rotation of the ß form from that of the a form gives 
a positive difference, and for all sugars which are genetically related to 
L-glucose a negative difference." This rule, based upon the isorotation rules 
of Hudson, is more generally expressed by stating that the more dextro-
rotatory anomer, in the D-series, is assigned the prefix a and the hydroxyl, 
or substituted hydroxyl, of the anomeric carbon is written to the right in 
the Fischer projection formula. (See Chapter I.) 

The actual configuration of the anomeric carbon in the methyl D-gluco-

109. W. S. McClenahan and R. C. Hockett, J. Am. Chem. Soc. 60,2061 (1938) ; R. C. 
Hockett and W. S. McClenahan, ibid. 61, 1667 (1939); R. C. Hockett, M. T. Dienes, 
and H. E. Ramsden, ibid. 65,1474 (1943). 

110. R. C. Hockett, M. H. Nickerson, and W. H. Reeder, III , J. Am. Chem. Soc. 
66,472 (1944). 

111. L. J. Heidt, E. K. Gladding, and C. B. Purves, Paper Trade J. 121, No. 9, 
35 (1945). 

112. W. Rigby, J. Chem. Soc. p. 1907 (1950) ; F. P. Greenspan and H. M. Woodburn, 
J. Am. Chem. Soc. 76, 6345 (1954). 

118. V. I. Ivanov and K. M. Sokova, Compt. rend. acad. sei. U. R. S. S. 42, 175 
(1944); Chem. Abstr. 39, 281 (1945). 

114. C. S. Hudson, / . Am. Chem. Soc. 31, 66 (1909). 
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pyranosides was determined by the reaction of methanol with 1,2-anhydro-
α-D-glucopyranose 3,4,6-triacetate to give methyl 0-D-glucopyranoside 
3,4,6-triacetate (58). I t is known {115) that solvolysis of m-epoxide rings 
occurs with Waiden inversion, at the point of carbon-oxygen scission, to 
produce irans-glycol derivatives. This principle was first established with 
carbohydrate derivatives (116). Therefore, the methoxyl group in the 
methyl D-glucopyranosides bears a trans relation to the hydroxyl on carbon 
2 in the ß-anomer and a eis relation in the α-anomer. For D-mannose, the 
reverse is true. 

HC 

HC 

l~~ 
CH3OCH 

0 0 CH30H 
o 

HCOH 

The dialdehydes obtained in the periodate oxidation of glycosides and 
utilized for the determination of ring size (p. 32, 216), were also employed 
by Jackson and Hudson (94) for the configurational correlation of the 
anomeric carbons of aldohexopyranosides and aldopentopyranosides. The 
dialdehydes were oxidized to the dibasic acids and these were isolated as 
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their crystalline hydrated strontium salts. The products from the aldopento-
pyranosides contained the residual anomeric center as the only optically 
active group. Of the numerous derivatives investigated, all of the anomers 
classified as a-D by the Hudson isorotation rules gave the same product 
while those classified as ß-D gave the enantiomorph. It is of interest to note 
that the products (I, II) from the α-D-anomers are identical with those 

115. S. Winstein and R. B. Henderson, J. Am. Chem. Soc. 65, 2196 (1943); S. Win-
stein and R. B. Henderson in "Heterocyclic Compounds" (R. C. Elderfield, ed.), 
Vol. I, p. 22. Wiley, New York, 1950. 

116. S. Peat, Advances in Carbohydrate Chem. 2, 37 (1946). 
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from the ß-L-anomers. This illustrates the fact that the configurations about 
carbon 1 of the α-Ό- and 0-L-sugars are identical. 

The dibasic acids obtained by Jackson and Hudson from the aldohexo-
pyranosides were stereoisomeric and retained the asymmetry of the penul-
timate carbon center. All of the anomers investigated that were classified 
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as α-D, on the basis of the Hudson isorotation rules, gave the same sub-
stance (III) and those so classified as ß-D, gave the other stereoisomer (IV). 

2. GLYCOSANS 

Condensation of a hemiacetal hydroxyl with another hydroxyl group in 
the same molecule produces an anhydro sugar (glycosan) which can be 
considered as an intramolecular glycoside. The most common glycosans 
may be classified, by their skeletal structures, as 1,2-anhydro- and 1,6-
anhydro-pyranoses, and 1,6-anhydrofuranoses. The ether anhydro deriva-
tives are considered in Chapter VII. 
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A. PREPARATION 

1,2-Anhydro-D-glucopyranose is obtained as its triacetate by the action 
of ammonia in benzene on 3,4,6-tri-0-acetyl-2-0-trichloroacetyl-/3-D-gluco-
pyranosyl chloride (53). 

Pyrolysis of sugars and polysaccharides under reduced pressure causes 
dehydration with the formation of anhydro sugars of the glycosan type. 
Dry distillation of cellulose, starch, and glucosides (117) gives 1,6-anhydro-
ß-D-glucopyranose ("levoglucosan"). The pyrolysis of lactose leads to the 
same 1,6-anhydro-0-D-glucopyranose as well as to the corresponding 
l,6-anhydro-0-D-galactopyranose. The polysaccharide agar gives small 
yields of the same anhydro-D-galactose under similar conditions (118). 
The direct pyrolysis of a-D-galactose produces the above isomer and 1,6-
anhydro-a-D-galactofuranose (119). The 1,6-anhydro-0-D-mannopyranose 
("levomannosan") is obtained in a similar manner from the seeds of the 
ivory nut palm (Phytelephas macrocarpa). The glycosans are found in the 
distillates from these pyrolyses, and as shown by Hann and Hudson, the 
preparation of O-isopropylidene derivatives increases the yields and facili-
tates the crystallization of many of the compounds. 

Treatment of aromatic 0-D-glucopyranosides with alkali at 100°C pro-
vides an excellent method for the preparation of 1,6-anhydro-ß-D-gluco-
pyranose ("levoglucosan") (69, 120). Even after long periods of heating, 
aromatic and alkyl a-D-glucopyranosides and alkyl ß-D-glucopyranosides 
remain virtually unaffected. The corresponding 1,6-anhydro-ß-D-galacto-
pyranose is produced under similar conditions from both the phenyl a- and 
jö-D-galactopyranosides. Although the reaction takes place in a few hours 
for the jö-D isomer, several weeks are required for the α-D isomer. 

The mechanism of the reaction has been studied by McCloskey and 
Coleman (121). It appears that a 1,2-anhydride may be an intermediate 
in the formation of 1,6-anhydro-ß-D-glucopyranose because the reaction is 
blocked by the presence of a methoxyl group at carbon 2 whereas the 
presence of methoxyl groups at carbons 3 and 4 does not prevent the reac-
tion. This reaction course does not explain the formation of 1,6-anhydro-
ß-D-mannopyranose from the phenyl ß-D-anomer and the corresponding 

117. A. Pictet and J. Sarasin, Helv. Chim. Ada 1, 87 (1918); J. C. Irvine and J. W. 
H. Oldham, / . Chem. Soc. 127, 2729 (1925). 

118. R. M. Hann and C. S. Hudson, J. Am. Chem. Soc. 63,1484 (1941). 
119. R. M. Hann and C. S. Hudson, J. Am. Chem. Soc. 63, 2241 (1941) ; B. H. Alex-

ander, R. J. Dimler, and C. L. Mehltretter, ibid. 73, 4658 (1951). 
120. E. M. Montgomery, N. K. Richtmyer, and C. S. Hudson, J. Am. Chem. Soc. 

65, 3 (1943); / . Org. Chem. 10, 194 (1945); G. H. Coleman, C. M. McCloskey, and R. 
Kirby, Ind. Eng. Chem. 36, 1040 (1944). 

121. C. M. McCloskey and G. H. Coleman, J. Org. Chem. 10,184 (1945). 
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D-galactose derivative from the phenyl α-D-anomer. The reaction is dis-
cussed by Lemieux (16) who suggests other possible reaction paths. 

CH2OH 

H OH 

/OH-
CH2OH CH2 0 

H H OH 

The quaternary salt formed from tetra-O-acetyl-a-D-galactopyranosyl 
bromide and trimethylamine yields 1,6-anhydro-0-D-galactopyranose on 
treatment with barium hydroxide (122). During treatment of tri-O-acetyl-
5-O-trityl-D-ribofuranose with hydrogen bromide, a trityl and an acetyl 
group are removed with the formation of 2,3-di-0-acetyl-l,5-anhydro-D-
ribofuranose (123) (shown by other workers to be dimeric). 

A number of aldohexoses and aldo- and keto-heptoses, having a pyranose 
structure, tend to produce 1,6-anhydro-0-D-glycopyranoses upon heating 
with dilute hydrochloric acid. The reaction has been studied extensively by 
Hudson, Richtmyer, and their associates (124), who have prepared and 
characterized a number of 1,6-anhydropyranoses by this method. It is of 
interest to compare the conformational relationships of the parent sugars 
with their ability to form anhydrides. Reeves (82) states that the anhydride-
forming tendency of altrose and idose may be explained by their capability 
to exist in the 1C form (Fig. 2). The anhydride-forming tendency of the 
other sugars studied supports this theory. 

B. STRUCTURES 

The determination of the structures of the glycosans, and anhydro sugars 
in general, is of particular importance because the preparative methods give 
little direct information concerning the structures and because Waiden in-
versions may take place. Methylation, followed by hydrolysis of the anhy-

122. F. Micheel, Ber. 62, 687 (1929); P. Karrer and A. P. Smirnoff, Helv. Chim. 
Ada 4, 817 (1921). 

123. H. Bredereck, M. Köthnig, and E. Berger, Ber. 73, 956 (1940). 
184. N. K. Richtmyer and C. S. Hudson, J. Am. Chem. Soc. 57, 1716 (1935); J. W. 

Pratt, N. K. Richtmyer, and C. S. Hudson, ibid. 75, 4503 (1953); L. C. Stewart and 
N. K. Richtmyer, ibid. 77, 424, 1021 (1955). 
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dro ring, gives partially methylated sugars which may be identified by 
nitric acid oxidation or by comparison with compounds of known structure. 

The periodic acid oxidation is well adapted to the determination of most 
of the rings present, and the principle is the same as that described for the 
glycosides. For the purpose of illustrating the method, the arguments cited 
by Jackson and Hudson {125) for the structure of 1,6-anhydro-ß-D-gluco-
pyranose are given. This substance upon oxidation by periodic acid or 
sodium metaperiodate produces one mole of formic acid and consumes two 
moles of the oxidant. This evidence demands that the compound have three 
contiguous hydroxyl groups and limits the possible structures to two types: 
1,2-anhydro-D-glucoseptanose and 1,6-anhydro-D-glucopyranose. The di-
aldehyde upon oxidation by hypobromite followed by acid hydrolysis gives 
strontium oxalate and strontium D-glyceronate. As the formation of these 
products agrees only with the latter structure, "levoglucosan" is properly 
described as 1,6-anhydro-D-glucopyranose. From the eis relationship of the 
hydroxyl of carbon 1 of ß-D-glucose to the —CH2OH group, it is considered 
that the anhydro ring has the ^-configuration since the connection is be-
between carbon 1 and carbon 6. The crystalline strontium salt of the dibasic 
acid which was isolated serves as a reference compound for the determina-
tion of the structure of any anhydro hexose with similar structure, since 
the asymmetry of all carbon atoms except carbon 1 and carbon 5 is. de-
stroyed. 

C. REACTIONS 

The cleavage of anhydro rings of the glycosan type occurs in a manner 
similar to that for the inner ethers (seep. 166, 388). Acetolysisof 1,6-anhy-
dro-ß-D-glucopyranose produced a mixture of anomeric penta-O-acetyl-D-
glucopyranoses in which the α-Ό form predominated (88%) (126). The 
larger ring is cleaved also by the action of titanium tetrachloride in chloro-
form solution to produce 2,3,4-tri-O-acetyl-a-D-glucopyranosyl chloride 
(127). 

1,2-Anhydro-a-D-glucopyranose 3,4,6-triacetate reacts with acetic anhy-
dride (53) to give a mixture containing a-D-glucopyranose pentaacetate. 
It is opened by water to give primarily 0-D-glucopyranose 3,4,6-triacetate 
and with methanol to give methyl ß-D-glucopyranoside 3,4,6-triacetate. 

The furanose ring is stabilized markedly toward acid hydrolysis by the 
1,6-anhydro ring (128). The conditions required for the hydrolysis of the 
1,6-anhydrofuranoses are comparable with those for 1,6-anhydropyranoses. 

125. E. L. Jackson and C. S. Hudson, J. Am. Chem. Soc. 62, 958 (1940). 
126. K. Freudenberg and K. Soff, Ber. 69, 1245 (1936). 
127. G. Zemplén and Z. Csürös, Ber. 62, 993 (1929); G. Zemplén and A. Gerecs, 

ibid. 64, 1545 (1931). 
128. R. J. Dimler, H. A. Davis, and G. E. Hubert, J. Am. Chem. Soc. 68, 1377 

(1946). 
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D . DlKETOHEXOSE DlANHYDRIDES 

D-Fructose is known to form bimolecular dianhydrides containing a 
central dioxane ring, when acted upon by aqueous acids. Six such sub-
stances have been described {129). A high degree of polymorphism is char-
acteristic of these substances and their derivatives. The first of these 

OH H 

OH H H 
"Diheterolevulosan I" 

(Di-D-fructopyranose 1,2': 2,l'-dianhydride) 
(I) 

OH H 

CH2OH 

OH H H 
"Diheterolevulosan II" 

(D-Fructopyranose-D-fructofuranose l,2':2,l'-dianhydride) 
(Π) 

OH H 

HOH9C CH,OH 

OH H H 
"Difructose anhydride 1" 

(Di-D-fructofuranose l,2':2,l'-dianhydride) 
(HI) 

*Anomeric configuration unknown. 

("diheterolevulosan I") was isolated by Pictet and Chavan {ISO) and was 
subsequently shown {131) to be di-D-fructopyranose l,2':2,l '-dianhydride 
(I)· 

Another dianhydride of D-fructose was isolated by Wolfrom and Blair 

129. M. L. Wolfrom, H. W. Hilton, and W. W. Binkley, J. Am. Chem. Soc. 74, 2867 
(1952). 

180. A. Pictet and J. Chavan, Helv. Chim. Acta 9, 809 (1926). 
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(131), and the structure (II) was established for it (182). Wolfrom, Hilton, 
and Binkley (129) isolated an isomer which they believed to be either di-D-
fructopyranose l,2':2,3'-dianhydride or an anomeric form of (II). 

Jackson and Goergen (183) and Jackson and McDonald (184) have iso-
lated three dianhydrides of D-fructose from the nonreducing residue that 
remains after the removal of D-fructose from the acid hydrolyzate of inulin 
(135). On the basis of methylation data (136), structure (III) was assigned 
to "difructose anhydride I." "Difructose anhydride I I I " was considered 
(185) to be di-D-fructofuranose l,2':2,3'-dianhydride. Wolfrom, Hilton, 
and Binkley (129) believe, on the basis of rotational data, that "difructose 
anhydrides II and I I I " are structural units differing only in the configura-
tion of one of the asymmetric centers on the substituted dioxane ring. 

Two dianhydrides of L-sorbose have been isolated by Wolfrom and Hil-
ton (187). The first of these substances was established by periodate oxida-
tion to be di-L-sorbopyranose 2,l ' :2 ' , l-dianhydride and the second as 
probably L-sorbofuranose-L-sorbopyranose 2,l / :2 / , l-dianhydride. 

No monomolecular anhydride of a ketohexose has been established; 
they are known in the ketoheptose series. An interesting bicyclic structure 
containing a "meta" or " 1 , 3 " dioxane ring has been established by Stewart 

Ii 
-CH 

HCOH 
|3 

HCOH 

HOCH 

u 
HCO— 

u 
HCOH 

IT 
—OCH„ and Richtmyer (124) 

heptopyranose (IV). 

(IV) 

in the substance l,7-anhydro-O-glycero-ß-T>-gulo-

181. H. H. Schlubach and C. Behre, Ann. 508, 16 (1934); E. J. McDonald and R. 
F. Jackson, J. Research Natl. Bur. Standards 35, 497 (1945); M. L. Wolfrom and M. 
G. Blair, J. Am. Chem. Soc. 70, 2406 (1948). 

182. M. L. Wolfrom, W. W. Binkley, W. L. Shilling, and H. W. Hilton, / . Am. 
Chem. Soc. 73, 3553 (1951). 

188. R. F. Jackson and S. M. Goergen, Bur. Standards J. Research 3, 27 (1929). 
184. R. F. Jackson and E. J. McDonald, Bur. Standards J. Research 6, 709 (1931). 
185. E. J. McDonald, Advances in Carbohydrate Chem. 2, 253 (1946). 
186. W. N. Haworth and H. R. L. Streight, Helv. Chim. Ada 15, 693 (1932). 
187. M. L. Wolfrom and H. W. Hilton, J. Am. Chem. Soc. 74, 5334 (1952). 
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^ , C2H6SH 
D-Glucose JJÔÏ—> 

3. ACETAL AND DITHIOACETAL DERIVATIVES OF 
ACYCLIC SUGARS 

A. DlTHIOACETALS 

In their reaction with alcohols under acid catalysis, the aldoses differ 
from the simple, or unhydroxylated, aldehydes in forming mixed monocylic 
acetals (glycosides) rather than acyclic dialkyl acetals. However, Fischer 
(188) found that, on shaking a cold solution of an aldose in concentrated 
hydrochloric acid with a thiol, a crystalline product separated which was 
the dithioacetal (mercaptal) of the acyclic structure. These substances have 

HC(SC2H6)2 

I 
HCOH 

I 
HOCH 

I 
HCOH 

I 
HCOH 

I 
H2COH 

D^Glucose diethyl dithioacetal 
served as useful intermediates for the preparation of the acyclic derivatives 
of the sugars (see p. 142). Fructose is too acid-sensitive for direct mercap-
talation but its dithioacetal was obtained indirectly from the acylated 
fcefo-D-fructose, formed from the ketose by direct acylation, by reaction 
with the thiol and an acid (139) with subsequent removal of the ester-block-
ing groups. 

/ S - Ç H 2 ^ - C H , 

CH2OH-(CHOH)4-CH CH2OH-(CHOH)4-CH ^Η2 

S—CH2 S—CH2 

An interesting type of dithioacetal, very stable to hydrolysis by acids, is 
that made from dithioglycol or 1,3-propanedithiol (140). 

In addition to their use for the preparation of acyclic sugar derivatives, 
the sugar dithioacetals are of value in the preparation of deoxyalditols by 

158. E. Fischer, Ber. 27, 673 (1894). 
159. M. L. Wolfrom and A. Thompson, J. Am. Chem. Soc. 56, 880 (1934); P. Brigl 

and R. Schinle, Ber. 66, 325 (1933). 
140. W. T. Lawrence, Ber. 29, 547 (1896). 
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reductive desulfuration (141), the carbonyl group being thereby reduced 
to the hydrocarbon stage. 

CH2OAc 
I 
C(SEt), 

AcOCH 

Ni 
H2 

CH2OAc 
I 

CH2 

AcOCH 

CH2OH 

I 

CH2 

HOCH 

As shown earlier in this chapter, the thioalkyl groups may be removed 
from the sugar dithioacetals, and, according to the conditions employed, 
furanosides, pyranosides, thioglycosides, or acetals may be obtained. 

The stability of the dithioacetals and their ease of preparation make them 
significant for the identification of the monosaccharides (14®)· 

The reactive carbonyl of an aldehydo-sug&T acetate adds thiols and from 
such adducts have been obtained mixed acetal and thioacetal derivatives 
(41, 4$) which are the probable intermediates in the conversion of dithio-
acetals to furanosides (p. 199). 

H C = 0 

(CHOAc)4 

I 
CH2OAc 

EtSH 

OH 

HCSC2He 
AciO 

(CHOAc)4 

I 
CH2OAc 

Cl 

I 
HCSC2H5 
(CHOAc)4 I 
CH2OAc 

C6H6N 

OAc 

I 
HCSC2Hs 

I 
(CHOAc)4 I 
CH2OAc 

ether 
HC1 

0-20°C. 

CHsOH 
Ag2C03 

OH-
(deacetylation) 

O C H 3 

I 
HCSC2Hs 

I 
(CHOH)4 

I 
CH2OH 

B. ACETALS 

Acetal derivatives of simple acyclic sugars (glycolaldehyde and glyceralde-
hyde) have long been known, but special reactions are required to prepare 
the acetals of the tetroses and higher sugars since the glycosides (mixed 
acetals) are formed preferably. Several methylated sugar dimethyl acetals 
have been reported (45), but the first unsubstituted acetal in the sugar 
series was the D-arabinose dimethyl acetal of Montgomery, Hann, and 

141. M. L. Wolfrom and J. V. Karabinos, J. Am. Chem. Soc. 66, 909 (1944); J. 
Bougault, E. Cattelain, and P. Chabrier, Bull. soc. chim. France [5] 5, 1699 (1938); 
[5] 7, 780, 781 (1940). 

142. M. L. Wolfrom and J. V. Karabinos, J. Am. Chem. Soc. 67, 500 (1945). 
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Hudson (14s). The specific and unusual method used for the preparation 
(see formulas below) depends on the action of zinc chloride, under acetylat-
ing conditions, in rupturing the oxygen-carbon linkage of the pyranose 
ring of the methyl D-arabinosides. As intermediate products, the fully 
acetylated hemiacetal (I) and the chloro derivative (II) are produced. 
Deacetylation of the final product gives D-arabinose dimethyl acetal. 

CH3OCH I 

I o 
AcOCH 

(Ac)tO, 
ZnCh 

Methyl /8-D-arabino-
pyranoside triacetate 

H 

CH3OCCI 

I 
AcOCH 

H 
I 

CH30COAC 

AcOCH 

Ag2Q 

AlCb 

CH3OH 

(I) 

H 

CH3OCOCH3 

I 
AcOCH 

(II) Tetra-O-acetyl-
D-arabinose 

dimethyl acetal 

A direct and general method for the preparation of sugar acetals depends 
on acetal exchange of the thioalkyl radicals of dithioacetals in which ring 
closure is blocked by the presence of substituent groups such as acetyl 
groups (6, 40). If ring closure is not prevented, glycosides are usually 
formed. Fructose dithioacetals and those of a few other sugars, particu-

HC(SC2H6)2 

(CHOAc)4 -
I 
CH2OAc 

Penta-O-acetyl-
D-glucose diethyl 

dithioacetal 

CH3OH 
(boil) 

CdCOa 
HgCh 

HC(OCH3)2 

I 
(HCOAc)4 

I 
CH2OAc 

Ba(OC2H»)2 
(deacetylation) 

HC(OCH3)2 

-► (CHOH)4 

I 
CH2OH 

D-Glucose 
dimethyl acetal 

larly at low temperatures, may form acetals by this method even when ring 
closure is possible (42). 

The acetals are converted to the corresponding pyranosides in alcoholic 
hydrogen chloride (Fischer conditions for preparation of glycosides) and, 
hence, are in equilibrium with the glycosides, but the equilibrium favors the 
glycosides. 

Acyclic hemiacetals of the aldehydo-sug&r acetates are formed in solu-
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tion and account for the mutarotation of these derivatives in alcohol; those 
in the galactose structure are isolable (144)- Two isomeric hemiacetals are 
possible for each sugar, for carbon 1 becomes asymmetric. The two forms of 
the ethyl hemiacetal of methyl tetra-O-acetyl-aZde/^/do-D-galacturonate 
have been isolated by Dimler and Link {145) and have been designated as 
a and 0, following the usage of Hudson {114), in which that derivative in 
the D-series having the more positive rotation is assigned the prefix alpha. 

Derivatives of aldose hemiacetals with the hydroxyl replaced by halogen 
or acetate have been described and, in many cases, isolated in the two forms 
demanded by stereochemical theory {14$, 146)· 

4. REACTIONS OF CARBOHYDRATES WITH ALDEHYDES 

AND KETONES 

Aldehydes react with alcohols to form acetals. 

RCHO + 2ROH -* RCH(OR')2 + H20 
Two hydroxyls of a carbohydrate molecule may react with an aldehyde 

with the formation of a cyclic acetal. These products are known as O-aryli-
dene or O-alkylidene derivatives of sugars. Acetone condenses similarly to 
give O-isopropylidene (acetone) derivatives {2a), 

The first cyclic acetals of this type were prepared by Wurtz {14?), who 
showed that ethylene glycol and acetaldehyde react when heated together 
and that one mole of water is lost. Mineral acids, zinc chloride, and copper 
sulfate greatly accelerate the reaction. 

CH2OH 
| + CH3CHO 
CH2OH 

Other aldehydes (benzaldehyde, formaldehyde) (148), condense with 
alditols and sugars to form cyclic acetals (149)· The analogous reaction of 

148. E. M. Montgomery, R. M. Hann, and C. S. Hudson, J. Am. Chem. Soc. 69, 
1124 (1937). 

144. M. L. Wolfrom, J. Am. Chem. Soc. 52, 2464 (1930); 53, 2275 (1931); M. L. 
Wolfrom and W. M. Morgan, ibid. 54, 3390 (1932). 

145. R. J. Dimler and K. P. Link, / . Am. Chem. Soc. 62, 1216 (1940). 
146. M. L. Wolfrom, M. Königsberg, and F. B. Moody, J. Am. Chem. Soc. 62, 2343 

(1940). 
147. A. Wurtz, Compt. rend. 53, 378 (1861); Ann. 120, 328 (1861). 
148. M. Schulz and B. Tollens, Ann. 289, 20 (1896) ; B. Tollens, Ber. 32, 2585 (1899). 
149. J. Meunier, Compt. rend. 106, 1425, 1732 (1888); Ann. chim. phys. [6] 22, 412 

(1891); E. Fischer, Ber. 27, 1524 (1894). 

HCl 

CH2—O 

CH2—O 

C 

H 

CH3 

+ H20 
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acetone with alditols to yield crystalline products was described by Fischer 
(ISO). 

In O-ethylideneglycol, a five-membered ring is present, but, in the acetal 
derivatives of 1,3-propanediol, a six-membered ring must be present. In 
alditols and sugars, these and other types of rings are possible. This subject 
was investigated for the lower polyhydric alcohols particularly by Hibbert 
and associates. 

Hibbert's method depended upon studying the nature and amounts of 
the reaction products when alternate courses of reaction were possible. 
Thus, when equimolar quantities of acetaldehyde (actually, acetylene with 
mercuric sulfate was used instead of acetaldehyde; see below under Ethyli-
dene Derivatives), glycol and glycerol were allowed to react, the major 
product (1,3-O-ethylideneglycerol) had a six-membered ring and the minor 
product (O-ethylideneglycol) a five-membered ring (151). Hence, a prefer-
ence for the larger ring is indicated. 

In a similar manner, the reaction of trimethylacetaldehyde with glycerol 
was studied. 

CH2OH CH2- -0 H CH2OH 

(CH3)3C—CHO + CHOH -> CHOH C + CH— 0 

CH2OH CH2- -O C(CH3)3 

(I) 

C H 2 - 0 

H 

C(CH3)3 

(Π) 

The distribution of the products between six- and five-membered rings (I 
and II) was in the ratio 2:3. The nature of the substitution was shown by 
methylation of the products, hydrolysis of the acetal residues, and identifi-
cation of the monomethyl ethers (152). In general, for glycerol, it was 
shown that such condensations reach a reversible equilibrium between the 
various possible isomers. Chloral and acetone formed five-membered rings 
exclusively. 

Ring shifts have been observed for the O-isopropylidene derivatives of 
galactitol when benzoylation was attempted with benzoyl chloride and 
pyridine. The 2,3:5,6-di-O-isopropylidene-D, L-galactitol is converted to 
1,6-di-0-benzoyl-2,3:4,5-di-0-isopropylidenegalactitol (158). 

It is probable that these condensations take place through the inter-

150. E. Fischer, Ber. 28, 1167 (1895). 
151. H. S. Hill and H. Hibbert, / . Am. Chem. Soc. 45, 3117 (1923). 
152. S. M. Trister and H. Hibbert, Can. J. Research B14, 415 (1936). 
15S. R. M. Hann, W. D. Maclay, and C. S. Hudson, J. Am. Chem. Soc. 61, 2432 

(1939). 
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mediate formation of an acyclic hemiacetal (164). In fact, the intermediate 
product was isolated in the case of chloral and ethylene glycol (156). 

CH2—0 
CH2OH CH20—CH(OH)—CC13 

| + CCI3CHO - » 1 -► 
CH2OH CH2OH 

CH2—0 

H 

CCU 

The general types of ring found in acetal derivatives are the six- and 
five-membered dioxolane rings, respectively. Sometimes, seven-membered 
rings are formed, as with 1,4-butanediol. 

A study of méthylène acetals derived from galactitol (dulcitol), D-manni-
tol and D-glucitol (sorbitol), and ribitol (adonitol) enabled Hann and Hud-
son {156) to reach certain conclusions concerning the manner in which sub-
stitutions of these groups in alditols occur. On the basis of these conclusions 
and from a consideration of new relevant information, Barker and Bourne 
(157) have set up an amended set of rules to cover virtually all known cases 
of the formation of benzylidene, ethylidene, and méthylène derivatives. In 
order to simplify the presentation of these rules, the Greek letters a, ß, and 
7 will be used to signify the relative positions of the two hydroxyl groups 
engaged in cyclization, along the carbon chain of the polyhydric alcohol, 
and C and T will indicate whether these groups are disposed eis or trans 
in the usual Fischer projectional formula; C and T will be required only 
when both alcohol groups are secondary. 

The extended rules are: (1) the first preference is for a 0C-ring; (2) 

CH2OH CH2OH 

I I 
HCOH HOCH 

I I 
HOCH HOCH 

I I 
HCOH HCOH 

I I 
HCOH HCOH 

I I 
CH2OH CH2OH 

D-Glucitol D-Mannitol 

(lst,/3C) 2,4-O-Benzylidene- (1st, ß, ß) l ,3:4,6-di-0-Methylene-
(2nd, ßC, ß) l ,3:2,4-di-0-Benzylidene- (2nd, ß, ß, 7T) 1,3:2,5:4,6-tri-O-

(3rd, ßC, ß, a) 1,3:2,4:5,6-tri-O-Benzylidene- Methylene-
154. H. Adkins and A. E. Broderick, J. Am. Chem. Soc. 50, 499 (1928). 
155. de Forcrand, Compt. rend. 108, 618 (1889). 
156. R. M. Hann and C. S. Hudson, J. Am. Chem. Soc. 66, 1909 (1944). 
157. S. A. Barker and E. J. Bourne, J. Chem. Soc. p. 905 (1952). 
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second, for a 0-ring; (3) third, for an a-, aT-, 0T-, or 7T-ring; (4) in O-meth-
ylenation a ßT-ring takes precedence over an c*T- or a τΤ-ring; (5) in 0-
benzylidenation and O-ethylidenation, an αΤ-ring takes precedence over a 
βΎ- or a 7T-ring; (6) rules (4) and (5) may not apply wThen one or both of 
the carbon atoms carrying the hydroxyl groups concerned is already a part 
of a ring system. 

An alternative way of assessing the relative stabilities of acetal groups in 
substituted alditols of different types is to consider the products resulting 
when di- and tri-acetals are submitted to partial hydrolysis with aqueous 
acid. The order of stability is: ßC > ß > a and γΤ. 

Knowledge regarding favored ring types in isopropylidene structures is 
meager and somewhat contradictory. Nevertheless, it is clear that the above 
rules do not apply and that there is a marked preference for five-membered 
rings. 

After their structures were established, these cyclic acetals became very 
important in the synthesis of partially substituted carbohydrates of known 
structure. Their use for this purpose arises from their stability under alka-
line conditions and their ease of hydrolysis under mild conditions of acidity. 
Thus, free hydroxyl groups in O-isopropylidenated sugars can be esterified 
or alkylated, and the blocking isopropylidene groups subsequently can be 
removed by treatment with acid. Although benzylidene groups are rela-
tively stable to acids, they may be removed easily by catalytic hydrogéna-
tion; O-methylene groups are extremely resistant to acid hydrolysis. 

A. MÉTHYLÈNE (FORMAL) DERIVATIVES 

Sugars, alditols, and aldonic acids react with formaldehyde in the pres-
ence of acids to yield mono- or di-O-methylene derivatives or, in the case of 
hexitols, tri-O-methylene derivatives (148). Crystalline mono-O-methylene-
D-glucose made by this method has a free reducing group. A sirupy di-O-
methylene-D-glucose, made by melting D-glucose and trioxyméthylène 
together, has no reducing properties (158). 

The structures of many méthylène sugar derivatives have not been 
determined, but those of many of the alditol derivatives are known. The 
greater ease of acetolysis of méthylène groups attached to primary hy-
droxyls over those attached to secondary hydroxyls, has been of consider-
able value in the elucidation of the structures of these compounds by Hud-
son and co-workers (96). Thus the linkages at carbons 1 and 6 of 1,3:2,4:5,6-
tri-O-methylene-D-glucitol are cleaved with sulfuric acid in acetic anhydride 
and acetic acid as shown in the formulas. The structure of the mono-O-
methylene-D-glucitol is demonstrated by its oxidation with periodic acid 

158. C. A. Lobry de Bruyn and W. Alberda van Ekenstein, Rec. trav. chim. 22,159 
(1903). 
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to a mono-O-methylene-L-xylose which is reduced to mono-O-methylene^ 
xylitol. The latter must have the 2,4-structure with no neighboring pairs of 
hydroxyl groups, because it is not attacked by periodic acid. 

OCH2 

CH2 HCO 

CH2OAc 

HCO 

OCH CH2 
H2SO4 
HOAc 
Ac20 

HCO 

HCO 

\ 
CH2 

/ 
H2CO 

Tri-O-methylene 
D-glucitol 

AcOCH2OCH 

HCO 

CH2 
OH-

HCOCH2OAc 

I 
CH2OAc 

CH2OH 
I 

HCO 

I \ 
HOCH CH2 

I / 
HCO 

HCOH 

HIO4 

CH2OH 

HCO 

I \ 
HOCH CH2 

I / 
HCO 

I 
CHO 

CH2OH 

Mono -0 -méthylène- Mono-0-méthylène-
D-glucitol 

B. BENZYLIDENE DERIVATIVES 

L-xylose 

Benzaldehyde reacts (159) with D-glucose and with methyl a- and ß-D-
glucopyranosides to form the 4,6-0-benzylidene derivatives. In the O-ben-
zylidene and related compounds, the acetal carbon is asymmetric and should 
give rise to two isomers. Evidence has been evinced that such isomers exist 
and that some are relatively unstable (160). 

159. L. Zervas, Ber. 64, 2289 (1931) ; J. C. Irvine and J. P. Scott, J. Chem. Soc. 103, 
575 (1913); H. Ohle and K. Spencker, Ber. 61, 2387 (1928). 

160. H. Hibbert and N. M. Carter, / . Am. Chem. Soc. 50, 3376 (1928); A. T. Ness, 
R. M. Hann, and C. S. Hudson, ibid. 70, 765 (1948) ; M. A. Oldham and J. Honeyman, 
/ . Chem. Soc. p. 986 (1946). 
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D-Glucose ZnClj 
C6H6CHO 

^ 6 n 5 ~ v 

K O H Η Λ Τ Τ 
1 OXI l / O H 

H OH 
4,6-0-Benzylidene-a-D-glucopyranose 

The mono-O-benzylidene-a-D-glucose, formed according to the reaction 
illustrated, reduces Fehling solution and forms a hydrazone and an osazone; 
therefore, it must have carbons 1 and 2 unsubstituted. The following se-
quence of reactions furnishes evidence to fix the structure of the substance 
as 4,6-O-benzylidene-a-D-glucose (161). 

(CH3)2S04 
NaOH 

Mono-O-benzylidene-D -glucose (one. mole) > 

methyl O-benzylidene-D-glucoside (I) f**\ * > 
HOI 

methyl 0-benzylidene-di-O-methyl-a-D-glucoside (II); 3-0-methyl-D-glucose —CH3OH > 

methyl 3-O-methyl-ar-D-glucoside — ► 

methyl O-benzylidene-3-O-methyl-a-D-glucoside NaOH * * 

methyl O-benzylidene-di-O-methyl-a-D-glucoside (II) 

The latter compound (II) is the same as that (II) synthesized above. 
From this evidence, the original O-benzylidene-D-glucose must have been 
unsubstituted at carbons 1,2, and 3. Inasmuch as the O-benzylidene group 
may be removed from methyl O-benzylidene-D-glucoside (I) (by catalytic 
reduction) with the formation of methyl ß-D-glucopyranoside, the ring 
must be of the pyranose type. The benzylidene group must occupy posi-
tions 4 and 6, and the original compounds is 4,6-O-benzylidene-a-D-gluco-
pyranose. 

The condensation of benzaldehyde (and probably other aldehydes) with 
sugars ordinarily does not produce furanose derivatives as so frequently 
happens in acetone-condensation reactions, discussed later. When the 
furanose ring is already present in the sugar derivative undergoing condensa-
tion, as in 1,2-O-isopropylidene-D-glucofuranose, the acetal ring formed is 
still of the six-membered type. For the example given, 3,5-O-benzylidene-
1,2-O-isopropylidene-D-glucofuranose is formed (162). However, a second 
isomer with a five-membered ring is formed in substantial quantities 
(5,6-O-benzylidene-l, 2-O-isopropylidene-D-glucofuranose) (163). 

161. K. Freudenberg, H. Toepffer, and C. C. Andersen, Ber. 61, 1750 (1928). 
162. P. Brigl and H. Grüner, Ber. 65, 1428 (1932). 
'68. P. A. Levene and A. L. Raymond, Ber. 66,384 (1933). 
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C. CONDENSATION WITH ACETALDEHYDE AND 2-FURALDEHYDE 

Acetaldehyde condenses with D-glucose, in a manner analogous to that 
for benzaldehyde, to give 4,6-O-ethylidene-a-D-glucopyranose (I) (164)* 
With alditols, O-ethylidene derivatives are formed. The action of sulfuric 
acid on paraldehyde is a convenient source of acetaldehyde, but with methyl 
a-D-glucopyranoside a product (II) is formed (methyl 4,6-O-ethylidene-
2,3-O-oxidodiethylidene-Q-D-glucopyranoside) which is unique in having a 
seven-membered ring formed from trans hydroxyl groups (165). 

CH o -C-0 \ ? H ?X OH 

(I) 

C H - C - 0 

O-Ethylidene derivatives of alditols have been made by treatment of an 
alditol with acetylene in the presence of sulfuric acid and mercuric sulfate 
(166). Apparently the intermediate vinyl hydroxyethyl ether is formed 
which then condenses with a second hydroxyl group. 

CH2OH 
C H = C H + | H g S ° 4 ) CH2=CHOCH2CH2OH H 2 S ° 4 > 

CH2OH 

CH2—O 
\ 

CHCHs 
/ 

CH2—O 

Proof for the mechanism is given by the ease with which the second reac-
tion occurs when the vinyl ether, made by other methods, is allowed to 
react (167). 

2-Furaldehyde ("furfural") reacts with methyl a-D-mannopyranoside 
yielding mono- and di-O-furylidene derivatives (168) which have both 

164. B. Helferich and H. Appel, Ber. 64, 1841 (1931); R. Sutra, Bull. soc. chim. 
France [5] 9, 794 (1942). 

165. H. Appel and W. N. Haworth, J. Chem. Soc. p. 793 (1938). 
166. Chem. Fabrik Griesheim-Elektron, German Patent 271,381 (1912); Chem. 

Abstr. 9, 356 (1915); J. S. Reichert, J. H. Bailey, and J. A. Nieuwland, J. Am. Chem. 
Soc. 45,1552 (1923) ; H. S. Hill and H. Hibbert, ibid. 45, 3108 (1923). 

167. H. S. Hill and L. M. Pidgeon, J. Am. Chem. Soc. 50, 2718 (1928). 
168. H. Bredereck, Ber. 68, 777 (1935). 
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five- and six-membered rings as illustrated in the following formulas. With 
methyl a-D-glucopyranoside a 4,6-mono derivative was obtained. The 
furylidene groups cannot be removed by catalytic hydrogénation as is the 
case for benzylidene groups. 

Cyclic acetals made by the reaction of 2-furaldehyde and glycol or 
glycerol have been suggested as plasticizers for lacquers. In the preparation 

Methyl α-D-mannopyranoside + 

R - C - 0 N ? ~ H ~ ^ ÖCH, OCH, 

of these compounds, no catalyst is added, and the water is removed by 
azeotropic distillation with benzene (169). 

D . ISOPROPYLIDENE (ACETONE) DERIVATIVES 

The sugars and derivatives react with anhydrous acetone at room 
temperature in the presence of hydrogen chloride, hydrogen sulfate, zinc 
chloride, cupric sulfate, or phosphoric anhydride, and di- or mono-O-iso-
propylidene derivatives are formed (#a, 170-172). 

CHoOH 

D-Galactose 
HCl 

H 0 ^ h 

1,2:3,4-Di-O-isopropylidene-
D-galactopyranose 

In most instances, condensation takes place between the acetone and 

169. K. H. Hoover, U. S. Patent 1,934,309 (1934); Chem. Abstr. 28, 485 (1934). 
170. E. Fischer and C. Rund, Ber. 49, 93 (1916). 
171. H. Ohle and I. Koller, Ber. 57, 1566 (1924). 
172. H. O. L. Fischer and C. Taube, ibid. 60, 485 (1927) ; L. Smith and J. Lindberg, 

Ber. 64, 505 (1931) ; J. W. Pette, ibid. 64,1567; D. J. Bell, J. Chem. Soc. p. 1874 (1935); 
H. V. Grunenberg, C. Bredt, and W. Freudenberg, J. Am. Chem. Soc. 60, 1507 (1938). 
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eis hydroxyl groups on contiguous carbon atoms in such a manner as to 
favor the introduction of two O-isopropylidene residues into the molecule 
(170, 173). For a-D-galactopyranose, the hydroxyl groups in positions 1 
and 2 are on the same side of the ring (eis), and those in positions 3 and 4 
also have a eis relation although the latter pair is on the opposite side of the 
ring from that at carbons 1 and 2. One acetone molecule reacts with one of 
these eis pairs and a second with the other pair. HoAvever, a-D-glucopyranose 
has only one pair of eis hydroxyls (those at positions 1 and 2) and, in order 
to make a second pair available, the furanose isomer reacts and forms 
1,2:5,6-di-O-isopropylidene-D-glucofuranose. 

(CH3)2C
X ' 

_,, acetone 
α-D-Glucose *· 

HC1 n 

H 0 ' 
1,2:5,6-Di-O-isopropylidene-

D-glucofuranose 

D-Mannose also can provide two pairs of eis hydroxyls only in the fura-
nose ring form, and the 2,3:5,6-di-O-isopropylidene-D-mannofuranose is 
formed (174)- When a ring change is not possible, as with the glycosides 
under nonhydrolytic conditions, or when a ring change will not provide 
two free hydroxyls, as with the pentoses, the second acetone molecule may 
condense with hydroxyl groups which are not on contiguous carbon atoms. 
Thus, methyl α-D-mannopyranoside reacts with acetone (free of methyl 
alcohol) containing hydrogen chloride to produce methyl 2,3:4,6-di-O-
isopropylidene-D-mannopyranoside (175). 

The O-isopropylidene groups are easily removed by dilute acids. In most 
instances, one of the groups is much more readily removed than the other; 
by selection of the proper conditions, one group is hydrolyzed and the mono-
O-isopropylidene sugar obtained. For di-O-isopropylidene-D-glucose, the 
group in the 5,6-position is hydrolyzed more than forty times as rapidly 
as that in the 1,2-position (78). Hence, treatment with acetic acid, or nitric 
acid and ethyl acetate, produces 1,2-0-isopropylidene-D-glucose from the 
di-O-isopropylidene derivative (176). The remaining group is hydrolyzed 

178. C. G. Anderson, W. Charlton, and W. N. Haworth, / . Chem. Soc. p. 1329 
(1929). 

174. K. Freudenberg and A. Wolf, Ber. 58, 300 (1925); E. H. Goodyear and W. N. 
Haworth, J. Chem. Soc. p. 3136 (1927). 

175. R. G. Ault, W. N. Haworth, and E. L. Hirst, J. Chem. Soc. p. 1012 (1935). 
176. H. W. Coles, L. D. Goodhue, and R. M. Hixon, / . Am. Chem. Soc. 51, 523 

(1929). 
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more than 500 times as rapidly as the alkyl glycosides and disaccharides 
(73). 

The 1,2-O-isopropylidene sugars have a linkage formed from two acetal 
hydroxyls, as in sucrose. Hence, it would be expected that the group would 
be removed easily by acids. It is of interest that the 5,6-O-isopropylidene 
group is even more easily removed. 

The structures of the O-isopropylidene sugars have been extensively in-
vestigated particularly by application of the methylation procedure (177). 

Di-O-isopropylidene-D-glucose yields, upon methylation and subsequent 
acid hydrolysis, crystalline 3-O-methyl-D-glucose. The mono-O-isopropyli-
dene-D-glucose obtained by the removal of one acetone group is substituted 
on the reducing carbon since it has no action on Fehling solution. Methyla-
tion produces mono-O-isopropylidene-tri-O-methyl-D-glucose which must 
have a furanose structure since, after acid hydrolysis and further methyla-
tion, methyl tetra-O-methyl-D-glucofuranoside is formed. This evidence 
fixes the structure of the di-O-isopropylidene-D-glucose as having only 
the hydroxyl on carbon 3 free and as having a furanose ring; the acetone 
groups must then be in positions 1,2 and 5,6 (173). For the mono-O-iso-
propylidene-D-glucose, the single acetone group is located at positions 
1 and 2. A structural isomer, 1,2:3,5-di-O-isopropylidene-D-glucose (178), 
results for the condensation of acetone with 6-substituted D-glucoses. 

Ha worth, Hirst, and Chamberlain, (179) have isolated a tri-O-isopropyl-
idene-D-gluconic acid which is readily hydrolyzed to a di-O-isopropylid-
ene derivative, and this produces 2-O-methyl-D-gluconic acid upon methyla-
tion and subsequent hydrolysis. Positions 1 and 2 are thus substituted in 
the tri-O-isopropylidene derivative, and the carboxyl group is involved in 
the isopropylidene linkage. 

D-Fructose condenses with acetone (2a, 171) to form two isomeric di-O-
isopropylidene-D-fructoses. The first derivative upon methylation yields a 
monomethyl derivative which on partial hydrolysis gives a mono-O-
isopropylidene-mono-O-methyl-D-fructose and on complete hydrolysis a 
mono-O-methyl-D-fructose which is convertible to the same osazone as 
3-O-methyl-D-glucose. The methoxyl group is therefore at carbon 3. The 
mono-O-isopropylidene-3-O-methyl-D-fructose, after methylation and acid 
hydrolysis of the O-isopropylidene and glycosidic methoxyl group yields a 
tri-O-methyl-D-fructopyranose; the ring structure is demonstrated by 
further methylation to tetra-O-methyl-D-fructopyranose of known struc-

177. W. N. Haworth, "The Constitution of the Sugars." Edward Arnold, London, 
1929. 

178. H. Ohle and L. von Vargha, Ber. 62, 2425 (1929). 
179. W. N. Haworth, E. L. Hirst, and K. A. Chamberlain, J. Chem. Soc. p. 795 

(1937). 
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ture. This evidence places the free hydroxyl of the di-O-isopropylidene-D-
fructose at position 3 and the oxygen ring between carbons 2 and 6. This 
derivative is then 1,2:4,5-di-O-isopropylidene-D-f ructose (I), and the cor-
responding mono-O-isopropylidene-D-fructose is 1,2-O-isopropylidene-D-
fructopyranose {180). 

H H 

Q \ | | / C H 2 0 QNf |XCH2OH 
(CH3)2C^T T (CH3)2CNJ I 

(I) (Π) 
1,2:4,5-Di-0-isopropylidene-D-fructose 2,3:4,5-Di-0-isopropylidene-D-fructose 

The structure of the second di-0-isopropyïidene-D-fructose has been de-
fined (181). It is known that carbon 1 in this isomer is open since, on oxida-
tion with alkaline permanganate, an acid was obtained, without acetone 
removal, which on acid hydrolysis yielded 1-C-carboxy-D-arabinose (2-keto-
D-gluconic acid) (182). Acid hydrolysis yielded a mono-O-isopropylidene-D-
fructose characterized as a crystalline triacetate. Deacetylation of this 
nonreducing compound yielded a product consuming one mole of periodate 
per mole of substance. Only two possible nonreducing mono-O-isopropyli-
dene derivatives are compatible with this analysis: 1,2-O-isopropylidene-D-
fructofuranose and 2,3-O-isopropylidene-D-fructopyranose. The former is 
eliminated by the formation of a carboxyl group at carbon 1. Since hydroly-
sis by aqueous acid will not shift the position of an attached isopropylidene 
group, the structure of this mono-O-isopropylidene-D-fructose is therefore 
established as 2,3-O-isopropylidene-D-fructopyranose and the second diiso-
propylidene derivative is established as 2,3:4,5-di-0-isopropylidene-D-
fructose (II). 

Mono- and di-O-isopropylidene-D-glucoses, when injected into animals, 
are mainly eliminated in the urine, but an appreciable quantity of acetone 
is exhaled, particularly in the case of the latter derivative (183). The di-O-
isopropylidene derivative is toxic to rabbits and rats although the mono 
derivative is nontoxic. 

180. K. Freudenberg and A. Doser, Ber. 56, 1243 (1923); H. Ohle, ibid. 60, 1168 
(1927) ; C. G. Anderson, W. Charlton, W. N. Haworth, and V. S. Nicholson, J. Chem. 
Soc. p. 1337 (1929). 

181. M. L. Wolfrom, W. L. Shilling, and W. W. Binkley, / . Am. Chem. Soc. 72, 4544 
(1950). 

182. H. Ohle, Ber. 58, 2577 (1925) ; H. Ohle and G. Berend, ibid. 60, 1159 (1927). 
188. E. Dingemanse and E. Laqueur, Enzymologia 4, 57 (1937). 
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E. AcETOACETic E S T E R D E R I V A T I V E S 

D-Glücose condenses with ethyl acetoacetate and other ß-keto esters and 
with ß-diketones, in the presence of anhydrous zinc chloride, to give deriva-
tives of furan {184). The constitution of some of the compounds has been 
verified by oxidation with lead tetraacetate {185) and with periodate ion 
{186). The aldose would appear to react in the form of its 1,2-enediol. 

C02Et 

i — 

HCOH 

HCOH 

I 
HOCH 

I 
HCOH 

HCO— 

CH2OH 

a-D-Glucopyranose 

HCOH 
IÏ 
COH 

I 
HOCH 

I 

HCOH 

HCOH 

I 
CH2OH 

HC-

C 

C 

C 

v / I 
O CH3 + C02Et 

HC 

HOC 

I 
CH3 

HOCH 

HCOH 

HCOH 

I 
CH2OH 

The reaction of ethyl acetoacetate has been extended to glycolaldehyde 
and other aldoses under suitable selection of experimental conditions; it is 
probably applicable to aldoses in general. D-Fructose gives a lower yield of 
a crystalline product which has the D-ara&mo-tetrahydroxybutyl chain at the 
ß-position of the furan ring. The reaction has been applied successfully to 
other ketoses and to the simple α-hydroxy ketones. 2-Amino-2-deoxy-D-
glucose (D-glucosamine) reacts in aqueous acetone to give a pyrrole deriva-
tive. 

Compounds of this type have considerable biochemical interest because 
they may explain the antiketogenic action of D-glucose in preventing the 

^formation of ketone bodies during animal metabolism. In vitro studies have 
shown that the oxidation of the ester of acetoacetic acid by hydrogen perox-
ide proceeds much more rapidly in the presence of D-glucose than in its 
absence {187). 

184. E. S. West, J. Biol. Chem. 66, 63 (1925); 74, 561 (1927); C. V. Moore, R. S. 
Erlanger, and E. S. West, ibid. 113, 43 (1936) ; F. Garcia Gonzales, Anales fis. y quim. 
(Madrid) 32, 815 (1934) ; Advances in Carbohydrate Chem. 11, 97 (1956). 

186. A. Müller and I. Varga, Ber. 72,1993 (1939). 
186. J. K. N. Jones, / . Chem. Soc. p. 116 (1945). 
187. P. A. Shaffer, J. Biol. Chem. 47, 433, 449 (1921). 




