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External and internal ether derivatives are known. The former, particu-
larly the methyl ethers, find important applications in the determination 
of ring structures of the sugars and of the positions of linkage of the mono-
saccharide units comprising the oligo- and polysaccharides. (See Chapters 
IX and XII.) Internal ethers (anhydro sugars), especially of the epoxide 
type, are useful intermediates for sugar interconversions since their forma-
tion as well as their cleavage with substitution by a wide variety of reagents 
is accompanied by Waiden inversion on one or other of the carbon atoms 
involved. Both internal and external ethers occur occasionally in natural 
products. Methyl ethers are represented by 3-O-methyI-D-galactose in 
slippery elm mucilage (jf), 4-0-methyl-D-glucuronic acid in several plant 
polysaccharides (#), and the various 3-O-methyldeoxyaldohexoses of the 
cardiac glycosides (3). Both 3,6-anhydro-D- and 3,6-anhydro-L-galactose 
have been identified in natural polysaccharides (4), whereas styracitol 
(1,5-anhydro-D-mannitol) and polygalitol (1,5-anhydro-D-glucitol) occur 
in several plant species. 

Glycals, glycoseens, and alditoleens are sugar derivatives containing 
olefinic unsaturation, resulting from the formal removal either of two 
hydroxyl groups or of a molecule of water from adjacent carbon atoms of 
the parent sugar structure. Unsaturated derivatives such as furfural and 
ascorbic acid are discussed elsewhere. 

1. ETHER DERIVATIVES (EXTERNAL) 

The application of the usual alkylating procedures of organic chemistry 
to the sugars and derivatives gives sugar ethers. Except for the glycosidic 

1. L. Hough, J. K. N. Jones, and E. L. Hirst, Nature 165, 34 (1950). 
2. E. V. White, J. Am. Chem. Soc. 70, 367 (1948); L. Hough, J. K. N. Jones, and 

W. H. Wadman, </. Chem. Soc. p. 796 (1952), C. M. Stewart and D. H. Foster, Nature 
171,792 (1953). 

8. See R. C. Elderfield, Advances in Carbohydrate Chem. 1, 147 (1945). 
4. C. Araki, J. Chem. Soc. Japan 61, 775 (1940); C. Araki and S. Hirase, Bull. 

Chem. Soc. Japan 26, 463 (1953); E. E. Percival, Chemistry & Industry p. 1487 (1954); 
A. N. O'Neill, / . Am. Chem. Soc. 77, 2837 (1955). 
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alkoxyl group which is easily removed by acids, all the simple aliphatic 
alkoxyl linkages are of the true ether type, and the groups are very resist-
ant to removal. This property has made the sugar ethers, and in particular 
the methyl ethers, of great importance for the structural determination of 
the mono-, di-, and polysaccharides. Although the more recently developed 
periodic acid oxidation (Chapter VI) is simpler to apply for structural 
determinations, methylation methods retain their importance in this appli-
cation, particularly in view of the discovery of periodate-resistant glycol 
groupings and of still other structures that "overoxidize" with periodic 
acid. 

Many fully and partially methylated sugars have been characterized to 
serve as reference compounds for structural determinations (5). 

Although a 2-0-methyl group is lost readily during osazone formation 
(6), ordinarily the ethers are extremely resistant to hydrolysis. Most are 
cleaved only by drastic treatment with hydrogen iodide or with hydrogen 
bromide - acetic anhydride (7), reagents that are prone to cause further 
and often undesirable changes in the sugar residue. When it is desirable to 
employ the ether linkage as a temporary blocking group, the benzyl ethers 
may be used to advantage since they possess the usual stability to hydroly-
sis but may be cleaved under very mild conditions by catalytic hydrogen-
olysis (8) or, alternatively, by acetolysis (9). Trityl (triphenylmethyl) 
ethers, in contrast to the simpler ethers, are easily hydrolyzed by acid and 
are widely used for the preparation of partially substituted derivatives of 
carbohydrates. 

Numerous ethers of cellulose, starch, and bacterial dextran are of estab-
lished or potential industrial importance. (See also Chapter XII.) Treat-
ment of the polysaccharides with alkali and methyl chloride, ethyl chloride, 
benzyl chloride, ethylene oxide (or ethylene chlorohydrin), sodium chloro-
acetate, and allyl bromide gives, respectively, the methyl, ethyl, benzyl, 
hydroxyethyl, carboxymethyl, and allyl ethers. The cellulose derivatives 

5. For compilations of known methyl ethers, see E. J. Bourne and S. Peat (D-glu-
cose), Advances in Carbohydrate Chem. 5, 145 (1950); D. J. Bell (D-galactose), ibid. 6, 
1 (1951); see also G. G. Maher, ibid. 10, 273 (1955); R. A. Laidlaw and E. G. V. Per-
cival (aldopentoses, rhamnose, fucose), ibid. 7, 1 (1952); see also G. G. Maher, ibid. 
10, 257 (1955); G. O. Aspinall (D-mannose); ibid. 8, 217 (1953); G. O. Aspinall (hex-
uronic acids), ibid. 9, 131 (1954). 

6. P. Brigl andR. Schinle, Ber. 62, 1716 (1929); E. G. Y. Percival and J. C. Somer-
ville, / . Chem. Soc. p. 1615 (1937); G. R. Barker, J. Chem. Soc. p. 2035 (1948). 

7. J. C. Irvine and A. Hynd, J. Chem. Soc. 101, 1145 (1912); K. Hess and F. Neu-
mann, Ber. 68, 1371 (1935). 

8. K. Freudenberg, H. Toepffer, and C. C. Andersen, Ber. 61, 1750 (1928). 
9. R. Allerton and H. G. Fletcher, Jr., J. Am. Chem. Soc. 76, 1757 (1954). 
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are the most widely used (10). Methylated cellulose attains cold water 
solubility at approximately 50% methylation. This solubility presumably 
is due to hydrate formation since the derivative precipitates when the so-
lution is heated. Fully methylated cellulose, like the parent polysaccharide, 
is insoluble in water. 

Of considerable interest are the w-(p-aminoacetophenone) ethers of 
cellulose containing about one ether group for each three glucose units 
(10a). These may be diazotized and coupled to provide cellulose-azo dyes, 
and the latter may be rendered water-soluble by carboxymethylation. 

The allyl ethers of sugars and glycosides polymerize in the presence of 
oxygen. They are prepared best by treatment of glycosides with allyl 
bromide and alkali (11). 

A. ALKYLATION METHODS 

a. Dimethyl Sulfate and Alkali (Haworth) 

The most widely used procedure for alkylation depends on the action of 
dimethyl sulfate and 30% sodium hydroxide. Applied first by Denham and 
Woodhouse to the methylation of cellulose, it was shown by Haworth to 
be applicable to the simple sugars and glycosides (12). This method was 
utilized by Haworth, Hirst, and associates in their extensive structural 
investigations. The procedure has the advantage of cheapness, of the solu-
bility of the sugars in the reagents, and of direct application not only to the 
glycosides but also to the sugars and to their acetyl derivatives. Acetyl 
groups are saponified under the conditions of the reaction and replaced 
by methyl groups. This modified procedure is of particular importance for 
the polysaccharides, since the acetates are more soluble in organic solvents 
than are the unsubstituted substances. Some improvements in the original 
procedure have been described (18). 

CH2OH CH2OCH3 

•Ov H TT y | — — O v 

H \ | (CH3)2S04+NaOH 

H XL orAg20+CHaI ^ Q 

H OH H ÖCH3 

Methyl α-D-glucopyranoside Methyl tetra-O-methyl-a-D-glucopyranoside 

10. See J. F. Haskins, Advances in Carbohydrate Chem. 2, 279 (1946); J. V. Kara-
binos and M. Hindert, ibid. 9, 285 (1954). 

10a. R. R. McLaughlin and D. B. Mutton, Can. J. Chem. 33, 646 (1955). 
11. See A. N. Wrigley and E. Yanovsky, J. Am. Chem. Soc. 70, 2194 (1948). 
12. W. S. Denham and H. Woodhouse, / . Chem. Soc. 103, 1735 (1913); W. N. Ha-

worth, ibid. 107, 13 (1915). 
13. E. S. West and R. F. Holden, J. Am. Chem. Soc. 56, 930 (1934) ; J. Y. Macdonald, 

ibid. 57, 771 (1935); E. S. West and R. F. Holden, Org. Syntheses 20, 97 (1940). 
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b. Alkyl Iodide and Silver Oxide {Purdie) 

The well-known reagent of Purdie (alkyl iodide and silver oxide) also 
may be applied to the alkylation of sugar derivatives (14). Sugars with a 
free reducing group must be converted first to glycosides because of the 
oxidizing action of the silver oxide. Other limitations are the cost of the 
reagents, the insolubility of many sugar derivatives in the methyl iodide, 
and the number of treatments with the reagent, often six or more, neces-
sary for complete methylation. By the addition of methyl alcohol or di-
oxane, dissolution may be aided. The number of treatments required may 
be reduced by a preliminary application of the Haworth procedure. 

In the above methods, particularly for sluggishly reacting compounds 
like penta-O-methylmannitol or partially methylated polysaccharides, 
much of the reagent is expended in forming methanol and methyl ether as 
a result of the reaction of the alkylating agent with solvent or with by-
products of the reaction (water). Often the methylation becomes very in-
efficient or fails to reach completion. 

c. Alkyl Iodide and Sugar Alkoxide 

Modifications of the Williamson ether synthesis are applicable to the 
sugars, but the synthesis is difficult to apply because of the low solubility 
of many carbohydrates in solvents inert to sodium. 

2 ROH + 2 N a - > 2 RONa + H2 

RONa + CH3I -> ROCH3 + Nal 

Freudenberg and Hixon (16) applied the Williamson synthesis to di-O-iso-
propylidene-D-fructose and prepared the sodium derivative by reaction 
with sodium in benzene solution. The sodium derivative reacted with 
methyl iodide to give 3-O-methyl-di-O-isopropylidene-D-fructose : 

HCOH —?**-> HCONa CHaI > HCOCH3 

A solvent of much greater versatility for the preparation of sodium deriv-
atives of carbohydrates is liquid ammonia. Schmid and Becker (16) showed 
that the liquid ammonia technique could be used to prepare sodium deriva-
tives of carbohydrates. Muskat prepared the sodium derivatives of sugars; 
after removal of the liquid ammonia, the products were resuspended in an 
inert solvent and alkylated with methyl iodide. Potassium and lithium 
derivatives also were made by Muskat (17). 

14. T. Purdie and J. C. Irvine, J. Chem. Soc. 83, 1021 (1903); R. Kuhn et al, 
Angew. Chem. 67, 32 (1955); Ber. 88, 1537 (1955). 

15. K. Freudenberg and R. Hixon, Ber. 56, 2125 (1923). 
16. L. Schmid and B. Becker, Ber. 58, 1966 (1925). 
17. I. E. Muskat, J. Am. Chem. Soc. 56, 2449 (1934); S. Soltzberg, U. S. Patent 

2,234,200 (1938). 
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The liquid ammonia method makes possible the completion of the 
methylation process often in three or four operations. With polyols, the 
mono- and disodium derivatives are so insoluble that it is preferable to 
commence with the Haworth procedure and then change to the liquid 
ammonia method. 

The method has been refined for use with 5- to 10-mg. samples, and in 
conjunction with the use of C14-methyl iodide the estimation of the methyl-
ated sugars in methylated polysaccharides has been facilitated (17a). 

Thallium salts of glycosides, made by treatment of glycosides with 
aqueous thallous hydroxide, react with methyl iodide to give methyl 
ethers (18). 

Alkoxides are readily formed from partially substituted polyols and 
sugars by treatment with sodium naphthalenide (19) in 1,2-dimethoxy-
ethane solution and subsequent reaction with alkyl halides then produces 
ethers (20). The reaction sequence is simple to apply, and the method de-
serves further investigation. 

Diazomethane partially methylates starch, lichenin, inulin, cellulose, 
and simple sugars (21). 

d. General Discussion 

The hemiacetal hydroxyl is more readily alkylated than the true alco-
holic hydroxyls and can be methylated selectively by treatment of the 
sugar with one equivalent of the Haworth reagent (see Chapter IV). When 
the hemiacetal hydroxyl of an aldohexose is blocked, some selective methyl-
ation of the hydroxyls at carbons 2 and/or 6 may be achieved with alkali 
and methyl iodide (22). With starch and cellulose, it has been reported 
(28) that alkali and methyl iodide lead preponderantly to the 2-O-methyl 
derivative, the hydroxyl group at carbon 6 presumably being rendered less 

17a. H. S. Isbell and H. L. Frush, Abstracts American Chemical Society Meeting, 
Minneapolis, p. 6D. (Sept. 1955). 

18. C. M. Fear and R. C. Menzies, J. Chem. Soc. p. 937 (1926); for summary, see 
R. C. Menzies, ibid. p. 1378 (1947). 

19. N. D. Scott, J. F. Walker, and V. L. Hansley, J. Am. Chem. Soc. 58, 2442 (1936). 
20. E. Baer and H. O. L. Fischer, J. Biol. Chem. 140, 397 (1941) ; J. C. Sowden and 

H. O. L. Fischer, J. Am. Chem. Soc. 63, 3244 (1941); J. C. Sowden and D. J. Kuenne, 
ibid. 74, 686 (1952). 

21. L. Schmid, Ber. 58, 1963 (1925); R. E. Reeves and H. J. Thompson, Contribs. 
Boyce Thompson Inst. 11, 55 (1939); R. E. Reeves, Ind. Eng. Chem. 35, 1281 (1943); 
F. S. H. Head, Shirley Inst. Mem. 25, 209 (1951); J. Textile Inst. 43, Tl (1952); L. 
Hough and J. K. N. Jones, Chemistry & Industry p. 380 (1952); R. Kuhn and H. H. 
Baer, Chem. Ber. 86, 724 (1953). 

22. See J. M. Sugihara, Advances in Carbohydrate Chem. 8, 1 (1953). 
28. T. Lieser, Ann. 470, 104 (1929); K. M. Gaver, U. S. Patent 2,397,732 (1946); 

J. M. Sugihara and M. L. Wolfrom, J. Am. Chem. Soc. 71, 3509 (1949). 
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reactive by hydrogen bonding. However, subsequent work (23a) has indi-
cated that the methylation of cellulose with these reagents is random in 
nature. 

The usual method of preparing partially methylated sugars consists in 
blocking all of the groups which are to be free in the final product, then 
methylating the compound and finally removing the blocking groups. 
Blocking groups must be able to withstand the methylating conditions 
without hydrolysis; for the Haworth procedure, the isopropylidene and 
benzylidene derivatives, stable to alkaline conditions and removed by 
acids, are often of value. The 3-O-methyl-D-glucose (III) is synthesized by 
the methylation of 1,2:5,6-di-O-isopropylidene-D-glucofuranose (diacetone 
glucose) (I) ; as the only free hydroxyl is at carbon 3, the 3-O-methyl deriv-
ative (II) is formed. Acid hydrolysis then removes the isopropylidene 
groups. 

(CH3)2C< | 0 (CH3)2C< I 
O C H / v \ H 3 OCH 

CH3I Ag 2o N O C H . H 

O—C(CH3)2 H 0—C(CH3)2 

(ID 

HOCH 

Monome thy 1 ethers also may be prepared by the ring scission, with 
accompanying monomethylation, of epoxy-type anhydro sugars by sodium 
methoxide (see p. 390). 

B. TRITYL DERIVATIVES 

Triphenylmethyl chloride, (C6H5)3C—Cl, was shown by Helferich and 
associates (24) to react with sugars, glycosides, and derivatives to form 
the triphenylmethyl ethers, commonly called trityl derivatives. The re-
agent exhibits a marked difference in the rate of reactivity for the primary 

28a. K. Hess, K. E. Heumann, and R. Leipold, Ann. 594, 119 (1955). 
24. See B. Helferich, Advances in Carbohydrate Chem. 3, 79 (1948). 
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TABLE I 
RATE OF REACTION OF SUGAR DERIVATIVES WITH TRITYL CHLORIDE 

Substance 

1,2:3,4-Di-O-isopropylidene-D-galacto-
pyranose 

2,3:4,6-Di-O-isopropylidene-L-sorbo-
furanose 

1,2:5,6-Di-O-isopropylidene-D-gluco-
furanose 

Excess of trityl 
chloride 

4-fold 
8-fold 
4-fold 
8-fold 
4-fold 
8-fold 

k 

0.014 
0.036 
0.0052 
0.0055 
0.00012 
0.00016 

and secondary alcoholic hydroxyls of the sugar molecule, and conditions 
often may be selected for bringing about reactions with the primary groups 
alone. For the hexose sugars, the 6-O-trityl derivatives are produced by 
reaction with trityl chloride or bromide in pyridine solution. 

HoCOH 

HO 
pyridine 

(C6H5)3C-C1 

H2COC r C 6 H 5 ) 3 

H/i 
l / O C H 

H OH 

Methyl a-D-galactopyranoside 
H OH 

Methyl 6-O-trityl-a-D-galactopyranoside 

Under more prolonged treatment, or at elevated temperatures, secondary 
alcoholic groups also react: certain of the methyl pentopyranosides and 
6-deoxyhexosides, which contain no primary hydroxyls, have been found 
to give mono- and ditrityl derivatives (85); D-ribose, when tritylated at 
100°, gives a tritrityl derivative (26). 

The rates of reaction of triphenylmethyl chloride with several character-
istic compounds are given (27) in Table I, which also illustrates the effect 
of the trityl chloride concentration. For the 8-fold excess, the primary 
alcoholic group of the galactose derivative reacts 226 times as rapidly as 
the secondary alcoholic group of the glucose derivative. However, the differ-
ence between the primary alcoholic group of the sorbose derivative and the 
secondary hydroxyl of the glucose derivative is only 34 times. 

This kinetic comparison is made between primary hydroxyl groups and 

25. R. C. Hockett and C. S. Hudson, J. Am. Chem. Soc. 56, 945 (1934) ; E. L. Jack-
son, R. C. Hockett, and C. S. Hudson, ibid. 56, 947 (1934). 

26. H. Bredereck and W. Greiner, Ber. 86, 717 (1953). 
27. R. C. Hockett, H. G. Fletcher, Jr., and J. Ames, J. Am. Chem. Soc. 63, 2516 

(1941). 
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ring secondary groups. Since a considerable portion of the difference may 
arise from steric factors of different ring conformations (Chapter I), the 
difference between acyclic primary and secondary hydroxyl groups may 
not be as great. 

The reagent reacts with both primary hydroxyls of fructose, but by use 
of the proper proportions, mono- or di-O-tritylfructose is formed (28). All 
of the primary hydroxyls of di- and trisaccharides react easily, and the 
reaction is sometimes used to determine the number of such groups in the 
molecule (29). 

H2CO-C(C6H5)3 

AcO 

The trityl derivatives have their greatest value for the preparation of 
acetylated sugars in which the primary hydroxyl groups are unsubstituted 
(II) and for the corresponding halogen derivatives (III). The acetylaldo-
hexoses with unsubstituted primary hydroxyls are important intermediates 
in the preparation of disaccharides of the gentiobiose type (see Chapter IX) 
and of 6-O-methyl sugars. 

The action of hydrogen bromide in acetic acid, which normally is used 
to cleave the acetylated trityl ethers (I —» II), leads in some instances to 
the bromodeoxy sugar derivative (SO). 5-0-Trityl-D-ribofuranose triacetate 
also behaves abnormally with HBr-HOAc, yielding a dimolecular an-
hydride, probably l,5':5,l'-di-D-ribofuranose anhydride (81). 

The trityl ethers are readily hydrolyzed by aqueous acids with the libera-

ls. B. Helferich, J. prakt. Chem. [2] 147, 60 (1936). 
29. K. Josephson, Ann. 472, 230 (1929). 
80. M. L. Wolfrom, J. L. Quinn, and C. C. Christman, J. Am. Chem. Soc. 56, 

2789 (1934); 57, 713 (1935); 58, 39 (1936); M. L. Wolfrom, W. J. Burke, and S. W. 
Waisbrot, ibid. 61, 1827 (1939). 

SI. G. R. Barker andM. V. Lock, J. Chem. Soc. p. 23 (1950); H. Bredereck, M. 
Köthnig, and E. Berger, Ber. 73, 956 (1940). 
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tion of the sugar hydroxyl and triphenylcarbinol. Catalytic hydrogenolysis, 
with hydrogen and platinum or palladium, also cleaves the primary trityl 
ethers, regenerating the sugar hydroxyl with the formation of triphenyl-
methane (26, 32). 

2. ANHYDRO DERIVATIVES 

The anhydro sugars and their derivatives (33a, b) are inner ethers formed 
by the intramolecular elimination of the elements of water from two al-
coholic hydroxyl groups with the formation of a heterocyclic anhydro ring. 
Sugars with anhydro rings whose formation involved the hemiacetal hy-
droxyl group are inner glycosides (glycosans, sugar anhydrides), rather 
than inner ethers, and are discussed in Chapter IV. 

Anhydro sugars or sugar alcohols are known in which the ring oxygen 
atom bridges 2, 3, 4, or 5 carbon atoms. Of these, compounds with the 
3-membered (ethylene oxide or epoxy type) and 5-membered (tetramethyl-
ene oxide or hydrofuran type) heterocyclic rings are the most common and 
useful. Anhydro sugars of the epoxy class are especially valuable for the 
preparation of deoxy, aminodeoxy, and O-methyl derivatives as well as for 
interconversions of sugars through Waiden inversions of configuration. 

The rare 4-membered (trimethylene oxide) anhydro ring is represented 
in 3,5-anhydro-l,2-0-isopropylidene-D-xylose (34) and l,3-anhydro-2,4-
O-methylenexylitol (35). 

The 6-membered (pentamethylene oxide) anhydro ring is present in 
methyl 2,6-anhydro-a-D-altroside (36) and in the naturally occurring 
1,5-anhydrohexitols, styracitol and polygalitol. 

I 
H—C—OCH3 

H—C—1 

I ° 
H—C— J 

H—C—OH 
I 

H—C 

O 

CH2OH 
Methyl 2,3-anhy-
dro-a-D-allopyra-

noside 

-CH2 

O H—C—O-

-C—H CH2 

I I 
H— C—0—' 

CH2OH 

l,3-Anhydro-2,4-
0 -methylenexyli -

toi 

CH2 

HO—C—H 
O 

-C—H 

H—C-
O 

H—C—OH 

CH2 

1,4:3,6-Dianhy-
dro-D-mannitol 

CH2 

H—C—OH 

I 
HO—C—H O 

H—C—OH 
I 

H—C 

CH2OH 
1,5-Anhydro-D-
glucitol (Poly-

galitol) 

32. F. Micheel, Ber. 65, 262 (1932) ; P. E. Verkade, W. D. Cohen, and A. K. Vroege, 
Rec. trav. chim. 59, 1123 (1940); P. E. Verkade, F. D. Tollenaar, and T. A. P. Post-
humus, ibid. 61, 373 (1942). 

83a. See S. Peat (anhydro sugars), Advances in Carbohydrate Chem. 2, 37 (1946). 
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A. METHODS OF PREPARATION 

a. Alkaline Elimination of Halogen or Sulfonic Ester Groups 

On attempting to remove the bromine from methyl 6-bromo-6-deoxy-
ß-D-glucopyranoside triacetate by treatment with barium hydroxide, 
Fischer and Zach (37) found that simple hydrolysis did not occur and 
that the product was an anhydro sugar, methyl 3,6-anhydro-ß-D-gluco-
pyranoside. Ohle and co-workers (38) later observed that the 3,6-anhydro 
ring also was formed when a derivative of D-glucose 6-p-toluenesulfonate, 
with an unsubstituted hydroxyl group at carbon 3, was treated with alkali. 
This displacement behavior of the tosyloxy moiety is in contrast to the 
normal hydrolytic behavior of the carboxylic esters, wherein no cleavage 
of the oxygen-alkyl bond occurs. 

R-CH2!?OS02· C6H4-CH3 R-CH2 : O^ICOR 

Displacement of Hydrolysis of 
tosyl ester carboxylic ester 

Other sugar esters that readily undergo displacement, rather than hy-
drolysis, under alkaline conditions are the methanesulfonates, sulfates (39), 
and, to some extent, the nitrates (40). No clear-cut example of displacement 
under alkaline conditions of a sugar phosphate ester has been recorded 
(41). (See Chapter III.) 

From a large accumulation of data concerning the action of alkali on 
halogen and sulfonic esters of the sugars, the conditions necessary for the 
formation of anhydro rings by this method have been clarified. The pre-

88b. L. F . Wiggins (anhydro alditols), Advances in Carbohydrate Chem. 5, 191 
(1950). 

84. P . A. Levene and A. L. Raymond, J. Biol. Chem. 102, 331 (1933). 
85. R. M. Hann, N . K. Richtmyer, H. W. Diehl, and C. S. Hudson, J. Am. Chem. 

Soc. 72, 561 (1950). 
86. D . A. Rosenfeld, N . K. Richtmyer, and C. S. Hudson, J. Am. Chem. Soc. 70, 

2201 (1948). 
87. E . Fischer and K. Zach, Ber. 45, 456 (1912). 
88. H . Ohle, L. von Vargha, and H. Erlbach, Ber. 61, 1211 (1928). 
89. E . G. V. Percival and T . H. Soutar, J. Chem. Soc. p . 1475 (1940); R. B . Duff 

and E. G. V. Percival, ibid. p . 830 (1941); E . G. V. Percival, ibid. p . 119 (1945); E . G. 
V. Percival and R. B. Duff, Nature 158, 29 (1946); R. B. Duff and E. G. V. Percival, 
J. Chem. Soc. p . 1675 (1947); R. B. Duff, ibid. p . 1597 (1949). 

40. E . K. Gladding and C. B. Purves , J. Am. Chem. Soc. 66, 76, 153 (1944); E . G. 
Ansell and J . Honeyman, J. Chem. Soc. p . 2778 (1952). 

41. See P . A. Levene, A. L. Raymond, and A. Walti , J. Biol. Chem. 82, 191 (1929); 
A. L. Raymond and P . A. Levene, ibid. 83, 619 (1929); E . E . Percival and E . G. V. 
Percival, J. Chem. Soc. p . 874 (1945). 

R - C H 2 1 :Br 
I 

Displacement of 
halogen ester 
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requisite is the presence, either actual or potential, in the molecule of a 
free hydroxyl group, so situated sterically that the oxygen anion produced 
from it by the alkali can perform a rearward-approach, nucleophilic attack 
on the alkyl carbon of the ester function. The result is the displacement of 
the ester function with concomitant closure of the anhydro ring. If the 
alkyl carbon of the ester function was asymmetric in the original ester, 
Waiden configurational inversion of this carbon invariably accompanies 
the ester elimination process. In essentially all instances, the attacking 
oxygen anion must be so situated in the molecule that the resulting anhydro 
ring is either of the epoxy or hydrofuran type. If a choice exists in the 
molecule between epoxy and hydrofuran ring closure, the former is produced 
preferentially. The following model structures (I, II, III , IV) illustrate 
steric relationships between hydroxyl and tosyl ester functions that result 
in anhydro ring formation. (See also p. 166.) 

TsOC, 
I' 
C 

OTs 

Tsoa 
COH ^° 

OH 

TsOC 

COHV0' 

-OH 
(I) (HI) 

OH 

(IV) 

c. 
I > o. c 

A» Λ 

OH 

In structures (V), (VI), and (VII), the oxygen anion of the hydroxyl 
group is sterically unable to attack the rear of the ester alkyl carbon. In 
these instances, anhydro ring formation does not occur, and the esters are 
extremely stable to alkali. A few examples of such structures are known in 
which a slow, normal hydrolysis of the ester may be induced by drastic 
treatment with base. 

OTs OH 

HOC 

è ov 

vOTs 

(V) (VI) (VII) 
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Although the epoxy ring is more readily formed than the hydrofuran 
ring, the latter is more stable to further anionic attack. Consequently, an 
epoxy anhydro sugar may be the initial product of alkaline elimination of 
a halogen or sulfonic ester, but it may in turn be subjected to intramolecu-
lar rearrangment to a hydrofuran anhydro sugar (VIII —» IX) (42). 

(IX) 

The most commonly used reagent for the conversion of sugar halogen 
or sulfonic esters into anhydro sugars is sodium methoxide in methanol 
solution. The alkali-sensitive hemiacetal group may be protected as a 
glycoside during the reaction. The alkali-stable isopropylidene or benzyli-
dene acetals also are employed frequently to protect the hemiacetal function 
or to block alcoholic hydroxyls in the sugar structure that would interfere 
with the desired course of anhydro ring formation. 

A wide variety of epoxy and hydrofuran anhydro sugars and anhydro 
alditols has been prepared by the alkaline elimination of halogen, tosyl, or 
mesyl ester functions. In the alditol series, the reaction also has been utilized 
to introduce a second anhydro ring into the monoanhydro alditols. Thus, 
1,5:3,6-dianhydro-D-galactitol ("D-neogalactide") was prepared from 
2,3,4-tri-0-benzoyl-6-0-tosyl-l,5-anhydro-D-galactitol by treatment with 
sodium methoxide (48), and, in an analogous manner, 1,5-anhydro-D-gluci-
tol (polygalitol) was converted to l,5:3,6-dianhydro-D-glucitol ("neosor-
bide") (44)· 

b. Deamination of Aminodeoxy Sugars and Aminodeoxy Alditols 

Application of nitrous acid deamination to the naturally occurring 
chitosamine (45) (2-amino-2-deoxy-D-glucose) provided Fischer and Tie-
mann (46) with the first recorded example of a hydrofuran anhydro sugar. 
The sirupy product, chitose, could be oxidized to give, successively, an 

42. H. Ohle and H. Wilcke, Ber. 71, 2316 (1938). 
48. H. G. Fletcher, Jr., and C. S. Hudson, / . Am. Chem. Soc. 72, 886 (1950). 
44. S. B. Baker, Can. J. Chem. 32, 628 (1954). 
45. G. Ledderhose, Z. physiol. Chem. 2, 213 (1878). 
46. F. Tiemann, Ber. 17, 241 (1884); E. Fischer and F. Tiemann, ibid. 27, 138 

(1894). 
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anhydro hexonic acid (chitonic acid) and an anhydro aric acid ("isosac-
charic acid"); the latter also is produced by the direct action of nitric acid 
on chitosamine. (See summary below.) If, however, chitosamine first was 
oxidized by bromine to the corresponding aldonic acid (chitosaminic acid) 
and then deaminated with nitrous acid, the resulting anhydro aldonic acid 
(chitaric acid) and the anhydro aric acid produced from it by oxidation 
("epiisosaccharic acid") were found to be isomeric with the corresponding 
acids obtained from chitose. Thus, an odd number of inversions of con-
figuration must be involved in one of the processes. 

The hydrofuran ring in chitose and the anhydro sugar acids derived from 
it involves carbons 2 and 5, since "isosaccharic acid" when heated in hy-
drogen chloride gas produces furan-c^a'-dicarboxylic acid (47) and the 
acetylation-dehydration of chitonic acid yields 5-acetoxymethylfuroic acid 

( # ) . 
Levene and La Forge (49) established the configuration of "epiiso-

saccharic acid" as 2,5-anhydro-D-glucaric acid by comparing it with the 
synthetic enantiomorph, prepared from D-xylose by the cyanohydrin syn-
thesis. 

COOH COOH COOH COOH 

—CH 

HCOH 

HOCH 

HCO-

CHNH2 

I 
HCOH 

I 
HOCH 
HCOH 

CHO 

HCOH 

HOCH 

HCOH 

CHNH2 

HCOH 
I 

HOCH 

HCOH 

HC-

HCOH 
O 

HOCH 

HC-

COOH 
2,5-Anhydro -
D-idaric acid 

CH 2 OH 

levo-Hex-
osaminic 

acid 

C H 2 O H 

D -Xylose 

CH2OH 

dextro-Hex-
osaminic 

acid 

C O O H 

2,5-Anhydro -
D-gularic 

(2,5-Anhydro-
L-glucaric) acid 

The product of this synthesis can have either the Ό-gulo (h-gluco) or 
Ό-ido configuration, whereas "isosaccharic" and "epiisosaccharic" acids 
can have only the Ώ-manno or O-gluco (ί,-gulo) configuration. Hence, regard-
less of the configuration of any of the intermediate products, if the dibasic 
end-product is the enantiomorph of either "isosaccharic" or "epiisosac-
charic" acid, it must have the L-gluco (υ-gulo) structure. In actual fact, 

47. F . Tiemann and R. Haarmann, Ber. 19, 1257 (1886). 
48. E . Fischer and E. Andreae, Ber. 36, 2587 (1903). 
49. P . A. Levene and F . B . LaForge, J. Biol. Chem. 21, 345, 351 (1915); P . 

A. Levene, ibid. 36, 89 (1918); Biochem. Z. 124, 37 (1921). 
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Levene and La Forge found the following: 

"Epiisosaccharic acid" 

Free acid 

Acid potas-
sium salt 

Monohydrate from acetone, 
m.p. 160°C, water-free 

[a]? +39.7° (water) 
[a]D +38.5° (water) 

2,5-Anhydro-L-glucaric acid 

Crystals from acetone, m.p. 
163°C. 

[a]l° -38.8° (water) 
Monohydrate, [a]» -38.1° 

(water) 
"Isosaccharic acid" melts at 185°C, and has [<*]D° +46.1° 

From this, 'epiisosaccharic acid" is accorded the 2,5-anhydro-D-^co 
configuration, "isosaccharic acid" is the 2,5-anhydro-D-manno isomer, 
and chitose is 2,5-anhydro-D-mannose. 

The various transformations of chitosamine may be summarized as 
follows: 

2,5-Anhydro-D-mannose 
(Chitose) 

ΒΓ2 

H N 0 2 

2-Amino-2-deoxy-D-glucose 
(Chitosamine) 

Br2 

2-Amino-2-deoxy-D-
gluconic acid 

(Chitosaminic acid) 

HN02 

2,5-Anhydro-D-mannonic acid 
(Chitonic acid) 

HNO3 

2,5-Anhydro-D-mannaric acid 
("Isosaccharic acid") 

2,5-Anhydro-D-glucaric acid 
("Epiisosaccharic acid") 

HNO3 

2,5-Anhydro-D-gluconic acid 
(Chitaric acid) 

Similar reaction sequences have been observed with 2-amino-2-deoxy-
D-mannose (epichitosamine) and 2-amino-2-deoxy-D-galactose (chondrosa-
mine) and their derived aminodeoxy aldonic acids. 

It has been suggested (33a) that formation of the hydrofuran ring in 
the deamination of the 2-amino-2-deoxyaldohexoses (I —> II) results from 
attack on the diazotized amino group by the ring oxygen, rather than by 
one of the sugar hydroxyls. Thus, inversion would occur regardless of the 
configuration at carbon 2. 

CH2OH 

H J *0 
CH2OH 

+ N, + H+ 

H CHO 

(I) (Π) 

The retention of configuration at carbon 2 in the deamination of the 
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2-amino-2-deoxyaldonic acids has been explained {50) as resulting from a 
double inversion at this carbon, with the intermediate participation of the 
carboxyl group (III —» IV). 

\ 

HO-

o N = N 

OH 

OH 

CH2OH 

(HI) 

HO-CH-CHoOH 

CHOH-
I 

-CHOH 

HOCH 

COOH 

OH 

(IV) 

The elimination of diazotized amino groups by simple intramolecular 
interaction with hydroxyl groups, to produce epoxy and hydrofuran an-
hydro rings, may also proceed smoothly in the nitrous acid deamination 
of appropriate amino sugar structures, with configurational inversion oc-
curring only in those instances where the original amino group was situated 
on an asymmetric carbon {51). 

CH2NH2 

O-C-CH, 

CH2NH2 
HCOH 

CH9 

HOCH 
I 

HCOH 
I 

HCOH 

(VII) 

n 
0 

HCOH 
I 

HOCH 

Hi 1 
I 

HCOH 
I 
CH 2OH 
(VIII) 

Deamination of 6-amino-6-deoxy-l ,2-0-isopropylidene-D-glucofuranose 
(V —> VI), wherein a choice of 3- or 5-membered ring formation exists, 

50. A. B. Foster, Chemistry & Industry p. 627 (1955). 
51. P. A. Levene and H. Sobotka, J. Biol. Chem. 71, 181 (1926); H. Ohle and R. 

Lichtenstein, Ber. 63, 2905 (1930); L. F. Wiggins, Nature 157, 299 (1946); V. G. Bash-
ford and L. F. Wiggins, / . Chem. Soc. p. 299 (1948); Nature 165, 566 (1950). 
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yields the epoxy anhydro product rather than the alternative product 
with two fused hydrofuran rings. In contrast, 1-amino-l-deoxy-D-glucitol 
yields 1,4-anhydro-D-glucitol upon deamination (VII —> VIII). 

c. Reduction of Sugar Derivatives to Anhydro Alditols 

Catalytic reduction of various sugar derivatives, with the retention of 
the sugar ring, may be employed to prepare anhydro alditols. 

The naturally occurring styracitol was synthesized by Zervas {52) 
through catalytic hydrogénation of tetra-0-acetyl-l,2-D-glucopyranoseen 
(see p. 403). The other predicted 2-epimer, polygalitol, later was found in 
the mother liquors in much smaller amount {53). 

CH2 1 CH 1 CH2— 

AcOCH 

I 

AcOCH O 

HCOAc 

HC 

CO Ac 

AcOCH O 

HCOAc 
I 

HC 

HCOAc 

AcOCH O 

HCOAc 
I 

HC 

CH2OAc 
Styracitol tetra-
acetate (Tetra-
0-acetyl-l,5-an-

hydro-D-mannitol) 

CH2OAc 
Tetra-O-acetyl-

1,2-D-glucopyranoseen 

CH2OAc 
Polygalitol tetraac-
etate (Tetra-O-ace-
tyl-1,5-anhydro-D-

glucitol) 

The 1,2-glycoseens related to cellobiose, gentiobiose, D-galactose, and 
D-xylose have been reduced in a similar manner to anhydro alditols {54). 

Crystalline 1,5-anhydro-2-deoxy-D-ara6o-hexitol (hydroglucal) is ob-
tained by the hydrogénation of D-glucal triacetate (see p. 400) and subse-
quent hydrolysis of the sirupy hydroglucal triacetate {55). 

CH 1 CH2—1 

CH 

I 

AcOCH O 

HCOAc 

H2 

deacetylation 

CH2 

HOCH O 

I 
HCOH 

HC 

CH2OAc 
D-Glucal triacetate 

HC 

I 
CH2OH 

Hydroglucal 
62. L. Zervas, Ber. 63, 1689 (1930). 
63. N. K. Richtmyer, C. J. Carr, and C. S. Hudson, J. Am. Chem. Soc. 65, 1477 

(1943). 
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The reduction of the 1,2-glycoseens leads to a pair of 2-epimeric prod-
ucts, since carbon 2 becomes asymmetric in the process. Accordingly, the 
configurations of the two products must be determined independently. This 
difficulty is avoided when certain 1-thio sugar derivatives are reductively 
desulfurized to anhydro alditols. A single product then is obtained whose 
configuration is defined by that of the starting thio sugar. Richtmyer, Carr, 
and Hudson (53) applied Raney nickel desulfurization to octa-O-acetyl-
ß,0-di-D-glucopyranosyl disulfide (I) and to tetra-O-acetyl-l-thio-0-D-gluco-
pyranose (II). The product in each case was polygalitol (1,5-anhydro-
D-glucitol) tetraacetate. 

SCH-

HCOAc 

I 

AcOCH O 

HCOAc 

I 
HC CH2OAc 

SCH— 

I 

HCOAc 

AcOCH O 

HCOAc 

I 
HC 

(I) 

CH2OAc 

CH2— 

HCOAc 

I 
AcOCH O 

I 
HCOAc 

I 
HC 

CH2OAc 

Polygalitol 
tetraacetate 

HSCH— 

HCOAc 

I 

AcOCH O 

HCOAc 

HC 
CH2OAc 

(II) 

Reductive desulfurization has been extended to the appropriate ethyl 
1-xanthate or ethyl, phenyl, and naphthyl 1-thioglycosides to prepare the 
1,5-anhydro derivatives of D-glucitol, D-mannitol, galactitol, cellobiitol, 
gentiobiitol, maltitol, lactitol, D-arabitol, ribitol, and xylitol (56). When a 
1-thioaldofuranoside is reductively desulfurized, the product is the corre-
sponding 1,4-anhydro alditol (57). 

The most convenient reductive method for preparing anhydro alditols 
involves the reaction of the acetylated or benzoylated glycosyl halides with 
lithium aluminum hydride. The aldopyranosyl halides (III) yield 1,5-an-
hydro alditols in good yield, whereas the furanosyl derivatives (IV) provide 

54. K. Maurer and K. Plötner, Ber. 64, 281 (1931); W. Freudenberg and E. F. 
Rogers, J. Am. Chem. Soc. 59, 1602 (1937); H. G. Fletcher, Jr., and C. S. Hudson, 
ibid. 69, 921 (1947). 

55. E. Fischer, Ber. 47, 196 (1914); M. Bergmann and W. Freudenberg, ibid. 62, 
2783 (1929). 

56. See H. G. Fletcher, Jr., and N. K. Richtmyer, Advances in Carbohydrate Chem. 
5, 1 (1950). 

57. C. F. Huebner and K. P. Link, J. Biol. Chem. 186, 387 (1950). 
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anhydro alcohols with the hydrofuran ring (58). The ester functions are 
reductively cleaved in the reaction. 

CHBr 

HCOAc 

AcOCH 

HCOAc 

HC 

O 

CH2—i 

HCOH 

HOCH O 

HCOH 

HC 

O 

HCC1 

HCOAc 

AcOCH 

CH 

-CH2 

HCOH 
O 
HOCH 

-CH 

HCOAc HCOH 

CH2OAc 

(III) 

CH2OH 
Polygalitol 

CH2OAc 
(IV) 

CH2OH 
1,4-Anhydro-D 

galactitol 

When the halogen function is at a nonterminal carbon, as in tetra-
O-benzoyl-D-fructopyranosyl bromide, two epimeric 2,6-anhydro alditols 
result (59). 

d. Direct Dehydration of Alditols 

The reducing aldohexose and 2-ketoheptose sugars dehydrate to varying 
extents under comparatively mild conditions, such as boiling with aqueous 
mineral acids, to form sugar anhydrides (inner glycosides) in which the 
hemiacetal group is involved in forming the anhydro ring (see Chapter IV). 
Considerably more drastic conditions of dehydration usually are necessary 
to convert the alditols to anhydro alditols. Consequently, the preferred 
ring size formed in the latter dehydrations is of the stable hydrofuran type. 

Erythritol gives a sirupy 1,4-anhydroerythritol (1,4-erythritan) on heat-
ing with dilute sulfuric acid or with phosphoric acid and subsequent 
saponification of the monophosphate ester (60). Dehydration of L-threitol 
by heating with 50% sulfuric acid yields the crystalline 1,4-anhydro-
L-threitol (1,4-L-threitan) (61). 

H yOH Η Ο χ Η 

OH OH 
Erythritol 

OH OH 
1,4-Anhydroery thritol 

58. R. K. Ness, H. G. Fletcher, Jr., and C. S. Hudson, J. Am. Chem. Soc. 72, 4547 
(1950); 73, 3742 (1951). 

59. R. K. Ness and H. G. Fletcher, Jr., J. Am. Chem. Soc. 75, 2619 (1953). 
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In the pentitol series, xylitol on being heated with acids or with zinc 
chloride gives crystalline 1,4-anhydroxylitol and a sirupy dianhydro deriv-
ative, presumably with the 1,4:2,5-ring structure (62). 

CH2OH CH2—1 CH2 

HCOH 

HOCH 

HCOH 

CH2OH 
Xylitol 

HCOH HC-
O 

HOCH 

HC-

+ HOCH O 
O 

HC-

CH2OH 
1,4-Anhydroxylitol 

1 CH2-
1,4:2,5-Dianhydroxylitol 

1,4-Anhydro-D-mannitol, prepared by Bouchardat (63) by heating 
D-mannitol under pressure with hydrochloric acid, was the first authentic 
anhydro alditol to be described. Subsequently, acid-catalyzed dehydration 
was employed to prepare the 1,4-anhydro derivative of D-glucitol (64). 
Application of more drastic conditions of acid-catalyzed dehydration to 
D-mannitol, D-glucitol, and, also, L-iditol (65) leads to the 1,4:3,6-dian-
hydro compounds ("isohexides") containing two fused, m-oriented hydro-
furan rings (p. 386). The yield (35-40%) from D-mannitol and hydrochloric 
acid is lower than from the other two hexitols and the presence in the product 
of at least three additional dianhydrohexitols has been reported (66). One 
of these is l,5:3,6-dianhydro-D-mannitol ("neomannide"). Some substitu-
tion of secondary hydroxyl groups by chlorine also occurs in the reaction. 

The formation of 1,4:3,6-dianhydrohexitols in the galactitol, allitol, and 
altritol (talitol) series may be predicted to take place much less readily, if 
at all, since the second ring closure necessarily would involve hydroxyl 
groups on opposite sides of the initial hydrofuran ring (see formula, p. 386). 

Since the involvement of a secondary hydroxyl group of an alditol in 
anhydro ring formation could lead to inversion of the asymmetric carbon, 
the configurations of such anhydro products must be established by inde-

60. A. Henninger, Ann. chim. phys. [6] 7, 224 (1886); P. Carré, ibid. [8] 6, 345 
(1905). 

61. H. Klosterman and F. Smith, J. Am. Chem. Soc. 74, 5336 (1952). 
62. J. F. Carson and W. D. Maclay, J. Am. Chem. Soc. 67, 1808 (1945) ; F. Grandel, 

U. S. Patent 2,375,915 (1945). 
68. G. Bouchardat, Ann. chim. phys. [5] 6, 100 (1875). 
64. S. Soltzberg, R. M. Goepp, Jr., and W. Freudenberg, / . Am. Chem. Soc. 68, 

919 (1946). 
65. A. Fauconnier, Bull. soc. chim. France [2] 41, 119 (1884); R. Montgomery and 

L. F. Wiggins, J. Chem. Soc. p. 390 (1946); H. G. Fletcher, Jr., and R. M. Goepp, Jr., 
J. Am. Chem. Soc. 68, 939 (1946). 

66. R. Montgomery and L. F. Wiggins, J. Chem. Soc. p. 2204 (1948). 
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CHoOH 
I 

HOCH 
I 

HOCH 
I 

HCOH 
HCOH 

I 
CH2OH 

D-Mannitol 

T2~\ 
HOCH I 

I 0 
HOCH 

n e -
I 

HCOH 
CHoOH 

1,4-Anhydro-D-mannitol 

HOCH I 

I CH 

o i 
I HCOH 

I 
1 CH2 

1,4:3,6-Dianhydro-D-mannitol 

1,4-Anhydro-D-galactitol 

pendent means (33b). For example, the 1,4-anhydrohexitol ("arlitan") 
formed by the acid-catalyzed dehydration of D-glucitol could conceivably 
have the galactitol configuration due to inversion on carbon 4. However, 
methylation of the anhydro alditol (I) gave the same product (II) as that 
obtained by reduction, followed by anhydro ring closure, of 2,3,5,6-tetra-
O-methyl-D-glucofuranose (III) (64). Moreover, the anhydro alditol was 
found not to be the enantiomorph of synthetic 1,4-anhydro-L-galactitol, 
and thus it must have the D-glucitol configuration (67). 

CH2—i 

HCOH 

I 

HOCH 

HC— 

CH2 

HCOCH3 

O O 
(CH»)aSQ4 

NaOH 
CH3OCH 

I 
HC— 

H2 

I 
CHOH 

HCOCH3 Λ 
I 

CH30CH 
I 

HC 

HCOH 

CH2OH 

(I) 

HCOCH3 
I 

CH2OCH3 

(ID 

HCOCH3 
I 

CH2OCH3 
(HI) 

When the primary hydroxyl groups of mannitol are blocked, as in 
1,6-di-O-benzoyl-D-mannitol, acid-catalyzed dehydration gives several 

67. R. C. Hockett, M. Conley, M. Yusem, and R. I. Mason, J. Am. Chem. Soc. 
68, 922 (1946). 
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anhydro products, including 1,6-di-0-benzoyl-2,5-anhydro-D-glucitol 
through inversion at carbon 2 (68). 

The sugar osazones are particularly prone to acid-catalyzed dehydration, 
and form monoanhydro derivatives when their alcoholic solutions are 
boiled with a trace of acid (69). (See also Chapter VIII.) With the hexose 
phenylosazones, there is produced a mixture of the epimeric 3,6-anhydro-
hexose phenylosazones resulting from dehydration with and without 

CH=NNHC e H 5 CH=NNHC 6 H 5 CH=NNHC 6 H 6 

C=NNHC e H 6 

HOCH 

HCOH 

I 
HCOH 

CH2OH 
(IV) 

H+ 

C=NNHC e H 5 

I 
HC 

HCOH 
+ 

O o 
HCOH 

CH2—' 

C=NNHC 6 H 6 

I 

—CH 

HCOH 

HCOH 
-CH2 

(V) (VI) 

inversion at carbon 3 (70). Thus, D-ara&o-hexose phenylosazone (D-glucosa-
zone (IV)) gives a mixture of 3,6-anhydro-D-ri6o- (V) and 3,6-anhydro-
D-ara&o-hexose phenylosazone (VI). 

The sugar benzimidazoles (VII), obtained from the condensation of 
aldonic acids with o-phenylenediamine, also readily undergo acid-catalyzed 

^ ^ X T * 

-NH 

HCOH 

ZnCl», HCj 

180° 

HOCH 

HCOH 
I 

H C — 

HOCH 
I 

HCOH 

CH2OH 

(VII) 

CH, 

(VIII) 

■J 

dehydration to the corresponding hydrofuran anhydro derivatives (VIII) 
(71). 

68. P. Brigl and H. Grüner, Ber. 66, 1945 (1933); 67, 1582 (1934); R. C. Hockett, 
M. Zief, and R. M. Goepp, Jr., J. Am. Chem. Soc. 68, 935 (1946). 

69. O. Diehls and R. Meyer, Ann. 519, 157 (1935). 
70. E. Hardegger andE. Schreier, Helv. Chim. Ada 35, 232, 993 (1952) ; E. Schreier, 

G. Stöhr, and E. Hardegger, ibid. 37, 35, 574 (1954) ; see also L. Mester and A. Major, 
J. Am. Chem. Soc. 77, 4305 (1955). 

71. C. F. Huebner, R. Lohmar, R. J. Dimler, S. Moore, and K. P. Link, J. Biol. 
Chem. 159, 503 (1945). 
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B. REACTIONS OF ANHYDRO SUGARS 

a. Effect of the Hydrofuran Anhydro Ring on Sugar Reactivities 

Introduction of the planar hydrofuran anhydro ring into a sugar structure 
may result in elements of strain that have a profound effect on the reactivi-
ties of the sugar lactol ring. Haworth, Owen, and Smith (72) concluded 
that the anhydro ring assumes the character of the principal ring while 
the pyranose or furanose lactol rings play a subsidiary role. 

The methyl D-glucopyranosides are considerably more stable to acid 
hydrolysis than are the methyl D-glucofuranosides. With the methyl 
3,6-anhydro-D-glucosides, however, this order of stability is reversed. 
Moreover, when the anhydropyranoside is treated with methanolic hy-
drogen chloride, a smooth conversion to the more stable anhydrofuranoside 
occurs. This conversion does not require the presence of methanol since it 
is accomplished also with ethereal hydrogen chloride. Methyl 3,6-anhydro-
α-D-glucopyranoside also is converted to the corresponding a-furanoside 
by dilute aqueous sulfuric acid under conditions that are sufficiently mild 
to preclude any substantial hydrolysis of the glycoside. Thus, the methoxyl 
group remains attached to carbon 1 throughout the isomerization, which 
presumably is effected by interaction of the proton and the oxygen of the 
sugar lactol ring (33a). 

HO 

OH 
Methyl 3,6-anhydro-a· 

D-glucopyranoside 

OH H 

0 H/Ç°CH3 

H OH 
Methyl 3,6-anhydro-a-

D-glucofuranoside 

Treatment of methyl 3,6-anhydro-ß-D-galactopyranoside with meth-
anolic hydrogen chloride does not result in isomerization to the anhydro-

72. W. N. Haworth, L. N. Owen, and F. Smith, J. Chem. Soc. p. 88 (1941). 
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furanoside due to the juxtaposition of the anhydro ring and the hydroxyl 
group at carbon 4; instead, the strainless 3,6-anhydro-D-galactose dimethyl 

OCH, 

CH3OH J \ p H / ^OCH3 

Methyl 3,6-anhydro-0- 3,6-Anhydro-D-galactose 
D-galactopyranoside dimethyl acetal 

acetal is formed (73). The anhydropyranoside is hydrolyzed very readily 
by aqueous acids. 

The methyl 3,6-anhydroaldohexopyranosides (II) cannot be formed by 
the application of glycosidation conditions to the parent 3,6-anhydro 
sugars, the furanosides being formed exclusively. They can be prepared, 
however, by introducing the 3,6-anhydro ring through standard procedures 
into the normal methyl aldohexopyranoside structures (I). 

An extreme case of glycoside lability, promoted by the presence of the 
hydrofuran anhydro ring, is found in methyl or ethyl 2,5-anhydro-L-arabo-
furanoside (74). These glycosides hydrolyze to aldehydo-2,5-anhydro-
L-arabinose when dissolved in distilled water at room temperature. 

The reactivities shown by the hydrofuran anhydro glycosides lead to the 

78. W. N. Haworth, J. Jackson, and F. Smith, J. Chem. Soc. p. 620 (1940). 
74. M. Cifonelli, J. A. Cifonelli, R. Montgomery, and F. Smith, J. Am. Chem. Soc. 

77, 121 (1955). 
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conclusion that the unsubstituted hydrofuran anhydro sugars exist in 
solution only as the furanose and/or aldehydo modifications. 

The presence of the hydrofuran ring also may alter drastically the stabil-
ity of acetal substituents. For example, the benzylidene acetal moiety, 
normally stable to alkali, is removed from 3,5-0-benzylidene-6-chloro-
6-deoxy-l,4-anhydro-D-glucitol when the compound is heated in alkaline 
or neutral solution {75). Similarly, l,4:3,6-dianhydro-2,5-0-methylene-
D-mannitol loses its méthylène group upon heating in aqueous solution 
(76). 

b. Ring Scission 

The epoxy anhydro sugars are in general the most reactive, and their 
anhydro ring can be opened readily with a variety of reagents. 

The epoxide ring, as noted previously in this chapter and Chapter III , 
is readily formed through the displacement of a suitable ester function by 
a neighboring trans hydroxyl group under the influence of sodium methoxide 
in methanol solution. If the conditions of treatment with the alkali are made 
somewhat more strenuous, the epoxide ring is attacked in turn by the meth-
oxide ion. Nucleophilic displacement occurs with ring opening and, since 
either carbon of the anhydro ring may be attacked, a mixture of mono-
methyl ethers normally results. Configurational inversion occurs on the 
carbon accepting the methoxyl group, and the two possible products each 
have a trans disposition of the hydroxyl and methoxyl functions. Compared 
to the configuration of the original ester from which the anhydro sugar was 
prepared, that of the two products is, respectively, identical and doubly in-

R R R R 

OCHr HCOTs O C H . Λ . Ο Η \ - HCOCKL HOCH 
r\ 3 > ° C i OCH, * i 3 + i 

HOCH CH / 3 HOCH HCOCH, 
i r—- i i 3 

R' R' R' R' 
verted. The product with a configuration identical to that of the ester now 
has a methoxyl group replacing the original ester function, whereas the 
product of doubly inverted configuration now has methoxyl replacing the 
hydroxyl of the starting ester. 

The epoxide ring also may be opened hydrolytically, through the action 
of either alkali or acid in aqueous solution. The configurational course of 
the hydrolytic scission is the same as that depicted above with sodium 
methoxide. Thus, 3,4-anhydro-l,2-0-isopropylidene-D-psicose is hydro-
lyzed by aqueous sodium hydroxide to a mixture of products containing 

76. R. Montgomery and L. F. Wiggins, J. Chem. Soc. p. 237 (1948). 
76. S. B. Baker, Can. J. Chem. 31, 821 (1953). 
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1,2-0-isopropylidene-D-fructose (77). With aqueous sulfuric acid, methyl 
3,4-anhydro-ß-D-galactoside (see formulas) gives a mixture of D-glucose 
and D-gulose (78). If aqueous halogen acids are employed, however, sub-
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HCOH 
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HCOH 

HCOH 

I 
HOCH 

I 
HCOH 

I 
CH20H 
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stitution by halogen accompanies ring scission and a mixture of halodeoxy 
sugars results (79). 

The action of ammonia or amines on the epoxy sugars results in ring 
opening with the formation of aminodeoxy sugars or their derivatives. An 
interesting example is found in the conversion of D-xylose to 3-amino-
3-deoxy-D-ribose, a structural component of the antibiotic puromycin (80). 
The transformation (see formulas on p. 392) is remarkable in that deriva-
tives of all four D-aldopentoses are involved. 

Other reagents that open the epoxide ring with substitution, to give the 
useful derivatives indicated in parentheses, include phenols (phenyl ethers) 
(81), carboxylic acids (esters) (82), hydrogen sulfide in the presence of 
barium hydroxide (thiols) (82), sodium methyl mercaptide (methyl thio-
ethers) (83), dipotassium hydrogen phosphate or dibenzylphosphoric acid 
(phosphate esters) (84), alkyl or aryl magnesium halides (halodeoxysugars) 

77. H. Ohle and L. von Vargha, Ber. 62, 2435 (1929). 
78. A. Müller, Ber. 68, 1094 (1935). 
79. A. Müller, Ber. 67, 421 (1934). 
80. B. R. Baker, R. E. Schaub, J. P. Joseph, and J. H. Williams, J. Am. Chem. 

Soc. 76, 4044 (1954). 
8Î. H. Ohle, E. Euler, and R. Voullième, Ber. 71, 2250 (1938). 
82. H. Ohle and W. Mertens, Ber. 68, 2176 (1935). 
88. R. Jeanloz* D. A. Prins, and T. Reichstein, Experientia 1, 336 (1945), Helv. 

Chim. Ada 29, 371 (1946). 
84- O. Bailly, Ann. Chim. 6, 96 (1916); G. P. Lampson and H. A. Lardy, J. Biol. 

Chem. 181, 693 (1949); W. E. Harvey, J. J. Michalski, and A. R. Todd, J. Chem. Soc. 
p. 2271 (1951). 
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CHOCH3 

HCOMs 

I 

HOCH 

HC 

CHOCH3 

CH 

O OH- o 
O 

CH 

HC — 

NH» 

CH2OH 
Methyl 2-O-mesyl-
D-xylofuranoside 

CH2OH 
Methyl 2,3-anhydro-

D -lyxof uranoside 

I 
CHOCH3 

HOCH 

HCNH2 

HC 

O 
acetylation 
mesylation 

1 ^ 

CHOCH3 

MsOCH 

HCNHAc 

HC 

O 
NaOAc 

CH2OH 
Methyl 3-ami no-3-de -

oxy-D -arabinof uranoside 

CH2OMs 

CHOCH3 

HC—O 
\ 

HCN 

I 
HC-

/ 
CCH3 

o 

CH2OAC 

CHOCH3 

HCOH 

HCNHAc 

HC 

O 

CH2OAc 

CHO 

I 
HCOH 

» I 

HCNH2 

HCOH 

I 
CH2OH 

3-Amino-
3-deoxy-
D-ribose 

(85), and dialkyl or diaryl magnesium (C-alkyl or C-aryl derivatives) 
(«0. 

85. L. F. Wiggins and D. J. C. Wood, J. Chem. Soc. p. 1566 (1950); F. H. Newth, 
G. N. Richards, and L. F. Wiggins, ibid. p. 2356 (1950); G. N. Richards and L. F. 
Wiggins, ibid. p. 2442 (1953). 

86. A. B. Foster, W. G. Overend, M. Stacey, and G. Vaughn, J. Chem. Soc. p. 
3308 (1953); G. N. Richards, J. Chem. Soc. p. 2013 (1955). 
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Reductive scission of the epoxide ring to produce deoxysugars may be 
accomplished by catalytic hydrogénation or with lithium aluminum 
hydride (87): 

HCOCH3 

HCOH 
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I 
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O Ni, H 2 , 
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When the epoxide ring occupies a terminal position in the sugar chain, 
ring opening occurs almost exclusively through scission of the primary 
carbon-to-oxygen bond to give products with the same configuration as 
the anhydro sugar. For example, 5,6-anhydro-l,2-0-isopropylidene-D-glu-
cofuranose (see formulas) provides only derivatives of D-glucose when the 
epoxide ring is opened by intermolecular reaction with a wide variety of 
nucleophilic reagents (77, 81, 82). No satisfactory generalization has been 
developed that predicts the preponderant direction of ring opening for an 
epoxy function that occupies a nonterminal position. The ratio of the 
yields of the two possible isomers that are formed in such ring openings 

87. K. Freudenberg, H. Eich, C. Knoevenagel, and W. Westphal, Ber. 73, 441 
(1940); T. Posternak, Helv. Chim. Ada 27, 457 (1944); E. Vischer and T. Reichstein, 
ibid. 27, 1332 (1944) ; D. A. Prins, ibid. 29, 1 (1946); J. Am. Chem. Soc. 70, 3955 (1948). 
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glucofuranose 

may be quite different under only slight variations in the scission reaction. 
For example, the action of methyl and ethyl magnesium halides, respec-
tively, give very different ratios of the two alternative halodeoxy products 
(85). 

Although ring opening of an epoxy function on two asymmetric carbons 
normally involves configurational inversion, an apparent exception is 
found in the treatment of methyl 2-0-acetyl-3,4-anhydro-6-0-trityl-a-D-ga-
lactopyranoside in acetone solution with hydrogen chloride (88). D-Galac-
tose and D-gulose, but no D-glucose, are found in the product after deacetyl-
ation and hydrolysis (see formulas). The D-galactose presumably arises 
through an intermediate acetonated derivative (89). Whether or not this 

(CH3)2C-OH 
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H H 

(CH3)2ÇOH 

.0+ 

H H 

H3CX /CH 3 

C 

Y 

H,CX JM, 

+ H+ 

H H H H 

reaction is a general one for the eis opening of epoxide rings remains to be 
established. 

Most reagents that readily open the epoxide ring are without effect on 
the much more stable hydrofuran anhydro ring. The latter may be opened, 
however, by acetolysis under vigorous conditions (90). Halogen acids or 

88. J. W. H. Oldham and G. J. Robertson, J. Chem. Soc. p. 685 (1935). 
89. V. Y. Labaton and F. H. Newth, J. Chem. Soc. p. 992 (1953). 
90. T. L. Cottrell and E. G. V. Percival, J. Chem. Soc. p. 749 (1942). 
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phosphorus tribromide also open the hydrofuran ring, producing halodeoxy 
derivatives (91). In analogy to the ready loss of a 2-O-methyl group during 
osazone formation, 2,5-anhydro-L-arabinose gives L-arabinose phenyl-
osazone when treated with phenylhydrazine (74). 

c. Oxidation and Reduction Products of Anhydro Alditols 

Oxidation of either polygalitol or styracitol with hydrogen peroxide and 
ferrous sulfate leads to a product, presumably D-ara&o-hexopyranosone, 
from which D-glucose phenylosazone results on treatment with phenyl-
hydrazine. With hypobromite, however, oxidation apparently leads to 
l,5-anhydro-D-en/£Aro-2,3-hexosone since subsequent treatment with 
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91. R. Montgomery and L. F. Wiggins, J. Chem. Soc. p. 237, 2204 (1948); W. G. 
Overend, R. Montgomery, and L. F. Wiggins, ibid. p. 2201 (1948). 
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phenylhydrazine yields the same anhydro osazone as that obtainable di-
rectly from 2-hydroxy-D-glucal (p. 403) {92). 

Cleavage of glycol groups in the anhydro alditols by lead tetraacetate 
proceeds normally. The all trans ring glycol array in polygalitol is oxidized 
more slowly than is the cis-trans structure in styracitol (93). The single 
trans glycol grouping in 2,5-anhydro-D-glucitol is attacked only very 
slowly by the oxidant. 

Anhydro alditols containing pairs of vicinal hydroxyl groups may be 
converted reductively to unsaturated derivatives by heating with formic 
acid. Thus 1,4-anhydroerthritol yields si/ra-dihydrofuran {94). Similarly, 
1,4-anhydro-D-mannitol (or D-mannitol itself) provides the strongly levoro-
tatory 2-vinyl-2,5-dihydrofuran, b.p. 107-109°, [α]Ό -168° (95). The 
structure of the latter compound was established by catalytic hydrogénation 
to 2-ethyltetrahydrofuran. 
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d. Substitution Products of Anhydro Alditols 

The free hydroxyl groups of the anhydro alditols may be replaced by 
chlorine through treatment with phosphorus pentachloride, or thionyl 
chloride and pyridine. In this manner, 1,4:3,6-dianhydro-D-mannitol 
(ίίisomannide,,) yields an exceptionally stable dichlorodideoxy derivative 
which is unaffected by fused potassium hydroxide, phosphorus pentachlo-
ride at 125°, sodium amalgam, or zinc and dilute sulfuric acid (96). Fuming 

92. Y. Asahina, Ber. 46, 2363 (1912); M. Bergmann and L. Zervas, ibid. 64, 2032 
(1931); J. Shinoda, S. Sato, and D. Sato, ibid. 65, 1219 (1932). 

93. R. C. Hockett, M. T. Dienes, and H. E. Ramsden, J. Am. Chem. Soc. 65, 1474 
(1943). 

94. A. Henninger, Ann. chim. phys. [6] 7, 211, 217 (1886). 
95. A. Henninger, Ber. 7, 264 (1874); A. Fauconnier, Compt. rend. 100, 914 (1885); 

P. van Romburgh and J. H. N. van der Burg, Proc. Acad. Sei. Amsterdam 25, 335 
(1922); C. D. Hurd and E. M. Filachione, J. Am. Chem. Soc. 61, 1156 (1939). 

96. L. F. Wiggins, J. Chem. Soc. p. 4 (1945). 
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hydrochloric acid, however, opens the rings to form a crystalline 1,2,5,6-
tetrachlorohydrin. The chlorinated products obtained from l,4:3,6-dian-
hydro-D-mannitol are believed to have the ι,-ido configuration since the 
replacement of hydroxyl by chlorine probably occurs by nucleophilic dis-
placement with configurational inversion (96a). 

When 2,5-di-0-tosyl-l,4:3,6-dianhydro-D-mannitol is heated in acetone 
solution with sodium iodide, both tosyloxy functions are replaced by iodine. 
Similar treatment of the analogous dianhydro-D-glucitol derivative results 
in replacement of only one of the tosyloxy groups (97). When either of 
the above di-O-tosyldianhydrohexitols is treated with methanolic ammonia, 
both tosyloxy groups are replaced by amino groups. These displacements 
of the tosyloxy function by iodine or the amino group presumably occur 
with configurational inversion (96a). 2,5-Di-0-tosyl-l,4:3,6-dianhydro-L-
iditol and methanolic ammonia yield a 2,5-imino-l ,4:3,6-dianhydrohexitol 
(98). From steric considerations, the latter is presumed to have the D-man-
nitol configuration. 

With a cold mixture of nitric and sulfuric acids, styracitol gives a crystal-
line, explosive tetranitrate (99). With the same reagent, 1,4:3,6-dianhydro-
D-glucitol and 1,4:3,6-dianhydro-D-mannitol give crystalline dinitrates, 
whereas 1,4-anhydro-D-glucitol and 1,4-anhydro-D-mannitol yield sirupy 
products. These anhydride nitrates show depressor action, similar to that 
of glycerol trinitrate and D-mannitol hexanitrate (100). 

Partial esterification of the hexitol anhydrides with long-chain fatty 
acids provides products of considerable industrial importance (101). In 
early work, Bloor (102) treated D-mannitol with lauric and stearic acids 
in concentrated sulfuric acid at 38°. Among the crystalline products iso-
lated were monoanhydro- and dianhydro-D-mannitol dilaurates and 
distearates. In modern industrial practice, D-mannitol or D-glucitol is 
heated with one or more equivalents of the fatty acids derived from hard 
fats, drying oils, or semidrying oils. Acid or alkaline catalysts are used, 
with vigorous agitation and, usually, a current of carbon dioxide. Little is 
known about the actual composition of the resulting esterification products 
except that they are mixtures of esterified hexitol anhydrides. Their use-

96a. A. C. Cope and T. Y. Shen, J. Am. Chem. Soc, 78, 3177 (1956). 
97. R. C. Hockett, H. G. Fletcher, Jr., E. L. Sheffield, R. M. Goepp, Jr., and S. 

Soltzberg, J. Am. Chem. Soc. 68, 930 (1946). 
98. R. Montgomery and L. F. Wiggins, J. Chem. Soc. p. 393 (1946) ; V. G. Bashford 

and L. F. Wiggins, ibid. p. 371 (1950). 
99. Y. Asahina, Arch. Pharm. 247, 157 (1909). 
100. For a review of the biochemistry of the alditols and their derivatives, see 

C. J. Carr and J. C. Krantz, Jr., Advances in Carbohydrate Chem. 1, 175 (1945). 
101. See H. A. Goldsmith, Chem. Revs. 33, 257 (1943). 
102. W. R. Bloor, J. Biol. Chem. 7, 427 (1910); 11, 141, 429 (1912). 
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fulness apparently depends in part on their mixed character, since the 
relatively pure ester synthesized from 1,4-anhydro-D-glucitol and one 
equivalent of lauroyl chloride is much inferior in solubility characteristics 
and emulsifying power to the technical product from D-glucitol and com-
mercial lauric acid (containing minor amounts of Cio, Ci4 , and Ci6 acids) 
and shows somewhat less than the required hydroxyl content for a mono-
anhydrohexitol monoester. 

The partial esters have valuable surface-active properties (103), and 
their comparatively bland taste and practical freedom from toxicity (100) 
gives them a wide field of usefulness as emulsifiers or solubilizing and blend-
ing agents. Esters with the approximate compositions of D-glucitan mono-
laurate, palmitate, stéarate, and oleate carry the trade names Span 20, 40, 
60, and 80, respectively. These products are dispersible, but not soluble, 
in water. An equally useful series of water-soluble, surface-active products, 
the Tweens, are obtained from the Spans by reaction with ethylene oxide 
to give polyglycol ethers. From ten to thirty moles of ethylene oxide per 
mole of fatty acid are required to give satisfactory water solubility, depend-
ing on the chain length of the acid. Since the water solubility is conferred 
by the accumulation of neutral nonionic oxyethylene groups, —OC2H4— 
OC2H4—OC2H4OH, the products are not electrolytes in the ordinary sense, 
like the anionic or cationic soaps, and do not lose their effectiveness in 
solutions containing strong electrolytes. 

Synthetic drying oils from D-glucitol and D-mannitol, and drying oil 
acids have been described (104). Dianhydrohexitols completely esterified 
with saturated, medium-length fatty acids are useful as plasticizers (105). 
Analogous esterification products have been obtained from the reaction of 
hexitols with rosin drying oil acids, phthalic anhydride, and succinic and 
citric acids. The diacrylate and dimethacrylate esters of the dianhydro-
hexitols polymerize readily on being heated (106). 

The methyl, ethyl, and butyl ethers of the monoanhydro and dianhydro 
hexitols may be used as plasticizers (107). The diallyl and dimethallyl 
ethers of 1,4:3,6-dianhydro-D-glucitol slowly polymerize when in contact 
with oxygen (108). 

108. First recognized, for products from D-mannitol, by G. Izar and P. Ferro, 
Biochem. Z. 59, 234 (1914). 

104. A. A. Blagonravova and A. Y. Drinberg, J. Appl. Chem. (U.S.S.R.) 11, 1642 
(1938); J. D. Brandner, R. H. Hunter, M. D. Brewster, and R. E. Bonner, Ind. Eng. 
Chem. 37, 809 (1945). 

WS. R. M. Goepp, Jr., U. S. Patent 2,394,439 (1946). 
106. H. Gregory, W. N. Haworth, and L. F. Wiggins, / . Chem. Soc. p. 488 (1946); 

British Patent 586,141 (1947). 
107. K. R. Brown, U. S. Patent 2,420,519 (1947). 
108. H. Gregory and L. F. Wiggins, J. Chem. Soc. p. 1405 (1947). 
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3. UNSATURATED DERIVATIVES 

Unsaturated sugar derivatives, containing ethylenic double bonds, in-
clude the glycals, glycoseens, and alditoleens. The glycal structure results 
from the formal removal of two adjacent hydroxyl groups, one of which is 
the hemiacetal hydroxyl, from the lactol form of the sugar. The glycoseens 
are derived from the sugar lactol structure by the formal removal of a 
molecule of water from adjacent carbon atoms, or by abstraction of two 
neighboring hydroxyls which do not include the hemiacetal hydroxyl. The 
alditoleens result from the formal removal of two adjacent hydroxyls from 
the alditol structure. With the exception of the glycals, which frequently 
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crystallize with ease, most of the unsaturated sugars are known only in 
the form of derivatives. 

Products of still higher degrees of dehydration are the furan derivatives 
that result from the action of mineral acids on the reducing sugars (p. 57). 
Under alkaline conditions, enediols are in equilibrium with reducing sugars. 
Among natural products, ascorbic acid represents a sugar derivative con-
taining a stable enediol system. 

A. GLYCALS (109) 

The glycals, first reported by Fischer and Zach, were extensively investi-
gated by Bergmann and Schotte. They are important intermediates for 
the interconversion of epimeric sugars and for the preparation of 2-deoxy-
aldoses (Chapter II). 

The acetylated glycals result from the reductive removal of halogen and 
the neighboring acetate group from the acetylated glycosyl halides through 

109. For a review of the chemistry of the glycals, see B. Helferich, Advances in 
Carbohydrate Chem. 7, 210 (1952). 
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the action of zinc and acetic acid. The reaction is catalyzed by platinic 
chloride (110) or copper salts (111), Deacetylation with methanolic am-
monia, alcoholic alkali, or sodium alkoxides then gives the free glycals. 

HCOAc O 

I I 
AcOCH 

i I 
Tetra-O-acetyl-

D-glucopyranosyl 
bromide 

The class name of the glycals was originated by Fischer in consequence 
of the aldehyde reactions shown by the initial, crude preparations. The 
actual structure of D-glucal soon was established, however, by the follow-
ing evidence (112): The pure substance is nonreducing toward Fehling so-
lution. I t readily decolorizes alkaline permanganate and adds bromine or 
chlorine to form saturated dihalides. Catalytic hydrogénation leads to 
dihydro-D-glucal (1, 5-anhydro-2-deoxy-D-ara&o-hexitol). Oxidation of 
D-glucal triacetate with ozone leads to a mixture of D-arabinose triacetate 
and D-arabonic acid triacetate. 

Hydroxylation of the double bond of a glycal or its derivatives with 
perbenzoic acid yields mixtures of the two epimeric sugars related to the 
glycal. Thus, D-glucal provides D-glucose and D-mannose. The steric course 
of the reaction may be largely controlled by the choice of starting material 
and reaction conditions. For example, D-glucal and perbenzoic acid in 
aqueous ethyl acetate produce mainly D-mannose (118), whereas 
3-O-methyl-D-glucal under comparable conditions yields predominantly 
3-O-methyl-D-glucose (114). The hydroxylation also may be accomplished, 
although in lower yields, with hydrogen peroxide and osmium tetroxide in 
i-butanol solution (115). With these latter reagents, the D-glucose con-
figuration is formed preferentially from D-glucal and its triacetate. 

Addition of the elements of water to the double bond of the glycals, by 
treatment with dilute sulfuric acid at low temperature, yields 2-deoxy-

110. R. E. Deriaz, W. G. Overend, M. Stacey, E. G. Teece, and L. F. Wiggins, J. 
Chem. Soc. p. 1879 (1949). 

111. B. Iselin and T. Reichstein, Helv. Chim. Ada 27, 1146, 1200 (1944). 
lie. E. Fischer, Ber. 47, 196 (1914); E. Fischer, M. Bergmann, and H. Schotte, 

ibid. 63, 509 (1920). 
118. M. Bergmann and H. Schotte, Ber. 54, 440 (1921). 
114. P. A. Levene and A. L. Raymond, J. Biol. Chem. 88, 513 (1930). 
116. R. C. Hockett, A. C. Sapp, and S. R. Millman, J. Am. Chem. Soc. 63, 2051 

(1941). 
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aldoses (Chapter II) . Alternatively, alcohols may be added to the double 
bond, under the influence of dry hydrogen chloride, to provide the alkyl 
2-deoxyglycosides (116). 

Hydrogen halides add readily to the glycals (112), with the halogen 
attaching at carbon 1 to yield the corresponding 2-deoxyglycosyl halides 
(117). The addition of chlorine or bromine to the glycal double bond gives 
mixtures of very reactive stereoisomeric dihalides. The halogen group at 
carbon 1 is readily replaced by hydroxyl, alkoxyl, or acetoxyl, and the 
halogen at carbon 2 then can be reductively removed to provide derivatives 
of 2-deoxyaldoses. The dihalides (I), on treatment with lead oxide, lose 
their halogen and disproportionate to 2-deoxyglyconic acids (II) (118). 
The latter have been called "orthosaccharinic acids" since they are isomeric 

CHC1 

I o 
CHCl 

I 
(I) 

PbO 
CHOH 

O 
CHCl 

COOH 

I 
CH2 

I 
(II) 

with the saccharinic acids obtained by the action of alkali on reducing sug-
ars (p. 66). 

I t is noteworthy that the 2-halo-2-deoxyaldoses, obtainable from the 
glycal dihalides by treatment with moist silver oxide, yield the normal 
osazones with phenylhydrazine (112). This elimination of halogen at car-
bon 2 by phenylhydrazine is reminiscent of the similar elimination of 
methoxyl (p. 458) and of the hydrofuran anhydro ring (p. 395). 

The glycals condense with phenanthraquinone, under the influence of 
light, to give substituted dioxene derivatives (119). Ozonization of the 
product thus obtained from D-glucal, followed by hydrolysis of the result-
ing cyclic diester of diphenic acid, gives D-glucose in high yield. 

D-Glucose 
*> + 

Diphenic acid 

D-Glucal Phenanthraquinone 

The glycals undergo intramolecular rearrangement with extreme ease. 
The heating of an aqueous solution of tri-O-acetyl-D-glucal causes the mi-

116. W. G. Overend, F. Shafizadeh, and M. Stacey, / . Chem. Soc. p. 992 (1951). 
117. J. Davoll and B. Lythgoe, J. Chem. Soc. p. 2526 (1949). 
118. S. N. Danilov and A. M. Gakhokidze, J. Gen. Chem. U.S.S.R. 6, 704 (1936). 
119. B. Helferich and E. von Gross, Chem. Ber. 85, 531 (1952); B. Helferich, E. N. 

Mulcahy, and H. Ziegler, ibid. 87, 233 (1954). 
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gration of the double bond to the 2,3-position, with accompanying loss of 
the acetate group at carbon 3 {120). The product, di-O-acetyl-D-pseudo-
glucal, on deacetylation with dilute barium hydroxide undergoes further 
rearrangment to a mixture of D-isoglucal and D-protoglucal (121). The 
latter substance retains asymmetry only at carbon 5 and, consequently, is 
obtained also from D-galactal (122). The products of glycal preparation 
and rearrangement from D-mannose are identical with those from D-glucose. 
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The evidence for the structures of D-pseudo-, D-iso-, and D-protoglucal 
has been reviewed by Helferich (109). 

B. GLYCOSEENS AND ALDITOLEENS 

The 1,2-glycoseens (123) (2-hydroxyglycals) are prepared (124) by 
warming the acetylated, benzoylated, or methylated (125) glycosyl halides 
in an inert solvent with a secondary amine, usually diethylamine, or other 
bases. The elements of hydrogen bromide, thus, are eliminated between 
carbons 1 and 2 with the formation of the substituted 1,2-glycoseen. The 
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120. M. Bergmann and W. Freudenberg, Ber. 64, 158 (1931). 
121. M. Bergmann, L. Zervas, and J. Engler, Ann. 508, 25 (1934). 
122. H. Lohaus and O. Widmaier, Ann. 520, 301 (1935). 
123. For a review of the 1,2-glycoseens, see M. G. Blair, Advances in Carbohydrate 

Chew,.*, 97 (1954). 
m. K. Maurer, Ber. 62, 332 (1929) ; K. Maurer and W. Petsch, ibid. 66, 995 (1933). 
125. M. L. Wolfrom and D. R. Husted, J. Am. Chem. Soc. 59, 2559 (1937); M. L. 

Wolfrom, E. G. Wallace, and E. A. Metcalf, ibid. 64, 265 (1942). 
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CH2OH CH2OH 

enol keto 

1,2-D-Glucoseen 

free 1,2-glycoseens probably form an equilibrium mixture of the enol and 
keto modifications. However, only derivatives of the enol form have been 
prepared in a pure state. Deacetylation of 1,2-D-glucoseen tetraacetate 
leads to an amorphous product which cannot be converted to the original, 
crystalline tetraacetate by reacetylation. Cautious deacetylation of the 
tetraacetate, followed by treatment with phenylhydrazine, leads to an 
osazone that is presumably derived from the keto modification. This osazone 
is identical with that obtained from 1,5-anhydro-D-glucitol (polygalitol) 
or 1,5-anhydro-D-mannitol (styracitol) by oxidation with hypobromite and 
subsequent treatment with phenylhydrazine (p. 395). 

The structure of 1,2-D-glucoseen tetraacetate was established by its 
catalytic hydrogénation to a mixture of polygalitol and styracitol tetra-
acetates (p. 382). The position of the double bond also was confirmed 
through isolation of D-arabonic acid triacetate after oxidation of 1,2-D-glu-
coseen tetraacetate with permanganate {124). 

Hydroxylation of the double bond of 1,2-D-glucoseen tetraacetate is 
accomplished either with perbenzoic acid {126) or, indirectly, through the 
addition of chlorine and its replacement with hydroxyl provided by moist 
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126. M. Stacey and L. M. Turton, J. Chem. Soc. p. 661 (1946). 
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ether (124). The product, a tetraacetate of D-glucosone hydrate, is con-
verted by the action of acetic anhydride in pyridine to kojic acid diacetate. 
Kojic acid, which contains no asymmetric centers, also is a product of 
microbial action on a large variety of polyhydroxy compounds (sugars, 
inulin, galactitol, glycerol, etc.). 

The substituted 5,6-hexoseens may be prepared by treatment of appro-
priate 6-bromo or 6-iodo glycoside derivatives in pyridine or acetonitrile 
solution with silver fluoride or sulfate or, alternatively, with sodium meth-
oxide in methanol solution (127). When the sugar lactol ring is labilized in 
these compounds by removal of the protecting groups, isomerization to the 
keto isomer occurs (128). 

II II I 
—c— o —c— o —c— 
HC ' A g F > C ' ^—> C = 0 

I II I 
H2CI CH2 CH3 
6-Deoxy-6- 5,6-Hexoseen "1,5-Dicarbonyl-
iodohexose 6-deoxyhexose" 

Treatment of l,2:3,5-di-0-isopropylidene-6-0-tosyl-D-glucofuranose with 
ammonia or sodium methoxide also leads to the unsaturated derivative, 
1,2:3,5-di-0-isopropylidene-5,6-D-glucofuranoseen (129). 

A glycoseen containing a nonterminal double bond is obtained when 
l,2:5,6-di-0-isopropylidene-3-0-tosyl-D-glucofuranose is heated with hy-
drazine (180). Partial replacement of the tosyloxy function by hydrazine 
occurs and a by-product is the acetonated 3,4-glucoseen. The position of 
the double bond was established through identification of the products of 
ozonolysis and through hydrogénation to a derivative of O-xylo-3-deoxy-
hexose (3-deoxy-D-galactose) (131). 

In the glycoseens described above, the double bond may be construed 
as having been formed by removal of the equivalent of a molecule of water 
from the normal sugar structure. Glycoseens may also result by removal 
of the equivalent of two adjacent hydroxyl groups from certain sugar 
structures. For example, l,2-0-isopropylidene-6-0-tosyl-D-glucofuranose, 
on treatment with sodium iodide in acetone solution, provides an unsatu-
rated compound, presumably 1,2-0-isopropylidene-5,6-glucofuranoseen 

127. B. Helferich and E. Himmen, Ber. 61, 1825 (1928); K. Freudenberg and K. 
Raschig, ibid. 62, 373 (1929). 

128. B. Helferich and E. Himmen, Ber. 62, 2136 (1929) ; H. Ohle and R. Deplanque, 
ibid. 66, 12 (1933). 

129. H. Ohle and L. von Vargha, Ber. 62, 2425 (1929). 
ISO. K. Freudenberg and F. Brauns, Ber. 65, 3233 (1922). 
181. F. Weygand and H. Wolz, Chem. Ber. 85, 256 (1952). 
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{132). This formation of a double bond through reaction of an appropriate 
tosyl or mesyl ester with sodium iodide has been studied more extensively 
in the alditol series. The prerequisite structure for the formation of an 
unsaturated compound is the presence, on the carbon atom adjacent to 
the tosyl or mesyl ester function, of another easily displaced ester group, 
such as tosyl or mesyl, or of a free hydroxyl group (133). Thus, tri-O-tosyl-
glycerol and tetra-O-tosylerythritol are completely detosylated by sodium 
iodide in acetone solution, with the formation of unsaturated products 
(134). A number of crystalline, substituted alditoleens have been obtained 
from D-glucitol and D-mannitol (135). 
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The addition of hypobromous acid to the double bond of the alditoleens, 
followed by treatment with acetic anhydride and sodium acetate to replace 
bromine by acetate in the resulting bromohydrin, provides a method for 
the interconversion of alditols (136). 

The unsaturated derivatives of the sugars are highly reactive and ver-
satile substances and the present status of their chemistry is an open invita-
tion to further research. 
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