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Synthesis and Properties of 2,3-An hydro-D-mannose and 3,4=Anhydro- 
D -a It rose 
By J. Grant Buchanan and David M. Clode, Department of Chemistry, Heriot-Watt University,? Edinburgh 

Treatment of benzyl 3.4,6-tr~-0-acetyl-2-O-p-tolylsulphonyl-~-~-glucopyranos~de (5) with sodium methoxide 
in methanol gave benzyl 2,3-anhydro-P-~-mannopyranoside (7) (66%) and benzyl 3,4-anhydro-p-o-altropyrano- 
side (8) (29%). Hydrogenolysis of the glycoside (7) in tetrahydrofuran over palladium-charcoal yielded crystalline 
2.3-anhydro-P-D-mannopyranose (9) which, in aqueous solution, rapidly underwent mutarotation to give an 
equilibrium mixture containing the a-pyranose (1 0) (23%). the P-pyranose (9) (7%). the a-furanose (1 2) (65%). 
and the (3-furanose (1 1 ) (5%). whose composition was determined by g.1.c.. g.1.c.-mass spectrometry, and n.m.r. 
spectroscopy; the assignment of anomeric configuration to the furanose isomers rests on conformational arguments. 
A similar mixture was obtained by hydrogenolysis of benzyl 2,3-anhydro-a-~-mannopyranoside (1 3). Hydro- 
genolysis of the glycoside (8) in methanol gave an equilibrium mixture of the a- and P-forms [(14) and (1 5)] of 
3,4-anhydro-~-altropyranose (32.5 and 67.5%. respectively). 

EH1 1HX 

THE hexokinases are key enzymes in the metabolism of 
hexoses in all mammalian ce1ls.l In some tumour cells 
there is evidence that the initial phosphorylation of 
hexose, catalysed by hexokinase, may be a rate-control- 
ling step in hexose utilisation.1-4 Because of the broad 
specificity of hexokinases it might be possible to design a 
hexose-like inhibitor effective in controlling glycolysis 
rates in tumour cells. 

There have been several examples of the irreversible 
inhibition of carbohydrate-metabolising enzymes by 
agents directed to the active site of the enzyme by virtue 
of a structural similarity to the sub~trate .~ Almond 
p-D-glucopyranosidase is irreversibly inhibited by 1 D-1,2- 

-f New address : Heriot-Watt University, Riccarton, Cume, 
Edinburgh EH14 4AS. 
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2 J. B. Shatton, H. P. Morris, and S. Weinhouse, Cancer Res., 
1969,29,1161. 

8 S. Sato, T. Matsushima, and T. Sugimura, Cancer Res., 1969, 
29, 1437. 

4 W. E. Knox, S. C. Jamdar, and P. A. Davis, Cancer Res., 
1970,30, 2240. 

6 B. R. Baker, ‘ Design of Active-Site Directed Irreversible 
Enzyme Inhibitors,’ Wiley, New York, 1967. 

6 G. Legler, Z .  physiol. Chem., 1968, 349, 767; G. Legler and 
S. N. Hasnain, ibid., 1970, 351, 26. 

7 J. E. G. Barnett, D. Mercier, and S. D. are, F.E.B.S. 
Letters, 1971, 16, 37. 

2, p. 33. 

anhydro-myo-inositol and the p-D-xylopyranosidase of 
Helix pomatia is inactivated by 1~-1,2-anhydro-myo- 
inositol.8 Triose phosphate isomerase is irreversibly 
inhibited by D-(and L-)glycidol pho~phate,~ lo and phos- 
phoglucose isomerase by certain 1,2-anhydrohexitol 
6-phosphates.ll In these examples the inhibitor re- 
sembles an intermediate in the normal enzymic reaction. 
Another group of inhibitors functions by means of a 
reactive side-chain. 2,S-Epoxypropyl p-D-glycosides of 
2-acetamido-2-deoxy-~-glucose and its oligomers are 
inhibitors of hen’s egg-white l y ~ o z y r n e , ~ ~ - ~ ~  and 2,3-epoxy- 
propyl p-D-glucopyranoside l6* l6 irreversibly inhibits 
yeast hexokinase.ls Very recently l7 similar epoxide 
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derivatives of cellobiose and cellotriose have been shown 
to inhibit cellulases. In all these cases nucleophilic 
opening of the epoxide ring occurs while the inhibitor is 
attached to the active site of the enzyme, resulting in 
covalent binding to the site. 

As part of a programme concerned with the prepara- 
tion of 2,3- and 3,4-anhydrohexoses as potential inhibitors 
of hexokinase from different tissues, we have prepared 
2,3-anhydro-~-mannose and 3,4-anhydro-~-altrose. 

Sugar epoxides in which the reducing group is present 
have not been characterised hitherto. Dekker and 
Hashizume attempted the preparation of 5,6-anhydro-~- 
glucose by cautious acidic hydrolysis of its 1,2-0-iso- 

standard methods and converted into a mixture of 
acetates (2) 26327 and (3) 26-28 by acetolysis. The reaction 
required more vigorous conditions than usual, owing, no 
doubt, to the presence of the electron-withdrawing 
sulphonate group on 0-2.B,M,B As expected, the 
a-anomer (2) preponderated. Both isomers, on treat- 
ment with hydrogen bromide in acetic acid, yielded the 
bromide (4),26-28 which was converted into the p-gluco- 
side (5) by reaction with benzyl alcohol and lead 
carbonate. The formation of the anhydro-derivatives 
(7) and (8) by treatment of the toluene-p-sulphonate (5) 
with sodium methoxide (5 equiv.) in methanol could 
be monitored conveniently by t.1.c. The initial product 

SCHEME 1 

propylidene derivative,18 but the acidic conditions 
caused hydrolysis and intramolecular opening of the 
oxiran ring to yield D-glucose and 2,5-anhydro-~-idose. 
These types of reaction were also observed during a more 
extensive study by Buchanan and Conn,19y20 who were 
nevertheless able to detect a reducing sugar intermediate, 
presumably 2,3-anhydro-~-mannose, during the acidic 
hydrolysis of methyl 2,3-anhydro-a-~-mannopyrano- 
side.20 2,3-Anhydrori bose and 2,3-anhydrolyxose have 
also been partially characterised by chromatography.2l 

In order to avoid acidic conditions during the final 
stage of the synthesis we have used benzyl glycosides, in 
the expectation that hydrogenolysis of the benzyl 
group 22*23 would occur more readily than reduction of 
the oxiran ring. The general route is shown in Scheme 1. 

The toluene-9-sulphonate (1) 24925 was prepared from 
methyl a-D-glucopyranoside by minor modifications of 
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was presumably the triol (6), which reacted more slowly 
to give the anhydromannoside (7). Epoxide migration 
then resulted in formation of the anhydroaltroside (8). 
Complete disappearance of the triol (6) was not achieved 
until an essentially equilibrium mixture of the two 
epoxides had been formed. The two epoxides (7) (65%) 
and (8) (29%) were isolated by crystallisation followed 
by chromatography. The presence of an appreciable 
quantity of each isomer was to be expected from the 
early work of Lake and Peat 31 and from recent studies 
on methyl 6-deoxy-anhydro-p-hexopyranosides by Drs. 
S. A. S. Al-Janabi and A. R. Edgar in this labor at or^.^^ 
It is interesting that in the a-series the 2,3-anhydroman- 
noside is strongly preferred.s No attempt was made to 
measure equilibrium constants in the present work. 

Hydrogenolysis of benzyl 2,3-anhydro-p-~-manno- 
pyranoside (7) in methanol over palladium-charcoal gave 
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a product that was homogeneous by t.1.c. and by paper 
chromatography. Difficulty was experienced in isolating 
the crystalline product, but when tetrahydrofuran was 
used as solvent for the hydrogenation, in order to decrease 
the rate of mutarotation,22 2,3-anhydro-p-~-manno- 
pyranose (9) could be isolated in 50% yield. The 
crystalline compound and the residual syrup after 
mutarotation had identical properties on paper chroma- 
tography and were indistinguishable from one of the 
products of acidic hydrolysis of methyl 2,3-anhydro-a-~- 
mannopyranoside.20 The structure (9) was assigned to 
the crystalline compound on the basis of the result of 
direct hydrogenolytic cleavage of the benzyl glycoside 
(7) .22 Further evidence derived from various physical 
methods applied to  the compound itself and to the pro- 
ducts of mutarotation is consistent with this conclusion. 

The equilibrium mixture was analysed by g.1.c. after 
conversion of the components into their trimethylsilyl 
(Tms) ethers.= Such a method has been used35-37 to  
study similar equilibria and depends on the rapidity of 
the trimethylsilylation reaction. An aqueous solution, 
shown by polarimetry to have reached equilibrium, was 
evaporated to dryness and converted into Tms ethers. 
Four peaks appeared on g.l.c., designated A-D in order 
of elution from the column, in the ratio 65 : 23 : 5 : 7. A 
very similar chromatogram was obtained for the products 
of mutarotation in pyridine, the ratios being 58 : 27 : 
3 : 12. The retention times, relative to  the Tms ether 
of a-D-glucose, were 0.94, 1.33, 1-48, and 2.03. When the 
crystalline 2,3-anhydromannose was subjected to tri- 
inethylsilylation and g.1.c. the product corresponded in 
retention time to component D, one of the minor products 
of equilibration. 

The compositions of equilibrating solutions of crystal- 
line 2,3-anhydro-~-mannose in pyridine after various 
times were then determined, with the results shown in 
Table 1. A notable feature was the behaviour of com- 

TABLE 1 
Mutarotation of 2,3-anhydro-P-~-niannopyranose in 

pyridine; analysis of components A-D by g.1.c. of 
Tms ethers 

Time (min.) 
r- A 

\ 

1140 and 
2 5 15 45 90 180 2580 

yo D 9 6 6  93.3 91.1 77.6 63.8 39-6 6.7 

7’0 B 2.2 2.0 2.1 4.3 7.3 13-4 33-0 
:h A 1.2 4.7 6.8 18.2 28.9 43.7 66.3 

Y J  c 3.3 6-0 

ponent A, which reached 80% of its equilibrium per- 
centage after 3 h, whereas component B had then reached 
only 40% of its final value. In mutarotations in which 

34 C. C. Sweeley, R. Bentley, M. Makita, and W. W. Wells, 
J .  Amer. Chem. SOC., 1963, 85, 2497. 

35 T. E. Acree, R. S. Shallenberger, and L. R. Mattick, Carbo- 
hydrate Res., 1968, 6,  498. 

T. E. Acree, R. S. Shallenberger, C. Y .  Lee, and J. W. Einset, 
Carbohydrate Res., 1969, 10, 355. 

37 A. H. Conner and L. Anderson, carbohydrate Res., 1972, 25, 
107. 

38 W. Pigman, in ‘ The Carbohydrates-Chemistry, Bio- 
chemistry, Physiology,’ ed. Wr. Pigman, Academic Press, New 
Sork, 1957, pp. 49-57. 
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more than two components are present in appreciable 
amounts the initial phase is concerned mainly with 
pyranose-furanose interconversion, while the later phase 
is dominated by pyranose-pyranose anomerisation 38-42 
(ref. 41 contains a particularly clear analysis of the re- 
actions involved). Component A is therefore probably 
a furanose form, (11) or (12), and it is especially interest- 
ing that it should be the major component of the equili- 
brium. 

Combined g.1.c.-mass spectrometry (g.1.c.-m.s.) has 
been used to analyse the products resulting from the 
trimethylsilylation of equilibrium mixtures of D-galactose 
and D-glUCOSe.42 We have now used it to determine the 
ring structures of the individual components A-D in the 
mixture of Tms ethers derived from 2,3-anhydro-~- 
mannose. Under conditions of g.1.c.-m.s. no separation 
of peaks B and C was observed, and the mass spectra of 
material at the beginning and at  the end of this peak 
were recorded. It was considered that material a t  the 
beginning of this peak should be B and at the end a 
mixture of B and C, but the spectrum of the latter closely 
resembled that of B and no information on the structure 
of C could be obtained from it. The spectra of com- 
ponents B and D were very similar and different from 
that of A. In  particular, the peak a t  m/e 205 had 60% 
relative abundance in the case of A, but only 10 and 5% 
for B and D, respectively. This peak can be attributed 
in A to the fragment (16) containing C-5 and C-6 formed 
by cleavage of the bond between C-5 and the furanose 
ring with charge retention on the former.42 Other frag- 
ments which could be identified as belonging to the 
pyranose form of the sugar are as follows. A fragment 
at m/e 246 can be explained by the loss of C-5,C-6 and 
ring oxygen from the pyranose molecular ion (17) to  give 
(18).& This ion had relative abundances of 20 and 8% 
for B and D, respectively, and only 3% for A. A frag- 
ment of m/e 217 may be (19), arising as shown.& The 
relative abundances for B and D were 35 and 27%, 
respectively, to be compared with 12% for A. This 
evidence derived from g.1.c.-m.s. supported the assign- 
ment of structure (9) to the crystalline 2,3-anhydro-~- 
mannose, and allows the assignment of structure (10) 
(2,3-anhydro-rx-~-mannopyranose) to the component 
whose Tms ether is responsible for peak B. The earlier 
conclusion that the major component of the equilibrium 
mixture was a furanose, (11) or (12), corresponding to 
peak A after conversion into its Tms ether, was confirmed. 

The equilibrium mixture was also examined by n.m.r. 
spectroscopy. Previous work on related 2,3-anhydro- 
pyranosides and -furanosides has shown that generally 
the coupling between H-1 and H-2 is negligible and thus 
the H-1 signal appears as a singlet. 2,3-Anhydro-p-~- 

3s W. Pigman and H. S. Isbell, A h .  Carbohydrate Chem., 1968, 
23 ,11 .  

4O S. J. Angyal, Angew. Chem. Intevnat. Edn., 1969, 8, 157. 
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1969, 91, 1728. 

43 K. Heyns and H. Scharmann, Carbohydrate Res., 1966,1,371. 
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m a n n o p y r a n o ~ i d e s , ~ ~ ~ ~  including the benzyl glycoside 
(7), show the H-1 signal as a singlet. In  the a-pyranoside 
series, on the other hand, low coupling constants in the 
region 0.66-0-74 Hz have been found for 2,3-anhydro- 
derivatives of mannose, rhamnose, and l y ~ o s e . ~ ~  The 
spectra of both anomers of ethyl 2,3-anhydro-~-lyxo- 
furanoside in chloroform solution show the H-1 signal as 
a sharp singlet.46 

The n.m.r. spectrum of an equilibrium mixture of 
2,3-anhydro-~-mannose in deuterium oxide showed 
signals a t  T 4.62 (s), 4.64 (d, Jr,2 0-5 Hz), and 4.74 (s) for 
H-1, in the ratio 67 : 25 : 8. The doublet of low coupling 
constant is probably due to H-1 in the a-pyranose (lo), 
in keeping with the percentage of this isomer derived 
from g.1.c. and g.1.c.-m.s. The H-1 signal a t  T 4.74 is 
probably due to the p-pyranose (9) and the lowest field 

$ H2. OTms 

CH2.O Tm s 

C H2eOTms 

( 1 6 )  m / e  2 0 5  

I 
+ 

6 

OTms 

(19) m / e  2 1 7  

The fact that the major component of the equilibrium 
mixture is a furanose, (11) or (12), is of great interest. 
In  related systems it has been found that 2,3-0-isopropyl- 
idene-L-rhamnose 50951 exists in the furanose form to the 
extent of 65% in aqueous solution and that D-mannose 
2,3-carbonate is almost completely in the furanose form.61 
In dimethyl sulphoxide both D-mannose 2,3-carbonate 
and D-lyxose 2,3-carbonate are in the furanose form.48 
A six-membered ring is distorted when fused to a five- 
membered ring and the pyranose ring form is therefore 
~trained.~O#50 The arrangement of two cis-l,2-fused 
five-membered rings is relatively free from steric strain,52 
resulting in a strong preference for the furanose ring in 
the sugar portion. It appears that the oxiran ring has a 
similar effect in giving a more stable arrangement when 
fused to a five-membered ring. r CH2-OTms 1 

( 1 7 )  m I e 3 7 8  L J 

6. 6C HZeOTms 

s o  4 b OTm] 

L d 

SCHEME 2 

signal ( T  4.62) to the major furanose anomer (11) or (12). 
It was not possible to confirm this by direct measure- 
ment of the n.m.r. spectrum of the crystalline isomer (9) 
in deuterium oxide because of its rapid mutarotation. 
Mutarotation is slow, however, in [2H6]dimethyl sul- 
p h o ~ i d e , ~ ~ * ~ ~ - ~  and the n.m.r. spectrum of the pure 
isomer could be observed. The low-field signal due to 
OH-1 appeared at z 3-26, showing strong coupling to H-1 
( J  7.0 Hz), in complete agreement with the P-pyranose 
s t r ~ c t u r e . ~ ~ ~ ~ ~  A drop of deuterium oxide was added to 
the solution and the isomerisation studied. The n.m.r. 
spectrum taken immediately after addition no longer 
showed the low-field signals due to OH-1, OH-4, and 
OH-6, and the signal for H-1 had collapsed to  a singlet 
a t  z 4.98. Two new signals a t  7 4-82 and 4-84 had also 
appeared, and after 1 h the new signal a t  7 4.82 was 
about the same size as the original signal a t  T 4.98. 
After 20 h the three signals a t  T 4.82, 4.84, and 4.98 were 
present in the ratio 63 : 32 : 5,  and there was no further 
change with time, thus confirming the earlier results. 

44 R. D. Guthrie, A. M. Prior, and S .  E. Creasey, J .  Chem. SOC. 

45 J. G. Buchanan, R. Fletcher, K. Parry, and W. A. Thomas, 

(6  T. Hiraoka, T. Iwashige, and I. Iwai, Chem. and Pharm. Bull. 

(C) ,  1970, 1961. 

J .  Chem. SOC. (B) ,  1969, 377. 

(Japan), 1965, 13, 286. 

J 
+ 

TmsO WC  *O 

( 1 8 )  m I e 2 4 6  

The anomeric configuration of the preferred 
In the case form remained to  be determined. 

furanose 
of 2,3-0- 

isopropylidene-L-rhamnofuranose Angyal argues that the 
P-isomer should be much less stable than the a, because 
of the presence of all the substituents cis on a five- 
membered ring.60 Similar arguments should apply in 
the present case, implying that the major component of 
the 2,3-anhydro-~-mannose equilibrium mixture is the 
a-furanose (12), and experimental verification of this by 
polarimetry was sought. 

If rt is the rotation at  time t and rw the equilibrium 
rotation, the plot of log (yt  - yW) against t is linear when 
only two components are present in the mutarotational 
equilibrium, and the mutarotation is described as 
' simple '.39 When more than two components are 
present the graph is usually non-linear and the mutarota- 
tion is ' complex '. The mutarotation of 2,3-anhydro-p- 
D-mannopyranose in water was rapid at  room tempera- 
ture and equilibrium was reached ([a]= 0") after ca. 1 h. 

47 B. Casu, M. Reggiani, G. G. Gallo, and A. Vigevani, Tetra- 
hedron Letters, 1964, 2839; 1965, 2253. 

48 A. S. Perlin, Canad. J .  Chem., 1966, 44, 539. 
49 W. Mackie and A. S .  Perlin, Canad. J .  Chem., 1966, 44, 2039. 
50 S. J. Angyal, V. A. Pickles, and R. Ahlnwalia, Carbohydrate 

51 A. S .  Perlin, Canad. J .  Chem., 1964, 42, 1365. 
52 J.  A. Mills, Adv. Carbohydrate Chem., 1955, 10, 1. 

Res., 1967, 3, 300. 
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The plot of log (rt - r,) against t gave a straight line 
indicating that only two components were present. 
This was inconsistent with the g.1.c. and n.m.r. evidence, 
which clearly showed the presence of a t  least three 
species. Extrapolation of the straight line gave [aID25 
+60° for the initial specific rotation of the crystalline 
anhydromannose (9). 

We have made approximate calculations of the specific 
rotations of the four isomers of 2,3-anhydro-~-mannose 
(9)-(12), based on the values of the compounds in 
Table 2. In  the calculation we have made the following 
assumptions: (i) that the molecular rotation, [MID, of 
a sugar differs by &-115" from that of the corresponding 
methyl glycoside; 41963-55 (ii) that the molecular rotation 
of a 6-deoxyhexopyranose is 35" less than that of the corre- 
sponding hydroxymethyl compound: 53-s5 (iii) that for the 
present purposes the asymmetry at  C-5 in the furanoses 
(11) and (12) may be ignored and that direct comparison 
with 2,3-anhydro-~-lyxose derivatives is therefore valid. 
The difference in the calculated values for the specific 
rotations of the furanose isomers (11) and (12) did not 
enable us to differentiate between them by polarimetry. 
We therefore rely on the conformational arguments 
that the preferred isomer is the a-furanose (12). If we 
make this assumption the calculated mutarotation is 
+66" ---t +5", in good agreement with observation. 
We have noted with interest that the calculated rotation 
of the p-pyranose (9) is more positive than that of the 
a-pyranose (10). This may not be significant, however, 

TABLE 2 
Calculation of rotations of 2,3-anhydro-~-mannose 

r ( 9 ~  1211 
['lD(o) 

Compound (in H,o) 
Methyl 2,3-anhydro-6-deoxy-~- u +102*7a +164 

mannop yranoside p -27.66 -44 
Methyl 2,3-anhydro-~- u +57C +91 

lyxofuranoside +67 

- 102 
p -106d -162 

2,3-Anhydro-~-mannopyranose ~ ( 1 0 )  +52f +84f 
p (9) +66f +106f 

2,3-Anhydro-~-mannof uranose a(12) -16, -24f 
p(11) -2331 -371 

a Ref. 46. b Ref. 32. E. E. Percival and R. Zobrist, J .  
dB. R. Baker, R. E. Schaub, and J. H. 

Dr. E. Percival, 
Chem. Soc., 1953, 664. 
Williams, J .  Amer. Chem. Soc., 1966, 77, 7. 
personal communication. J Calculated figure. 

because if other values are used for converting the mole- 
cular rotations of glycosides into those of free sugars, 
viz. -J= 100" 54 or -+ 105",65 the calculated rotations change 
appreciably; when the value &loo" is used the calcu- 
lated rotation of the a-isomer is the more positive. 

A second route to 2,3-anhydro-~-mannose was de- 
veloped, through the preparation of the benzyl glycoside 
in the a-series (13) by partial acidic hydrolysis of its 
4,6-0-benzylidene derivative.6s Hydrogenolysis yielded 
a mixture of isomers identical with those obtained from 

m R. U. Lemieux and J. C. Martin, Carbohydrate Rss., 1970, 

54 D. H. Whiffen, Chem. and Ind., 1956, 964. 
65 J. H. Brewster, J .  Amer. Chem. Soc., 1959, 81, 6483. 

13, 139. 

the p-glycoside (7). No crystalline product was ob- 
tained, but when the hydrogenation was carried out in 
tetrahydrofuran examination of the product by g.1.c. of 
the Tms ethers showed a high proportion of component 
B, as expected. 

Hydrogenolysis of benzyl3,4-anhydro-P-~-altropyran- 
oside (8) in methanol gave 3,4-anhydro-~-altrose, (14) 
and (15), as a pure syrup, homogeneous by t.1.c. and 
paper chromatography. G.1.c. of the Tms derivative 
showed two components in the ratio 67.5:32.5 with 
retention times of 1.0 and 1.67 relative to the Tms ether 
of a-D-glucose. The n.m.r. spectrum of the anomeric 
mixture in deuterium oxide showed signals for H-1 a t  
7 5.14 (Jl,2 4.3 Hz) and 5.26 (Jl,2 1.7 Hz) in the ratio 
35 : 65. It is very likely that both the a- and p-anomers 
will exist mainly in half-chair forms with the hydroxy- 
methyl group p~eudo-equatorial.~~9 45 The a-anomer 
(14) will therefore have H-1 equatorial and its signal 
should appear at lower field than that due to the axial 
H-1 of the p-anomer (15). It is thus reasonable to  
assume that the signal at T 5.14 belongs to  H-1 of the 
a-anomer and the one at  7 5.26 to the p-anomer. Both 
constants J I s 2  are small, and it would be unsafe to assign 
configurations on these grounds alone. Nevertheless, the 
assignment of the p-structure to the major component 
is in agreement with J1,2 for the p-glycoside (8) (1-5 Hz) ; 
methyl 3,4-anhydro-a-~-altropyranoside has J1, 2.89 
H z . ~ ~  

The 2,3-anhydro-~-mannose and 3,4anhydro-~-altrose 
were tested as inhibitors of yeast hexokinase by Dr. E. M. 
Bessell and Professor A. B. Foster of the Chester Beatty 
Research Institute. Neither compound acted as an 
inhibitor under conditions where epoxypropyl f%D-glUCO- 
pyranoside was active.16 3,4-Anhydro-~-altrose did, 
however, act as a substrate for the enzyme, albeit at high 
enzyme concentration. 

EXPERIMENTAL 
Light petroleum refers to the fraction b.p. 60--80°. 

Kieselgel G (Merck) was used as adsorbent for t.1.c. ; carbo- 
hydrates were detected with anisaldehyde-sulphuric 
and toluene-$-sulphonates by treatment with alcoholic 
diphenylamine followed by exposure of the plate to U.V. 

light.68 For column chromatography Silica Gel 7734 (70- 
326 mesh) ASTM (Merck) was used. In paper chroma- 
tography free sugars were detected by aniline phthalate So 

and epoxides by means of sodium iodide-Methyl Red; 33 

Ralu refers to .rate of movement relative to glucose. 
G.1.c. was performed using a Pye 104 gas chromatograph 

with a hydrogen flame ionisation detector [7 f t  coiled glass 
column packed with 15% polyethylene glycol succinate on 
100-120 mesh Diatomite C (Pye Unicam); column tem- 
perature 150" ; nitrogen carrier gas flow rate of 40 ml min-l]. 
Trimethylsilyl derivatives were prepared in the usual 
manner.34 The percentage compositions of mixtures 
separated by g.1.c. was determined by cutting out and 
weighing the individual peaks from the chart. The 
combined g.1.c.-mass spectrometric studies were conducted 

66 T. D. Inch and G. J. Lewis, Carbohydrate Res., 1972, 22, 91. 
6' E. Stahl and U. Kaltenbach, J .  Chromatog.. 1961, 5, 351. 
ti* M. JacksonandL. D. Hayward, J .  Chromatog., 1961, 5, 166. 
bs S. M. Partridge, Nature, 1949, 164, 443. 
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with an A.E.I. MS30 spectrometer (ionising energy 70 eV), 
under the conditions already described. 

Optical rotations were measured with a Bendix-NPL 
Automatic Polarimeter type 143 (1 cm tubes). 

N.m.r. spectra were measured a t  60 or 100 MHz with a 
Perkin-Elmer R- 12 or Varian HA-100 spectrometer, respec- 
tively. Tetramethylsilane was used as internal standard 
for all solvents except deuterium oxide, for which sodium 
3-(trimethylsily1)propionate was used. 

Methyl 2-O-p-Tolylsul~honyl-a-~-glucopy~anos~de ( 1) .- 
Toluene-p-sulphonyl chloride (98.7 g, 1-4 mol. equiv.) was 
added to a solution of methyl 4,6-O-benzylidene-a-~-gluco- 
pyranoside 6O (100 g) in anhydrous pyridine (200 ml) a t  
0-5' and the mixture was kept for 24 h a t  room tempera- 
ture. The product was isolated with chloroform to give a 
syrup which crystallised with the addition of methanol to 
give a mixture of the mono- and bis-O-p-tolylsulphonyl 
derivatives of methyl 4,6-O-benzylidene-a-~-glucopyrano- 
side (110 g). 

The product (40 g) was added to methanol (400 ml) 
containing concentrated hydrochloric acid (8 ml) and the 
mixture was heated under reflux until t.1.c. (8 : 2 chloroform- 
ethyl acetate) showed that no starting material remained 
(5 h). The resulting solution was neutralised with lead 
carbonate and filtered, and the filtrate was evaporated under 
reduced pressure to give a syrup. T.1.c. of the syrup showed 
two components. The product crystallised out with the 
addition of ethanol and recrystallisation from ethyl acetate- 
light petroleum gave methyl 2-O-~-tolylsulphonyl-a-~-gluco- 
pyranoside [19 g, 467; from (l)], m.p. 137-138", [a], +74' 
(C 0-5 in CHCl,) {lit.,24 m.p. 138-139'; lit.,25 [m], +82-2" 
(CHCl,) }. 
1,3,4,6-Tetra-O-acetyE2-O-p-tolylsul~honyZ-~-(and P-)D- 

glucopyranose [(2) and (3)].-The sulphonate (1) (1 g) was 
added to a mixture of glacial acetic acid (3 ml), acetic 
anhydride (3 ml), and concentrated sulphuric acid (0.3 ml), 
and the mixture was stirred a t  60" until t.1.c. (8 : 2 chloro- 
form-ethyl acetate) showed that the triacetate of (1) (pre- 
pared in the normal manner) was no longer present (6 h). 
The mixture was then poured into aqueous sodium hydrogen 
carbonate and the product was extracted with diethyl ether. 
The extract was washed with water, dried (MgSO,), and 
evaporated under reduced pressure to give a syrup that 
crystallised on addition of ethanol. Recrystallisation from 
ethanol gave the p-tetra-acetate (3) (0.18 g), m.p. 148-150", 
[a], +17" (c  1-7 in CHCl,) {lit.,2s m.p. 159-160'. [m], f21 '  

The mother liquors from the crystallisation were evapor- 
ated under reduced pressure to give a syrup that crystal- 
lised spontaneously. Recrystallisation from ethanol gave 
the a-tetra-acetate (2) (0.73 g), m.p. 115-116', [a], +73O 
(c 2.0 in CHCl,) {lit.,2s m.p. 127', [a], +75" (CHCI,)}. 

3 , 4 , 6- Tr~-0-acety~-2-~-p-tolylsul~hony~-a-~-glucopyran- 
osyl Bromide (4) .-The glucopyranosyl bromide (4), m.p. 
107-108' (lit.,26 113O), was prepared 27 from the acetate 
(2). An identical reaction with the acetate (3) gave the 
bromide (5). 

Benzyl 3,4,6-Tri-O-acetyl-2-O-p-tolylsul~honyl-~-~-gl~- 
pyrunoside (5).-To a solution of the bromide (4) (3 g)  in 
benzyl alcohol (100 ml), anhydrous lead carbonate (3 g) 
and silver oxide (3 g) were added, and the mixture was 
stirred a t  room temperature. The reaction was followed by 
t.1.c. (9 : 1 chloroform-ethyl acetate) and after 24 h only a 
trace of the starting material remained. The situation 
had not altered after a further 24 h and the reaction was 

(CHC1,) 1- 

terminated at this point. The mixture was filtered through 
t.1.c. silica gel and the benzyl alcohol was removed by 
distillation (0-5 mmHg; bath temp. 90'). The resulting 
syrup was dissolved in diethyl ether and the solution filtered. 
Addition of light petroleum gave benzyl 3,4,6-tri-O-acetyl- 
2-O-p-sulphonyl-~-~-glucopyranoside (5) (2.12 g, 70%), 
m.p. 105-106, [aID -9' (c 2-0 in CHCl,) {lit.,30 m.p. 105- 

Benzyl 2,3-Anhydro-P-~-~nannopyranoside (7) and Benzyl 
3,4-A nhydro-P-D-altropyranoside (8) .-Sodium methoxide 
[from sodium (0.85 g, 5 mol. equiv.) in methanol] was added 
to a solution of the sulphonate (5 )  (4 g) in anhydrous 
methanol (final volume 80 ml) and the solution was stirred 
at room temperature. After 0.5 h t.1.c. (6 : 3 : 1 light petro- 
leum-ethyl acetate-ethanol) showed that no starting 
material remained, and that there were two compounds with 
similar RF values. The slower-moving component gave a 
positive test for toluene-P-sulphonate. After 6 h t.1.c. 
showed that this slower-moving component was no longer 
present and that a third component of slightly higher RF 
had appeared. The mixture was then neutralised with 
0.5~-sulphuric acid and filtered, and the filtrate was evap- 
orated under reduced pressure to give a syrup that crystal- 
lised spontaneously. Recrystallisation from ether-light 
petroleum gave benzyl 2,3-anhydro-P-D-manno;byranosade (7) 
(1.2 g, 65%), m.p. 128-129', [a], -24' (c 1.0 in EtOH) 
(Found: C, 62.05; H, 6-5. C13H1605 requires C, 61.9; H, 
6.35%); T (100 MHz; [2H5]pyridine) 2.50-3-10 (6H, un- 
resolved, Ph and OH), 3.50 (lH, s, OH), 4.78 (lH, s, H-1), 
5.13 (2H, q, benzylic), 5.50-6-34 (4H, unresolved, H-4, 
H-5, and H-6), 6-38 (lH, d, J 4 Hz, H-2 or H-3), and 6-63 
(lH, d, J 4 Hz, H-2 or H-3). 

The mother liquors from the recrystallisation were placed 
on a column of silica gel (40 g) and eluted with 6 : 3 : 1 light 
petroleum-ethyl acetate-ethanol (25 ml fractions). Frac- 
tions 7 and 8, containing the faster-moving component 
(t.l.c.), were combined and evaporated under reduced 
pressure to give a syrup that crystallised spontaneously. 
Recrystallisation from ethyl acetate-light petroleum gave 
benzyl 3,4-anhydro-P-~-altroPyranoside (8) (530 mg, 29y0), 
m.p. 93-95', [a], -77" (c 1.0 in EtOH) (Found: C, 62.05; 
H, 6.6%); T (100 MHz; CDCl,) 2.69 (5H, S, Ph), 5.31 
(2H, q, benzylic), 5.43 (IH, d, J1,2 1.5 Hz, H-l), 5.80- 
6-55 (6H, unresolved, H-2, H-5, H-6, and OH), 6-61 (lH, q, 
H-3 or H-4) , and 6-77 (lH, d, J 3.8 Hz, H-3 or H-4). 

Benzyl 2,3-A nhydro-4,6-O-benzylidene-a-~-mannopyrano- 
side.-Prepared by the method of Inch and Lewis,66 the 
compound had m.p. 123-124', [a], +90.5' (G 2.0 in CHCl,) 
(lit.,56 m.p. 118'). Dr. Inch has informed us that the value 
for the specific rotation given in ref. 56 is incorrect. 
Benzyl2,3-Anhydro-a-~-mannopyranoside ( 13) .-The fore- 

going benzylidene acetal (0-5 g), suspended in 0.005~- 
sulphuric acid (25 ml) and methano1 (25 ml) was heated 
under reflux until the solid had dissolved (3  h). T.l.c, 
(9 : 1 benzene-ether) showed the absence of starting 
material. The mixture was neutralised (BaCO,) and 
filtered, and the filtrate was evaporated to yield a syrup 
which crystallised on treatment with light petroleum. 
Recrystallisation from ether-light petroleum gave the 
epoxide (13) (0.32 g, 86%), m.p. 71-72", [a], +89O (c 1.0 in 
EtOH) (Found: C, 62.25; H, 6.3. C1,HI6O5 requires: C, 
61.9; CDC1,) 2-68 (5H, S, Ph), 
4.94 (lH, s, H-l), 5.35 (2H, q, benzylic), 6.00-6-63 (5H, 
unresolved, H-4, H-5, H-5, and OH), 6.72 (lH, d, J 3.7 Hz, 

6O N. K. Richtmyer, Methods Carbohydrate Chem., 1962,1, 107. 

106", -7' (CHCI,)}. 

H, 6.35%), T (100 MHz; 
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H-2 or H-3), 6-88 (lH, d, J 3-7 Hz, H-2 or H-3), and 7.12 
(lH, s, OH). 

2,3-A mhydro-~-mannose.-(u) To a solution of benzyl 
2,3- anhydro-P-D-mannopyranoside (7) (0-5 g) in methanol 
(100 ml) , 5% palladium-charcoal (0-4 g) was added, and the 
mixture was shaken a t  room temperature with a slight 
overpressure of hydrogen. After 90 min uptake was com- 
plete and the catalyst was removed. T.1.c. (6 : 3 : 1 light 
petroleum-ethyl acetate-ethanol) then showed a single spot 
just above the base line which was clearly different from 
that of a sample of the glycoside (7) .  The solution was 
evaporated under reduced pressure to give a syrup that 
crystallised spontaneously. Attempts to recrystallise this 
material were unsuccessful and subsequently i t  was no 
longer possible to obtain the product in a crystalline form. 
Paper chromatography (3 : 1 : 1 butan- 1-ol-pyridine-water) 
of the syrupy product showed a single component (&lu 2.65) 
detected by either aniline phthalate oi- with the sodium 
iodide-Methyl Red reagent. Benzyl 2,3-anhydro-P-n- 
mannopyranoside (7) had Rctlu 3-99. 

(b)  In a separate experiment tetrahydrofuran was used 
as the solvent for the hydrogenolysis. Removal of catalyst 
followed by evaporation gave a crystalline residue which was 
isolated by trituration with acetone, followed by filtration. 
The crystals (0.16 g, 50%) were recrystallised from acetone 
to give the pure epoxide (9), m.p. 95-96", [a], 0" (c  1.0 in 
H,O; equilibrium) (Found: C, 44.65; H, 6-25. C,H,,O, 
requires C, 44.45; H, 6.15%); 7 [60 MHz; (CD,),SO] 3.26 
(lH, d, J 7.0 Hz, OH-1), 4.70 (lH, d, J 6.0 Hz, OH-4), 5.04 
(lH, d, J 7.0 Hz, H-1), 5.46 (lH, t, J 5.8 Hz, OH-6), 6.1-6.8 
(4H, unresolved, H-4, H-5, and H-6), 6.89 (lH, d, J 3.6 Hz, 
H-2 or H-3), and 6.95 (lH, d, J 3.6 Hz, H-2 or H-3). 

(G) Benzyl 2,3-anhydro-or-~-mannopyranoside ( 13) was 
hydrogenolysed (2 h) as in (b ) ,  to give 2,3-anhydro-~- 
mannose as a syrup with chromatographic properties (paper 
Chromatography, g.1.c.) identical with those described in 
(a )  and ( b ) .  

( d )  Methyl 2,3-anhydro-4,6-0- benzylidene-a-u-manno- 
pyranoside was treated with 0-05M-sulphuric acid at  100" 
and samples were examined by paper chromatography.20 
A compound with the same chromatographic properties as 
the 2, S-anhydro-~-mannose prepared in (a)-(c) above was 
present in the early stages of the hydrolysis. 

Mutarotation of 2,3-Anhydro-p-~-mannopyranose (9) .-(a) 
The epoxide (9) (20 mg) was dissolved in water (1 ml) and 
immediately transferred to the 1 cni polarimeter cell. A 
plot of log (vt - Y,) against t gave a straight line, extrapola- 
tion of which to t = 0 gave [a], -+ 60" (initial). 

(b)  The epoxide (9) (5 mg) was dissolved in anhydrous 
pyridine (0.5 ml) and after 2 min hexamethyldisilazane 
(0.1 ml) and chlorotrimethylsilane (0.05 ml) were added. 
The procedure was repeated with reaction times of 5, 15, 
45, 90, 180, 1140, and 2580 min, and each sample was 
analysed by g.1.c. 

3,4-A nhydro-D-&rose [( 14) and (15)] .-The benzyl glyco- 
side (8) (0.5 g) in methanol (50 nil) was hydrogenolysed 
similarly. 3,4-A nhydro-D-altrose was isolated as a colourless 
hygroscopic syrup, [a&, + l l "  ( c  1.0 in H20;  equilibrium) 
(Found: C, 41.05; H, 6.45. CBH1005,H1.50,,.75 requires C, 
41.05; H, 6.55%). Paper chromatography (butan-l-ol- 
pyridine-water, 3 : 1 : 1) showed a single component 
2.54) detected by aniline phthalate or sodium iodide- 
Methyl Red. The 60 MHz n.m.r. spectrum (solvent D20) 
was very complex, but showed H-1 signals a t  7 5.14 (d, 
J l , z  4.3 Hz) and 5.26 (d, J l ,2  1.7 Hz) in the ratio 35 : 65. 
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The results are shown in Table 1. 




