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An interpretive review of the factors affecting the rate of hydrolysis of glycopyranosides is presented. Con- 
formational analysis indicates that the stereochemistry of the glycoside is an extremely important factor. The 
orientation of the aglycone, equatorial or axial, and the resistance to rotation about the C-2-C-3 and C-4-C-5 
bonds appear to be major rate-determining factors. In addition to the previously recognized effects of changing 
the character of the aglycone, which includes steric, electronic, and mechanistic effects, it  is pointed out that 
the aglycone may change the conformation of the glycone, thereby effecting a change in the hydrolysis rate. 
The relative rates of a large number of glycosides were examined in light of this rationale and no anomalous cases 
were found. 

 worker^^-^ have been involved in exDerimenta1 
work designed to elucidate the mechanism of glycoside 
hydrolysis, and some6-s have also commented on the 
various steric and electronic factors which affect the 
rate of hydrolytic! reactions. Although an abundance 
of data concerning glycoside hydrolysis is available, 
little is definitely known about the mechanism of hy- 
drolysis or the factors which affect hydrolysis rates. 
Fortunately, much of the compiled data on this subject 
lends itself well to a theoretical treatment, and it is 
toward this subject that this manuscript is directed. 

Table I provides a comparison between the rate of 
hydrolysis of anomers and the orientation of the meth- 
oxy1 group. The particular pairs presented have been 
chosen because the stable conformer of each member of 
the pair is similar. The stable conformer of each of the 
first 11 members listed has been determined experi- 
mentally.9 The stable conformation for the remaining 
members was assigned using the instability factors of 
Reevesg and Hassel and Ottar’O; no questionable as- 
signations occurred. The position, equatorial or axial, 
of the methoxyl group in the stable conformer is readily 
determined from the configuration and conformation. 
It should be remembered that, although the assigned 
conformation is more stable than other possible con- 
formations, the molecule is not compelled to react as if it 
were in this conformation or that it is rigidly fixed in 
any way. 

For each pair listed, the anomer having an equatorial 
methoxyl group hydrolyzes more rapidly than the ano- 
mer containing an axially oriented group. Thus, for 
anomeric methyl pyranosides, the conformation of the 
initial state determines the hydrolysis rate. It cannot 
be deduced if the anoniers hydrolyze via different transi- 
tion states or if the initial conformation determines the 
concentration of the rate controlling species. The ratio 
of the rates for anomers is approximately twofold, 
which is small compared with the large differences in 
rates between pairs. 

(1) Presented at the 147th National Meeting of the American Chemical 

(2) I n  cooperation with the  University of Wisconsin. 
(3) C. A. Bunton, T. A. Lewis, D. R. Llewellyn, and C. A. Vernon, 

(4) B. E. C. Banks, Y. Meinwald, A. J. Rhind-Tutt, I. Sheft, and C. A. 

(5) R. L. Whistler and T. Van Ea, J .  0 7 0 .  Chem.,  98, 2303 (1963). 
(6) J .  T. Edward, Chem. Ind. (London), 1102 (1955). 
(7) A. B. Foster and W. G. Overend, ?hid., 550 (1985). 
(8 )  B. Capon and W. G. Overend. Adimn. Carbohydrate Chem., 16, 11 

(9) R. E. Reevea. ibid. .  6 ,  107 (1951). 
(10) 0. Hassel and B. Ottar, Acta Chem. Scand.,  1, 929 (1947). 

Society, Philadelphia, Pa., April 1984. 

J .  Chem. Soc.,  4419 (1955). 

Vernon, J .  Chem. Soc., 3240 (1981). 

(iseo). 

The greater reactivity of glycosides containing the 
aglycone equatorially oriented is contrary to the usual 
order of conformational stabilities. This has been ex- 
plained”-’* on the basis of differing degrees of hindrance 
introduced by neighboring groups in the two positions. 
This interpretation is analogous to that proposed to ex- 
plain the reactivity of the cis-cyclohexane-1,2-diols in 
which the axial hydroxyls are more difficult to esterify 
and the esters more difficult to hydrolyze than those in 
the corresponding trans isomer. l 4 . I 5  During esterifica- 
tion, the hydroxyl group of the diol attacks an electron- 
deficient carbon atom, and the differences in rates are 
supposed to be due to differences in accessibility; equa- 
torial substituents are considered to be more accessible 
than those in axial positions. Although the reaction 
mechanism of hydrolysis is very different, it is likely 
that it involves the transfer of a proton from a hydro- 
nium ion to the oxygen atom of the glycosidic linkage; 
similar reasoning suggests that an equatorial group 
would hydrolyze more readily than an axial group. 

Edward6 attributes the greater reactivity of the equa- 
torial substituent to the dipole moment of the ring oxy- 
gen. The nonbonding orbitals of this atom have a 
resultant dipole lying in closer proximity to an equa- 
torial C-l substituent than to one positioned axially. 
The repulsion between the lone pairs of electrons on the 
geminal oxygens of C1 will be greatest when the aglycone 
group assumes an equatorial position. Support for this 
explanation of opposing dipoles is found in the “A2 
effect” of  reeve^.^ The configurational requirements 
for this effect allow the oxygen atoms neighboring the 
glycosidic oxygen to attain a juxtaposition which would 
result in maximum repulsion. 

The hydrolysis rates of the anomers of methyl 2,4-di- 
O-methyl-3,6-anhydro-~-glucopyranoside have been 
supposed to supportL6 the hypothesis that an equatori- 
ally positioned methoxyl group is inore susceptible to 
hydrolytic fission than the axially positioned group, 
since the a-anomer hydrolyzes 30 times faster than the 
8-form.” The hydrofuran ring was thought to retain 
the pyranose ring in the 1C conformation placing an 
a-substituent in an equatorial position, while a @-sub- 
stituent would be in the unreactive axial position. 
Examination of scale models, however, indicates that 
the @-anomer would adopt a slightly distorted 1B con- 

(11) J .  A. Mills, Aduan. Carbohydrate Chem.,  10, 1 (1955). 
(12) A. B. Foster and W. G. Overend, Chem. Ind. (London),  566 (1955). 
(13) F. A. Shafizadeh, Aduan. Carbohydrate Chem.,  18, 9 (1958). 
(14) D. H. R. Barton, Ezperimentia,  6 ,  316 (1950). 
(15) G. Vavon, Bull. aoc. chim.,  49, 937 (1931). 
(16) S. G. Sunderwirth and G. G. Olson, J .  Chem. Ed. ,  S9, 410 (1962). 
(17) W. N. Haworth,  L. N. Owen, and F. Smith, J. Chem. Soc., 88 (1941). 
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TABLE I 
HYDROLYSIS RATES OF'SOME ANOMERIC METHYL PYRANOSIDES4 

Relative -Conditions of comparison---- Stable Orient,ation 
Methyl pyranoside of rateb Acid Temp., 'C. Ref. conformation of methoxyl 

a-D-Glucose &anomer 1 .0  0 . 5 N H C l  75 C c1 Axial 
1 . 9  c1 Equatorial 

a-D-Mannose @-anomer 2 . 4  0 . 5 N H C l  75 C c1 Axial 
5 . 7  c1 Equatorial 

a-D-Galactose @-anomer 5 . 2  0 . 5 N H C l  75 C c1 Axial 
9 . 2  c1 Equatorial 

a-D-Xylose @-anomer 4 . 5  0 . 5 N H C l  75 C c1 Axial 
9 . 1  c1 Equatorial 

a-L-Rhamnose @-anomer 8 . 3  0.01NHC1 100 C 1c Axial 
19.0 IC Equatorial 

a-rcArabinose @-anomer 13.1 0 .5NHC1 75 C c1 Equatorial 
9 . 0  c1 Axial 

a-D-Glucuronic acid @-anomer 0.47 0 . 4 7 M  HzSO4 75 d c1 Axial 
0.62 c1 Equatorial 

D-ylycero-a-L-manno-Heptose @-anomer 1 . 4  0.05NHC1 98 C c1 Axial 
3 . 2  c1 Equatorial 

2-Deoxy-a-~-glucose 8-anomer 2090 0 .01NHCl  58 f c1 Axial 
51256 c1 Equatorial 

2,3,4,6-Tetra-O-methyl-a-~-glucose @-anomer 0.16 O.OlNHC1 95-100 g c1 Axial 
0.40 c1 Equatorial 

5 For a listing of additional compounds see F. Shafizadeh and A. Thompson, J. Org. Chem., 21, 1059 (1956). b Ratio of the rate 
constant for the hydrolysis of the methyl aldopyranoside to that of methyl a-D-glucopyranoeide a t  the conditions specified (extrapolated 
when necessary). d J. Nakano and B. G. Rinby, 
Svensk Papperstid., 65, 29 (1962). E This value obtained by extrapolation of data given in ref. 26. 0 W. N. Haworth and 
E. L. Hirst, J. Chena. SOC., 2615 (1930). 

As quoted by H. S. Isbel and H. L. Frush, J .  Res. Natl. Bur. Std., 24, 125 (1940). 
f Ref. 26. 

TABLE I1 
THE EFFECT OF GLYCOSYL GROUP ON HYDROLYSIS RATE 

Methyl pyranoside of 

@-D-Xylose 

P-D-Ribose 

@-D-Glucoee 

b-D-Mannose 

2-Deoxy-@-~-gtucose 

p-D-Glucuronic acid 

@-D-Glucose 

@-D-Galactose 

8-D-Xylose 

a-L-Arabinose 

P-D-glycero-L-manno- Heptose 

p-D-Mannose 

8-D-Rhamnose 

C-2-C-3 

Ho*} HO 

:go$} 

,Orpi> 

HO w OH 

Ho$o HO 

(1 Table I, ref. c .  Ref .26. 0 Table I, ref. d. 

Relative 
rate 

9 . 1  

12.3 

1 . 9  

5 .7  

5125 

62 

1 . 9  

9 . 2  

9 . 1  

13.5 

3 . 2  

5 . 7  

19.0 

-Conditions of oompariron- 
Temp., OC. Acid 

0.5  N HC1 75 

2 N HC1 60 

0 . 5  N HCl 75 

0 . 5  N HCl 75 

O.OlNHC1 58 

0.47 M 75 

0 . 5  N HCl 75 

0 . 5  N HCI 75 

0 . 5  N HCl 75 

2 . 0  N HCl 60 

0.05 N HCl 98 

0 . 5  N HC1 75 

O.OlNHC1 100 

Ref. 

a 

b 

a 

a 

b 

C 

a 

a 

a 

b 

a 

a 

a 

formation, which places the methoxyl group in an equa- 
torial position. This explains its high rate of hydrolysis 
compared with methyl a-D-glucopyranoside-approxi- 
mately seven tinies as fast. The very high rate of hy- 

drolysis of the a-compound, which is 200 times greater 
than that of methyl a-D-ghcopyranoside, can be at- 
tributed to the fact that it is greatly strained in all pos- 
sible conformations. 
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TABLE I11 
THE EFFECT OF AQLYCONE ON HYDROLYSIS RATE . Relative rate Conditions of comparison 

Pyranoside a-anomer 8-anomer Aoid Temp.. OC. Ref. 

Methyl D-gluco- 1 .o 1 . 9  0 . 5  N HC1 75 a 
Ethyl D-glUC0- . . .  2 . 1  0.5 M H2S01 60 b 
7L-PrOpyl D-glUC0- . . .  2 . 5  0 .5  M H2SOd 60 6 
t-Butyl D-glUC0- . . .  1960 3 . 3  M HClOa 25 C 

Phenyl D-gluco- 61.5 18.0 0 .05  N HC1 60 d 
p-Nitrophenyl D-glUC0- 35.8 4 . 1  2.ONHCl 60 e 

0.1 N HCl 60 f o-Nitrophenyl D-gluco- 16.0 

p-Nitrophenyl D-glUC0- 3 . 2  
Ethyl D-galacto- 10.7 
Phenyl D-galacto- 181 

Benzyl D-ghco- 2 .0  2.97 0 .05N HCI 60 d 

Phenyl D-gluco- 11.1 

m-Nitrophenyl D-glUC0- 3 . 9  

2.ONHC1 60 34.6 7.11 e 

1 . 0  N HC1 60 B 
Phenyl D-gluco- . . .  

D-galacto- ... 
D-XylO- ... 93 7 

p-Chlorophenyl D-gluco- ... 
D-galacto- . . .  

o-Nitrophenyl D-gluco- . . .  
D-galacto- . . .  
barabo- 88.6 . . .  

p-Nitrophenyl n-gluco- . . .  
D-galacto- . . .  
Larabo- 23.4 . .  

Cellobiose . . .  
Cellobiouronic acid . . .  
Pseudocellobiouronic acid . . .  6.2 
0 Table I, ref. c. b Ref. 27. Ref. 32. 

2;:;/ 1 .ON HCl 60 B 

: : ; 8 /  1.OMH2SOd 90 i 

D-XylO- . . .  8 6 . 5  

0.01NHCl 65 h 

:::I O.OlNHC1 65 h 

L. J. Heidt and C. B. Purves, J. Am. Chem. SOC., 66, 1385 (1944). e Ref. 26. f Ref. 28. 
Ref. 31. Ref. 30. 0 B. N. Stepanenko and 0. G. Serdyuk, Dokl. Acud. Nuuk SSSR, 139,1132 (1961); Chem. Abstr., 56, 1561 (1962). 

The very rapid hydrolysis of glycosides of the 2-deoxy 
sugars and the enhanced rate of hydrolysis of methyl 
pentosides compared with methyl hexosides was noted 
by Riiber and Sqirensen. l8 The subsequent explana- 
tions given for the order of stability toward acid of the 
various classes of methyl pyranosides (that is, hexopy- 
ranosides, pentopyranosides, deoxyhexopyranosides, 
and so on) have not been completely satisfactory, for 
anomalous examples may be cited to each explana- 
t i ~ n . ~ + , l ~  A slight variation of an explanation originally 
proposed by Edward16 however, appears to satisfactorily 
correlate the relative hydrolysis rates of various pyrano- 
sides. 

Rates for several groups of methyl glycopyranosides 
are compared in Table 11. These glycosides are all 
conformationally stable; that is, the energy difference 
between the stable conformer and any other form is large 
enough to ensure that the molecule may be considered 
to be in only the stable conformation. In addition, the 
aglycone of each is equatorially oriented in the stable 
conformation. The arrangement of the substituents on 
C-2, C-3, C-4, and C-5 when the molecule is in its 
stable conformation is shown in the Kewman projec- 
tions. In interpreting these formulas, it should be re- 
membered that the C-2 and C-5 atoms are projected in 
front of the plane of the paper, while C-3 and C-4 are 
behind. The vertical lines represent axial bonds, while 
those which are slightly above or below the horizontal 
axis are bonds equatorially oriented. The bonds on the 
right in the C-2-C-3 column and those on the left in the 
C-5-C-4 column are bonds in the pyranose ring. 

(18) C. N. Riiber and N. A. Sprrensen, Kgl .  Noreks Videnskab. Selskabs 
Sknfter,  No. 1, 1 (1938); Chem. Abstr., 88, 4962 (1939). 

(19) F. Shafizadeh, Tappz,  46, 381 (1963). 

An examination of Table I1 indicates that there is a 
direct relationship between the hydrolysis rate and the 
ease of rotation about the C-2-C-3 and C-5-C-4 bonds. 
The ease of rotation depends not only on the extent 
of interaction of the groups on C-2 relative to C-3 and 
C-4 relative to C-5, but also on l13-type interactions.*’J 
It has not been possible to find suitable data to evaluate 
the effect of the latter. The data in Table I1 show that  
the rate is decreased by increased opposition of substi- 
tuents on C-2, vis-a-vis those on C-3 when rotation is in 
the direction which tends to eclipse the equatorial 
groups. The rate is also decreased by increased opposi- 
tion of substituents on C-5, vis-a-vis those on C-4 for 
the same reasons. 

Assuming the hydrolysis rates of glycosides contain- 
ing equatorially oriented aglycones to be related to the 
ease of rotation about the C-2-C-3 and C-4-C-5 bonds, 
the relative ability of members of various classes may 
be predicted. For example, the order of stability for 
some common glycopyranosides should be heptosides 
> hexosides > 6-deoxyhexosides > pentosides, glyco- 
sides > mannosides > 2- and 3-deoxyglucosides > 2,3- 
dideoxyglycosides, and D-glucosides > D-galactosides > 
D-xylosides > L-arabinosides. 

The available data for methyl @-glycosides listed in 
Table I1 conforms fully to these predictions, and addi- 

(20) The type of interaction implied here is analogous to  tha t  which pro- 
duces restricted rotation about a jingle bond. I t  is assumed in this case 
tha t  the physical size of the substituents (steric hindrance) is the major 
contributor t o  these interactions. Electrostatic effects, however, should 
not be ignored, particularly in cases where substituents are highly electro- 
nrgative (such as  carboxyl groups). For more complete discussion of the 
origin of harriers to restricted rotation about single bonds, see D. J. Millen, 
“Progress in Stereochemistry,” Vol. 3, P. B. D. de la Mare and W. Klyne, 
Ed., Butterworth, Ino., Washington, D. C., 1962, p. 138. 
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tional examples are shown in Table 111. These princi- 
ples also explain numerous qualitative observations re- 
ported, such as the high stability of methyl 2-0-methyl- 
sulfony~-3,4-O-isopropylidene-~-~-arabinoside. z1 

I t  should be noted that, in part, support for the con- 
clusion reached above rests on a comparison of the 
relative rates measured under a variety of conditions. 
These comparisons are justified only if the compounds 
concerned show similar variations of rate with changes 
in catalyzing acid, acid concentration, and temperature. 
It is known that glycoside hydrolysis is strongly acid 
catalyzed, and, for the compounds for which data are 
available, rates of hydrolysis parallel acidity closely. 
Thus, comparison of rate ratios measured at different 
acidities is probably quite valid. The reported activa- 
tion energies for the hydrolysis of various glycosides 
differ, however, and consequently, the rate ratios vary 
with temperature. Time1lZz has measured the activa- 
tion energies for seven methyl pyranosides and found 
the range to be narrow with values varying from 32.0 
to 35.1 kcal./g. mole. The similar compounds of Table 
I1 should fall within this range, in which case, the error 
introduced would not affect the conclusion. 

The mechanism of glycoside hydrolysis is still in 
doubtj13,19 but many w 0 r k e r s 3 ~ ~ ~ ~ ~  concerned with this 
area consider the reaction rate to be controlled by heter- 
olysis of the glycoside conjugate acid to a cyclic C-1 
carbonium ion. Since this ion has the probable confor- 
mation of cyclohexene (a half chair),24 its formation in- 
volves a net counterclockwise rotation about the C-2- 
C-3 and C-4-C-5 bonds. Edwards has discussed the 
hydrolysis mechanism on the basis of this net rotation, 
and although he was able to explain most observations, 
anomalies were noted. As shown above, these are 
resolved by considering the hydrolysis rate to be con- 
trolled by the resistance to rotation counter to the net 
effect. It is probable that transient structural dis- 
tortions are responsible for this behavior. Perhaps 
the conjugate acid assumes a structure a t  C-1 similar 
to that of a classical carbonium ion, planar in structure 
with bond angles of 120O. Such a phenomenon could 
conceivably result in the equatorial interactions dis- 
cussed. 

In  addition to the stereochemical effects discussed, it 
is probable that various electronic effects, particularly 
inductive effects, are also important in determining 
glycoside hydrolysis rate. The presence of polar groups 
at C-2 would be expected to have a particularly large 
effect on hydrolysis rate. 

The extremely rapid hydrolysis rates exhibited by 
the methyl 2-deoxy-~-glucopyranosides may be partly 
due to the absence of an inductive effect which normally 
arises from the hydroxyl group situated at C-2. Evi- 
dence tha,t these rapid rates are due partly, but not en- 
tirely, to inductive effects has been given by 
He has found that methyl 3-deoxy-a-~-glucopyranoside 
and a-D-mannopyranoside hydrolyze, respectively, 7.4 
and 11.5 tinies as fast as methyl a-D-glucopyranoside. 
These rates, while faster than the analogous hexoside, 
are considerably slower than those quoted for the 2- 

(21) J .  K.  N .  Jonesand W. H. Nicholson, J .  Chem. Soc., 3050 (1955). 
( 2 2 )  T. E.  Timell, Can. J. Ckem., 44, 1456 (1964). 
(23) C. Bamford, B. Capon, and W. G. Overend, J. Chem. Soc., 5138 

(1962). 
(24) D. H. R. Barton and coworkers, Chem. Ind .  (London), 21 (1954). 
(25) G. N. Richards, zbzd., 228 (1955). 

deoxyglucosides (Table I) and are in the expected di- 
rection and of the expected magnitude for rate changes 
due to inductive effects. On the other hand, it has been 
foundz6 that the rate of hydrolysis of methyl 4-deoxy- 
a-D-glucoside is faster than the 3-deoxy analog by a 
factor of two, an increase in rate not attributable to in- 
ductive effects. Likewise, it is diffiult to attribute rate 
changes arising from the presence of 6-deoxy groups to 
inductive effects-the group in question being far re- 
moved from the active site and the rate changes being 
relatively large. 

The hydrolysis rate of the glycosidic bond is pro- 
foundly affected by the nature of the aglycone. The 
effect is due to several causes which are, however, 
difficult to separate for experimental study, and, thus, 
difficult to demonstrate. The difficulty is compounded 
when using the available data from the literature, since 
large differences exist in values reported by different 
investigators; rate constants reported for the familiar 
methyl glucosides vary threefold. Inconsistencies are 
apparent in Table 111, but the variation of rate with the 
nature of the aglycone, to be discussed, is readily 
apparent. 

It is well known that the 0-aryl glycosides hydrolyze 
more rapidly than the 0-alkyl glycosides, supporting 
the hypothesis that an increase in the electronegativity 
of the aglycone enhances the rate by weakening the 
glycosyl-oxygen bond. It has been noted, however,3 
that the electron density on the glycosidic oxygen may 
affect the reaction rate in two opposing ways: first, by 
changing the equilibrium concentration of the conjugate 
acid, and, secondly, by changing the rate of breakdown. 
The over-all effect of changing the electronegative 
character of the aglycone may be expected to be small, 
and this has generally been found to be the case. Tinie1lZ7 
recently studied the hydrolysis of some alkyl p-D-glu- 
copyranosides in which the aglycone contained various 
electron-withdrawing polar groups and found the rate 
only slightly increased as the electronegativity was in- 
creased. On the other hand, Xath and Rydonz8 made a 
study of substituted phenyl P-D-glucopyranosides and 
found that, certain exceptions apart, the acid-catalyzed 
hydrolysis rate was slightly decreased as the electro- 
negativity of the substituents was increased. The in- 
troduction of negative substituents into the aromatic 
ring of phenyl p-D-xylosides was found by Hibbert and 
associatesZg to have little effect on the acid hydrolysis 
rate. 

Johansson and co-workers30 measured the rates of 
hydrolysis of cellobiouronic acid [4-0-(p-~-glucopyrano- 
siduronic acid)-~-glucose], pseudocellobiouronic acid 
[4-0-(p-~-glucopyranosyl)-~-glucuronic acid 1, and cello- 
biose (Table 111). Since two of the compounds contain 
carboxyl groups each at the same distance from the 
glycosidic oxygen, the results effectively demonstrate 
the difference in magnitude of the effect of an elec- 
tronegative group in the L‘aglycone,” and the same group 
in the sugar molecule. The rate of hydrolysis for cello- 
biose and pseudocellobiouronic acid was identical, in- 

(26) W. G. Overend, C. W .  Rees, and J.  s. Sequeira, J .  Ckem. Soc., 

(27) T. E. Timell, Chem. Ind .  (London), 1208 (1963). 
(28) R. L. Nath and H. N. Rydon, Biochem. J . ,  67, 1 (1954). 
(29) J .  H. Fisher, W. L. Hawkins, and H. Hibbert, J. A m .  Chem. Soc., 

(30) I .  Johansson. B. Lindberg, and 0. Theander, Acta Chem. Scnnd., 

3429 (1962). 

68, 3031 (1941). 

17, 13 (1963). 



JANUARY 1965 HYDROLYSIS OF GLYCOPYRANOSIDES 157 

dicating the inductive effect to be negligible in this case. 
The very slow hydrolysis rate for cellobiouronic acid 
probably results from the hindrance to rotation about 
the C-5-C-4 bond. 

Several i n v e s t i g a t o r ~ ~ 8 ~ ~ ~ ~ 3 ~  have observed that ortho- 
substituted phenyl p-D-glucosides exhibit relatively high 
hydrolysis rates compared with those containing meta- 
and para-substituted aglycones. The nature of this 
phenomena is not, a t  present, clear. It has been sug- 
gested28 that intramolecular association may be partly 
responsible. 

The very high rate of hydrolysis of t-butyl p-D-gluco- 
side would indicate that the inductive effect is more im- 
portant than indicated above. It has been shown,32 
however, that the hydrolysis of this compound involves 
alkyl-oxygen bond cleavage with the formation of an 
alkyl carbonium ion rather than a glycopyranosyl car- 
bonium ion. A similar change in reaction mechanism 
has been demonstrated in the case of ester h y d r ~ l y s i s . ~ ~  
The position of fission presumably depends on the rela- 
tive stability of the two carbonium ions. 

It has frequently been observed that the a-anomers of 
O-aryl glycosides hydrolyze more rapidly than the cor- 
responding p-anomers, but this fact has not been satis- 
factorily explained. It can be readily explained by con- 
formational analysis. The stable conformer of the p- 
anomer has the glycone in the C1 conformation with the 
aglycone in an equatorial position. A phenyl a-glyco- 
side in a C1 conformation, however, contains an axial 
phenoxy1 group. Scale molecular models of such com- 
pounds show that considerable axial-axial interactions 
result when the molecule is in the C1 conformation. 
This is largely removed if the aglycone is in an equato- 
rial position; this is true when the glycone assumes the 
lC ,  B1,2B, or 3B conformation. The a-anomer would 
then be expected to hydrolyze more rapidly than the 
p-anomer, as the resistance to rotation about the C-2- 
C-3 and C-5-C-4 bonds of any of these conformers is 
less than that of the C1 conformer. This effect, where 
the aglycone apparently changes the conformation of 
the glycone, is apparent for several of the compounds 
listed in Table 111. 

In the case of the benzyl glucosides, the interaction 
between the glycone and aglycone portions of the mole- 
cule is much less than that for the phenyl glucosides 
because of the intervening methylene group. This is 
reflected in the smaller ratio of the hydrolysis rates of 
the a- and p-anomers. The instability of the C1 con- 
former of galactose, contrasted with glucose, is ap- 
parent, since the effect described is much greater for 
galactosides. 

The possibility of the aglycone changing the confor- 
mation of the glycone, and thus affecting the hydrolysis 

(31) J. A.  Snyder and K. P. Link, J. A m .  Chem. Soc., 74, 1883 (1952); 

(32) C. hrmour, C. A .  Bunton, S. Pataei, L. H. Selman, and C. A. Vernon, 

(33)  C .  A.  Bunton, E. D. Hughes, C. K. Ingold, and D. F. Meigh, Nature, 

76, 1758 (1953). 

J .  Chem. Soc., 412 (1961). 

188, 679 (1950). 

rate, has not been previously noted. Its importance in 
interpreting the relative hydrolysis rates of di- and oligo- 
saccharides is obvious. 

Examination of the hydrolysis rates of the p-chloro- 
phenyl glycopyranosides in Table I11 reveals, however, 
that the rate changes among different sugars having the 
same aglycone can be explained, as with the methyl 
glycopyranosides, on the basis of equatorial interaction. 

The previous portion of this discussion has been spent 
on the hydrolysis of methyl glycopyranosides which 
exist largely in one conformation. Information is also 
available on the hydrolysis of some unstable glycoside 
pairs; that is, glycosides which, when in solution, exhibit 
appreciable concentrations of both chair conformations. 

It is difficult to interpret the sometimes unpredictable 
hydrolysis rates of these glycosides because several 
variables are involved in each case. Some general ob- 
servations indicate that certain structural similarities 
exist among the glycosides in this series. 

The methyl glycopyranosides of CY- and p-D-glucose 
and a- and P-D-glyCerO-D-gUlO-heptOSe have composites 
rate constants of 58.1, 19.0, 20.9, and 6.7. In  both 
cases, the a-anomer hydrolyzes approximately three 
times faster than the p-. Both a-anomers would be 
expected to produce appreciable amounts of 1C con- 
former in solution. This conformation possesses an 
equatorial methoxyl group and, undoubtedly, represents 
a high energy form relative to the conformationally 
stable analog. Since previous evidence was presented 
which indicates that glycosides having equatorial ano- 
meric methoxyl groups hydrolyze faster than those 
having axial ones, it is probable that the a-D-gulopyra- 
nosides undergo hydrolysis a t  extremely rapid rates be- 
cause of the position of the aglycone and the additional 
energy content of the form involved. In addition, each 
a-anomer, when in a 1C conformation, possesses a A2 in- 
stability factor. According to  reeve^,^ such a factor 
when present renders a particularly large amount of 
strain on the molecule. 

The methyl glycopyranosides of a- and fi-D-lyXOSe 
have composite rate constants of 14.5 and 46.4, re- 
spectively, and also represent a conformationally un- 
stable pair of anomers. Of significance in this case is 
the abnormally rapid hydrolysis rate of the p-anomer 
which hydrolyzes three times faster than the a-glyco- 
side. This glycoside, when in a C1 conformation like 
the a-gulosides, possesses both an equatorial niethoxyl 
group and a A2 instability factor. 

As in the case of an equatorial anonieric niethoxyl 
group, the effect of a A2 instability factor on hydrolysis 
rate cannot be definitely defined. It appears, however, 
from the examples cited above, that such a factor may 
have the effect of increasing the hydrolysis rate. The 
prediction might be made that the methyl glycosides of 
@+-idose and p-D-talose may behave similarly, since 
both of these glycosides possess conformational in- 
stability and a A2 factor when the methoxyl group is 
equatorial to the sugar ring. 


