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ABSTRACT

A general, kinetic expression 1s presented for the rate of alkaline cleavage of
glycosides 1n terms of the formation of amionic species as reactive intermediates
that undergo a slow, rate-dependent, intramolecular displacement of the aglycon
Equilibrium and specific rate-constants have been determined for the degradation
of the anomeric methyl p-glucopyranosides and methyl B-cellobioside The difference
in reactivity of the anomers i1s primarily due to the relative acidities of the hydroxyl
groups mvolved 1n the intramolecular displacement process The kinetic data confirm
that these reactions of «- and f-D-glucopyranosides are facilitated by anchimernc
assistance of the hydroxyl groups at C-6 and C-2, respectively

INTRODUCTION

Although the reaction of alkaline cleavage of glycosidic bonds in various
glycosides 1s now reasonably well understood!'?, it has not been satisfactorily
rationalized on the basis of one single mechanism or of available kinetic data The
mechamsm for the reaction of the f anomer of D-glucopyranosides®~° has been repeat-
edly suggested as proceeding through the intermediate formation of a 1,2-anhydrnide,
as Hlustrated 1n Fig 1, the reaction, as mdicated, is facilitated by anchimeric assis-
tance of an ionized hydroxyl group at C-2 Smmlarly, it has been proposed® that
reaction of the « anomer proceeds through an intramolecular, nucleophilic attack
at C-1 by the hydroxyl 1on at C-6 (see Fig 1) However, the role of these anionic
species has not been kinetically demonstrated for the reaction of glycosides

Recently, Best and Green® and Robins and Green® provided some pertinent
data on the kinetics of alkaline cleavage of the anomeric methyl p-glucopyranosides
and methyl S-cellobioside, but the onginal data were not kinetically interpreted in
terms of formation of the anionic intermed:iates shown in Fig 1 The reaction rate
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Fig 1 Possible mechanisms for the degradation of the - and f-p-glucopyranosides

was observed to increase mitially with mcreasing concentration of hydroxyl 1on, but
to level off to a constant value at a higher concentration (see Fig 2) This kinetic
pattern, closely similar to that of end-wise depolymerization of amylose’ and §-
(1—-3)-glucans®, excludes the direct participation of the hydroxyl ion in the rate-
determining step and supports the involvement of anionic species as reactive inter-
mediates However, the original data were interpreted as first-order kinetics relative

144

OHe {moles)

Fig 2 Comparison of the experimental rate-data with theoretical curves derived from eq 6 by use of
the values of K and k at 170° shown 1n Table I [1, Methyl «-D-glucopyranoside, 2, methyl B-D-
glucopyrancside, 3, methyl f-cellobioside (the “model” glycosidic bond), and 4, methyl f-cello-
bioside (the interior glycosidic bond), the value 1s half the actual value ]
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to the hydroxyl 1on Thus, values of the reaction order with respect to base concen-
tration were found to deviate appreciably from unity, and were also shown to de-
crease with an mcrease of base concentration For example, the value of the reaction
order varies from 09 1r O 1M to 0 4 1n 2 5M sodium hydroxide solution, for the reac-
tion of methyl B-celiobioside to give methyl f-D-glucopyranoside Furihermore, the
signtficant deviation from unity was madequately claimed to be a deviation caused
by the changes 1n activity coefficient and salt effects, although these have been reported
to be negligible in the comparable reaction of glycosides?

The purpose of this article 1s to provide a general, kinetic expression valid
for the entire range of base concentration used in the reaction of glycosides, with
specific reference to the experimental data for the methyl D-glucopyranosides

THEORY

The generally accepted mechanisms for the base-catalysed cleavage of the
anomers of methyl b-glucopyranoside are illustrated 1n Fig 1, and can also be repre-

sented by equations I and 2 for glycosides in general

GIcCOR+OH~ = GIcOR™ +H,0 192

GIcOR™ 5 degradation products )

where GIcOR 1s the glycoside, GlcOR ™ 1s the anionic intermediate, K 1s the equilibrium
constant between the neutral and 1omized glycosides, and k 1s the spectfic rate-con-
stant 1 the conversion of amonic intermediates to degradation products

In equation 2, it 1s presumed that the reaction occurs only vza the monamonic
species, 1 ¢, an 1omized hydroxy! group at C-2 in the f amoner, and at C-6 in the
o anomer This assumption 1s valid because, as will be shown later, the 1omization
of hydroxyl groups at positions other than the reactive site has practically no effect on
the reaction rate

A similar reaction-scheme was postulated by Gasman and Johnson® 1n a study
of the alkaline cleavage of p-nitrophenyl B-p-galactopyranoside and o-D-manno-
pyranoside Their kinetic data on the hydrogen isotope-cffect showed that the step
nvolving the conversion of anionic mtermediates 1nto the reaction products (equa-
tion 2) 1s the rate-determimng step of the overall reaction The same conclusion may be
valid for base-catalyzed degradation of glycosides 1n general Thus, the rate of alkaline
degradation of glycosides 1s expressed i1n equation 3

% = k[GIcOR ], &

where [P] represents the mole fraction of glycosides reacted after time ¢, and [GIcOR "]
1s the mole fraction of 1omized, intermediate glycosides at time ¢
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From equation 7, 1t follows that 1omization constant K can be represented by
equation 4
K =[GIcOR J/{[GIcOR], —[GIcOR-]—[P]} [OH] “@)

where [GicOR], 1s the mole fraction of glycosides at zero time Combination of equa-
tions 3 and 4 yields a rate equation which 1s integrated to give

[GIcOR],—[P]  Kk[OH] . %))
[GICOR],  1+K[OH]
__Kk[OH"]
Then, if Kgus = e K[OH-] ©

where k.., 1S the pseudo-first-order constant of the reaction, equation 5 becomes
[GIcOR], —{P]
— = —kg ¢
[GICOR]() obs (7)
Inversion of equation 6 gives

Vkons = 1/6+1/kK 1/[OH ] 3
DISCUSSION

The kinetics of alkaline cleavage both of methyl and phenyl glycosides have
been the subject of many publications®-©:7+1% and the rates of these reactions have
all been found to conform with equation 7 The pseudo-first-order rate-constant,
ks » has generally been reported, and no attempts have ever been made to determine

-1 -3 1
Kops X 107 h

S
1] on® tmoteh)

Fig 3 Plot of 1fks versus 1/[OH™] for the reactions at 170° {1, Methyl a-D-glucopyranoside, 2,
methyl B-D-glucopyranoside, 3, methyl f-cellobioside (the “model™ glycosidic bond), 4, methyl
f-cellobioside (the mterior glycosidic bond), the value of 1/k.,s Shown 1s ten times the actual value }
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the specific rate-constant & However, previous data on the methyl p-glucopyranos-
ides® © can be used for calculating the equilibrium rate-constant (K) and the specific
tate-constant (k) for the reaction as depicted 1n equations 7 and 2 According to equa-
tion 8, a plot of 1/k,,; versus 1/[OH "] should give a straight line whose slope 1s 1/kK
and intercept 1s 1/k The hnear relationship observed (see Fig 3) supports the mecha-
mism postulated, namely that both anomers react through the anionic intermediate

Table I summarizes the equilibrium rate-constants (K) and specific rate-con-
stants (k) determined for the reactions of the anomers of methyl p-glucopyranoside
and the B anomer of methyl cellobioside at 170° Values of k were calculated from the
mtercept of the plot (see Fig 3), and the constant K was then calculated from the value
k and the slope of the plot (by equation &)

From the data in Table I, 1t 1s clear that the value of X for the 8 anomer 18 about
three times that of the « anomer This result 1s consistent with the proposed mechanmism
shown 1n Fig 1, which 1ilustrates that the reaction of « and f§ anomers 1s facilitated by
anchimeric assistance of the ionized hydroxyl group at C-6 and C-2, respectively
It 1s well known?:12 that the hydroxyl group at C-2 1s slightly more acidic than that
at C-6 Moreover, the ratio of the dissocitation constant for the 2- and 6-hydroxyl
groups, namely 3, that 1s derived from the data for K conforms well with their relative
reactivities observed m the base-catalyzed, etherification reactions of cellulose!?

Furthermore, the 10nization constant (K,) for both anomers could be obtained
through equation 9

K,=KK, &)

where K, 1s the thermodynamic, 1onic product of water It 1s noted that there are two
methods for calculating K, at 25° from the value K determined at 170°, depending on
whether the value of K|, 1s used at 170° or 25° Table I records the values of K,
obtained by the two different methods Values of K, at 170° were estimated from the
data reported for lower temperatures'® On the other hand, the heat of activation for
the romzation reaction and proton-transfer reaction (see eq I) of glycosides were
assumed to be the same as for D-glucose, values of which had previously been deter-
mined to be 10 and 5 kecal mole™ 1!, respectively That the K, values estimated by the
two methods are different is not surprising, 1n view of the uncertainty involved in deter-
mining K, at high temperatures Therefore, the calculated dissociation constants for
the B anomer are considered to be in satisfactory agreement with K, values for the
methyl D-glucopyranosides determined by Michaellis!® (see Table I) and to give
further support to the mechanism shown in Fig 1 It should be noted that, 1n a glyco-
side, the first 1omization may be assumed to be largely associated with the 2-hydroxyl
group

Furthermore, the magnitudes of K for the cleavage of the two glycosidic bonds
mn methyl B-cellobioside were, as expected, found to be similar to that of methyl
p-D-glucopyranoside (see Table I), indicating that they proceeded through the same
mtermediate

On the other hand, the magnitude of specific rate-constants (k) 1s shown to
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depend exclusively on the nature of the aglycon An almost identical value was obtain-
ed for the cleavage reaction of the « and § anomers of methyl b-glucopyranoside and
the “model” glycosidic bond of methyl B-cellobioside, these reactions involve the
same leaving-group, a methoxide i1on However, this value was only one-fifth of that
obtained for the cleavage of the interior glycosidic bond of methyl S-cellobioside
It 1s thus clearly indicated that the methyl S-p-glucopyranoside anion 1s a much better
leaving-group than the methoxide 1on It may also be concluded that the difference in
the reaction rate observed in the cleavage of the two glycosidic bonds in methyl
S-cellobroside 1s due mainly to the leaving-group effect The different reactivity found
for the anomers of methyl D-glucopyranoside 1s attributed to the different acidities
of the hydroxyl group involved 1n the intramolecular displacement process (see Fig 1)

Fig 2 shows the effect of concentration of base upon the pseudo-first-order
rate-constant (ks ) for the reactions of the « and f§ anomers of methyl p-glucopyrano-
side and methyl f-cellobtoside The rates experimentally determined for the reactions
at 170° are shown, and are compared with a theoretical plot derived from equation 6
The values of K and & used 1n the calculation were obtained as already discussed
(see Table I) It should be noted that there was no increase i1n the rate 1 the region
of higher concentration of base, where the dianion species 1s the major anionic species
Thus, 1t may be concluded that ionization of the hydroxyl group at positions other
than that directly involved 1n the reaction has practically no effect on the reaction rate
The excellent agreement between the experimental points and the theoretical curve
confirms this assumption and the vahdity of the kinetic expression derived Further-
more, the activity coefficients of the species are not known with any accuracy How-
ever, the kinetic data discussed confirm a previous report® that salt effects are practi-
cally absent 1n the reaction of glycosides in an alkaline medium Also, the difference
1n the activity coefficient of sodium hydroxide in aqueous solution was reported to be
less than 10% between the concentrations of 0 1 and 2 5uM at a given temperature '®

Similarly, the effect of temperature upon the specific rate-constant (k) obtaimned
from the pseudo-first-order rate-constants previously reported® ® 1s also illustrated
in Table I The value of K at a given temperature was estimated from the experimental
value at 170° by assuming that the heat of activation for the proton-transfer reaction
equals that of p-glucose'®, namely, S kcal mole™* The acuvation energies for the
reactions of the vartous glycosides (see Table II) were then calculated from the data
in Table I As may be seen from equations 5 and 6, the current values calculated from
the specific rate-constant (k) are almost the same as those previously determuned
from the pseudo-first-order rate-data (k. ) (see Table IT)

Table IT also records the thermodynamic activation-functions for these reac-
tions, the values were calculated from the specific rate-data at 170° i1n 2 5m sodium
hydroxide solution It is noticeable that values of the acuvation entropy and enthalpy
functions for the # anomers, methyl S-p-glucopyranoside and methyl S-cellobioside,
are very similar The entropy values (—6 8 and —104 eu) are also very close to
those previously reported® (—7 3 and —8 1 eu) for the sumnar reaction of p-mtro-
phenyl B-D-galactopyranoside and p-nitrophenyl a-p-mannopyranoside In contrast,
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TABLE 11

THERMODYNAMIC ACTIVATION FUNCTIONS FOR REACTIONS OF METHYL 0-D-GLUCOPYRANOSIDE (A),
METHYL f-D-GLUCOPYRANOSIDE (B), AND THE MODEL GLYCOSIDIC BOND (C) AND THE
INTERIOR BOND (D) OF METHYL S-CELLOBIOSIDE IN 2 5M SODIUM HYDROXIDE AT 170°

Function A B C D

E., kcal mol—1 322 (333 356 (375 375 (36 3) 345 (378
AH, kcal mol—? 313 (324 347 336 336

AF, kcal mol—* 403 (38 4) 377 368 382

A4S, cal deg—! mol~1 —204 (—136) —68 -72 —104

“Values 1nside the parentheses are previous data calculated from the observed rate-constants, Kops
(refs 5 and 6).

a significantly lower entropy (—20 4 eu) was found in the reaction of methyl a-D-
glucopyranoside These data are also consistent with the proposed mechanism given
m Fig 1, and thus, seem to indicate that the loss of rotational and vibrational degrees
of freedom 1n forming the 1,6-anhydride (from the « anomer) is greater than that in
the formation of the 1,2-anhydride (from the § anomer) As the intramolecular dis-
placement process requires a coplanar arrangement of the atomic centers mnvolved,
both anomers must react through the IC (p) conformation

It should be pointed out that, although an identical rate-law of the form of
equation 5 can also be obtained for an alternative mechanism in which the anion of
the p-glycosides 1s an unreactive species (see equation 19),

GIcOR™ z*x_ GIcOR+OH™ 5 degradation products (10)

this mechanism, mvolving a direct displacement by hydroxide 10n, is excluded 1n the
reaction of glycosides in alkah, because the major product isolated from both the
B anomer of phenyl b-glucopyranoside and the « anomers of phenyl pD-galactopyrano-
side!” and phenyl 2-deoxy-D-arabino-hexopyranoside!® 1s the 1,6-anhydride, and
the formation of compounds of this type 1s consistent with 2 mechanism involving
neighboring-group participation by an 1onized hydroxyl group at C-2, or an intramo-
Iecular displacement process by the 1onmized 6-hydroxyl group (see Fig 1) In constrast,
the expected product of a direct-displacement mechanism would be p-glucose, which
would be degraded to products other than the 1,6-anhydride

Furthermore, a novel mechamsm has recently been reported for the release of
p-nitrophenoxide from p-nitrophenyl a-D-glucopyranoside in atkali? | the reaction pro-
ceeds by a three-stage process and involves a base-catalyzed O-1—-0-2 and O-2—0-3
migration of the p-nitrophenyl group Reaction of this type 1s also hkely to involve
the anionic species as the reactive intermediate, and the kinetics followed by the
hiberation of phenol should be very similar to that of the alkaline degradation of
B-(1—-3)-glucan®

The preceding kinetic data clearly indicae the nature and the mechanism of the
reaction mvolved for the « and f anomers of methyl D-glucopyranoside, and lead to

Carbohyd Res., 24 (1972) 57-65



ANIONIC INTERMEDIATES 65

the following general conclusions The current data confirm that such reactions of the
o and f§ anomers of D-glycopyranosides are facilitated by anchimeric assistance of
the hydroxyl groups at C-6 and C-2, respectively The data give strong support to
the contention that both anomers have comparable reactivity 1n alkali ,

It 1s demonstrated that the relationship between the reaction rate and the con-
centration of base may serve as a clue for differentiating between a base-catalyzed,
neighboring-group participation and an SN2 mechamsm The kinetic pattern observed
for the reaction of glycosides, similar to that of end-wise depolymerization of amylose”’
and of B-(1—3)-glucan8®, seems to be typical of base-catalyzed degradation of carbohy-
drates, which are shown to proceed through anionic species as reactive intermediates
On the other hand, 1n the case of base-catalyzed cleavage of glycosidic bonds 1n cellu-
lose??, the reaction rates were found to be directly proportional to the base concentra-
tion This observation indicates that the mechanism involved 1s not a neighboring-
group participation, but an SN2 process The deviation observed, however, may well be
caused by the heterogeneous nature of the reaction or by the submicroscopic struc-
ture of cellulose, which has been demonstrated to have a dominating influence on the
termnation process of base-catalyzed, end-wise depolymerization of polysacchar-
1des’ 29
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