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ABSTRACT 

A general, kmetlc expresslon IS presented for the rate of alkahne cleavage of 
glycosldes m terms of the formatlon of amomc species as reactive mtermelates 

that undergo a slow, rate-dependent, mtramolecular displacement of the aglycon 
Equlhbnum and specific rate-constants have been determined for the degradation 
of the anomemc methyl D-glucopyranosldes and methyl &celloblosxde The drfference 

m reactlvlty of the anomers 1s pnmanly due to the relative acidities of the hydroxyl 

groups mvolved m the mtramolecular displacement process The kmetlc data confirm 

that these reactlons of a- and P-D-glucopyranoades are faclhtated by anchlmenc 
assistance of the hydroxyl groups at C-6 and C-2, respectively 

INTRODUCTION 

Although the reactlon of alkahne cleavage of glycosldrc bonds m various 

glycosldes 1s now reasonably well understood’*‘, it has not been satlsfactorlly 
ratlonahzed on the basis of one smgle mechamsm or of available kmetrc data The 

mechanism for the reactlon of the p anomer of D-ghJcopyranosldes3-5 has been repeat- 
edly suggested as proceedmg through the mtermedlate formation of a l,Zanhydnde, 

as illustrated m Fig 1, the reaction, as indicated, is faclhtated by anchlmeric assls- 

tance of an lomzed hydroxyl group at C-2 Similarly, it has been proposed3 that 
reaction of the 01 anomer proceeds through an mtramolecular, nucleophihc attack 

at C-l by the hydroxyl Ion at C-6 (see Fig 1) However, the role of these amomc 

species has not been kmetlcally demonstrated for the reactlon of gIycosldes 

Recently, Best and Green5 and Robms and Green6 provided some pertment 
data on the kmetrcs of alkaline cleavage of the anomenc methyl D-glucopyranosides 
and methyl j?-cellobloslde, but the ongmal data were not kmetlcally mterpreted m 

terms of formatlon of the amomc mtermedlates shown m Frg 1 The reaction rate 

*Present Address Wood Cheoustry Laboratory, Department of Chemrstry and School of Forestry, 
Unwerslty of Montana, Mfisoula, Montana 59801, U. S A 
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Fig 1 Possible mechamsms for the degradation of the a- and j?-D-glucopyranosxdes 

was observed to Increase mltlally \mth mcreasmg concentration of hydroxyl ion, but 

to level off to a constant value at a higher concentration (see Fig 2) Thus kmetlc 
pattern, closely similar to that of end-wise depolymerlzation of amylose’ and jI- 

(l-+3)-glucans’, excludes the direct partmpatlon of the hydroxyl ion m the rate- 
derermmmg step and supports the mvolvement of amomc species as reactive mter- 

mediates However, the orlgmal data were interpreted as first-order kmetlcs relative 
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Ftg 2 Companson of the expenmental rate-data with theoretical curves derived from eq 6 by use of 
the values of K and k at 170” shown m Table I [I, Methyl a-D-glucopyranoslde, 2, methyl B-D- 

glucopyranoslde, 3, methyl &cellobloslde (the “model” glycosldlc bond), and 4, methyl &cello- 
bloslde (the mtenor glycos~dx bond), the value IS half the actual value ] 
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to the hydroxyl eon Thus, values of the reactlon order l\lth respect to base concen- 

tratlon were found to deviate appreciably from umty, and were also shown to de- 
crease with an Increase of base concentration For example, the value of the reactlon 
order varies from 0 9 m 0 IM to 0 4 m 2 5~ sodium hydroxide solution, for the reac- 
tlon of methyl @cellobloslde to @ve methyl j?-D-glut opyranoslde Furthermore, the 
slgmiicant deviation from unity was Inadequately claimed to be a devlatlon caused 
by the changes m actlvlty coefficient and salt effects, although these have been reported 
to be neghglble m the comparable reactlon of gIycosldesg 

The purpose of thus article IS to provide a general, kmetlc expression vahd 
for the entire range of base concentration used m the reactlon of glycosldes, with 
specific reference to the experimental data for the methyl D-glucopyranosrdes 

THEORY 

The generally accepted mechanisms for the base-catalysed cleavage of the 
anomers of methyl D-glucopyranoside are Illustrated m FIN 1, and can also be repre- 

sented by equations I and 2 for glycosldes m general 

GlcORfOH- $ GlcOR- +HZO (4 

GIcOR- 5 degradation products (2) 

where GlcOR 1s the glycoslde, GlcOR- 1s the amomc intermediate, KS the eqmhbrmm 
constant between the neutral and lomzed glycosldes, and k 1s the specific rate-con- 
stant m the conversion of anionic mtermedlates to degradation products 

In equation 2, it 1s presumed that the reaction occurs only vza the monamomc 
species, z e , an ionized hydroxyl group at C-2 m the j3 amoner, and at C-6 m the 
01 anomer This assumption IS vahd because, as ~111 be shown later, the lomzatlon 
of hydroxyl groups at positions other than the reactive site has practically no effect on 
the reaction rate 

A similar reactlon-scheme was postulated by Gasman and Johnson’ m a study 
of the alkaline cleavage of p-mtrophenyl j?-D-gaIactopyranoslde and a-D-manno- 
pyranoslde Their kinetic data on the hydrogen Isotope-effect showed that the step 
mvolvmg the conversion of amomc mtermedlates mto the reactlon products (equa- 
tion 2) 1s the rate-determmmg step of the overall reactron The same conclusion may be 
valid for base-catalyzed degradation of glycosrdes m general Thus, the rate of alkahne 
degradation of glycosldes IS expressed m equation 3 

WI - = k[GlcOR-I, 
dt 

where [P] represents the mole fraction of glycosldes reacted after time t, and [GlcOR-] 
IS the mole fraction of lomzed, mtermedlate glycosldes at time t 
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From equation I, It follows that lomzatlon constant K can be represented by 
equation 4 

K = [ G~cOR-]/(~G~COR]~ - [GlcOR-] - [P]) [OH-] (4) 

where [GlcOR], IS the mole fraction of glycosldes at zero time Combmation of equa- 
tions 3 and 4 yields a rate equation whxh IS mtegrated to gve 

In [%lcORlo - PI = _ m [OH-I 
[GlcOR], 1 +K[OH-] t (5) 

Then, rf kobs = 
Kk[OH-] 

1 + K[OH-] (6) 

where kobz IS the pseudo-tist-order constant of the reaction, equation 5 becomes 

In CGlcORlo - [f’l = _k 

[GlcOR], obs 

t 

(7) 

InversIon of equation 6 Bves 

l/k,,, = l/k+ l/kK l/[OH-] 

DISCUWON 

The kmetxs of alkahne cleavage both of methyl and phenyl glycosldes have 
been the subject of many publlcat10ns3-6~y*10, and the rates of these reactlons have 
all been found to conform with equation 7 The pseudo-first-order rate-constant, 
k &, has generalIy been reported, and no attempts have ever been made to determme 

o! I 
0 2 4 6 

l/OH@ lmoleel I 

8 10 

Fig 3 Plot of Ilk,aa uersus l/[OH-1 for the reactions at 170” [I, Methyl a-D-glucopyrauoslde, 2, 
methyl 8-D-ducopyrauoside, 3, methyl &elIobioslde (the “model” glycosldrc bond), 4, methY 
j?-cellobloslde (the mtenor glycos~&c bond), the value of l/k Oti shown IS ten ties the actual value ] 
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the specific rate-constant k However, previous data on the methyl D-glucopyranos- 
Ides’ 6 can be used for calculatmg the equlhbrmm rate-constant (K) and the specific 
rate-constant(k) for the reaction as depleted m equations I and 2 Accordmg to equa- 
tion 8, a plot of l/k,,bS uwsxs l/[OH-] should give a straight lme whose slope IS l/kK 

and intercept IS l/k The hnear relatIonship observed (see Fig 3) supports the mecha- 
nism postulated, namely that both anomers react through the amomc mtermedlate 

Table I summarizes the eqmhbrmm rate-constants (K) and specific rate-con- 
stants (k) determined for the reactions of the anomers of methyl D-glucopyranoslde 
and the j3 anomer of methyl cellobloslde at 170” Values of k were calculated from the 
Intercept 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 8) 

From the data m Table I, it IS clear that the vaIue of K for the fi anomer IS about 
three times that of the a anomer This result 1s consistent with the proposed mechamsm 
shown m Fig 1, which illustrates that the reaction of a and /3 anomers IS faclhtated by 
anchlmerlc assistance of the ionized hydroxyl group at C-6 and C-Z, respectlveIy 
It 1s we11 known1’y’2 that the hydroxyl group at C-2 1s shghtIy more acldlc than that 
at C-6 Moreover, the ratlo of the dlssoclatlon constant for the 2- and 6-hydroxyl 
groups, nameIy 3, that 1s derived from the data for K conforms well with their reIatlve 
reactlvlties observed m the base-cataIyzed, ethenficatlon reactions of celIuIose12 

Furthermore, the lomzation constant (K,) for both anomers couId be obtained 
through equation 9 

K,=KK,, 

where K, 1s the thermodynamic, lomc product of water It is noted that there are two 
methods for calculatmg K, at 25” from the value K determmed at 170”, depending on 
whether the value of K, IS used at 170” or 25” Table I records the values of K, 
obtained by the two dflerent methods Values of K, at 170” were estimated from the 
data reported for lower temperatures l3 On the other hand, the heat of activation for 
the lomzatlon reaction and proton-transfer reactlon (see eq I) of glycosldes were 
assumed to be the same as for D-glucose, values of N hlch had previously been deter- 
mined to be 10 and 5 kcal mole-‘, respectively That the K, values estimated by the 
two methods are different is not surprlsmg, In view of the uncertainty Involved m deter- 
mmmg K,, at high temperatures Therefore, the calculated dlssoclation constants for 
the p anomer are considered to be m satisfactory agreement with K, values for the 
methyl D-glucopyranosides determmed by Mlchaellls15 (see Table I) and to give 
further support to the mechanism shown m Fig 1 It should be noted that, m a glyco- 
side, the f&t lomzatlon may be assumed to be largely associated with the 2-hydroxyl 

group 
Furthermore, the magmtudes of K for the cleavage of the two glycosldlc bonds 

m methyl j?-cellobloslde were, as expected, found to be similar to that of methyl 
@-D-glucopyranoslde (see Table I), mdlcatmg that they proceeded through the same 
mtermedlate 

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 ldentlcal value was obtam- 
ed for the cleavage reaction of the a and j3 anomers of methyl D-glucopyranosrde and 
the “model” glycosldlc bond of methyl j3-cellobIoslde. these reactIons Involve the 
same leavmg-group, a methoxlde 1011 Hdwever, this value was only one-fifth of that 
obtamed for the cleavage of the interior glycosldlc bond of methyl j%cellobloslde 
It IS thus clearly indicated that the methyl /?-D-glucopyranoude amon 1s a much better 
leaving-group than the methoxlde ion It may also be concluded that the difference m 
the reaction rate observed m the cleavage of the two glycosldlc bonds rn methyl 
&celloblosxde IS due mainly to the leaving-group effect The different reactivrty found 
for the anomers of methyl D-glucopyranosIde 1s attributed to the different acldltles 
of the hydroxyl group Involved m the intramolecular displacement process (see Fig 1) 

Fig 2 shows the effect of concentration of base upon the pseudo-first-order 

rate-constant (/cobs ) for the reactions of the a and /3 anomers of methyl D-glucopyrano- 
side and methyl /&ceIloblosrde The rates experlmentally determined for the reactIons 
at 170” are shown, and are compared with a theoretical plot derived from equation 6 
The values of K and k used In the caIcuIatlon were obtamed as already dlscussed 
(see Table I) It should be noted that there was no Increase in the rate m the region 
of higher concentration of base, where the draruon species IS the maJor amomc specxes 
Thus, It may be concluded that loruzatlon of the hydroxyl group at posItions other 
than that directly Involved m the reactlon has practically no effect on the reactlon rate 
The excellent agreement between the experlmental pomts and the theoretIca curve 
confirms this assumptron and the valldlty of the kmetlc expressIon derived Further- 
more, the actlvrty coefficients of the species are not known with any accuracy How- 
ever, the kinetic data dlscussed confirm a previous report9 that salt effects are practl- 
tally absent m the reaction of glycosldes m an alkalme medmm Also, the drfference 
m the actlvlty coefficient of sodmm hydroxide m aqueous solution was reported to be 
less than 10% between the concentrations of 0 1 and 2 5~ at a @ven temperaturei 

Slmdarly, the effect of temperature upon the specllic rate-constant (?c) obtarned 
from the pseudo-first-order rate-constants previously reported5 6 IS also Illustrated 
m Table 1 The value of K at a given temperature was estimated from the experrmental 
value at 170” by assummg that the heat of actlvatlon for the proton-transfer reactIon 
equals that of D-glucose14, namely, 5 kcal mole- 1 The actlvatron energzes for the 

reactlons of the various glycosldes (see Table II) were then calculated from the data 
m Table 1 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 determmed 
from the pseudo-first-order rate-data (icobs ) (see Table II) 

Table II also records the thermodynarmc actlvatlon-functions for these reac- 
tlons, the values were calculated from the specific rate-data at 170” In 2 5M sodmm 
hydroxide solution It IS notlceable that values of the actlvatlon entropy and enthalpy 
functions for the j? anomers, methyl j?-D-glucopyranoside and methyl /?-cellobloslde, 
are very slmllar The entropy values (-6 8 and - 10 4 eu) are also very close to 

those previously reported9 (-7 3 and -S 1 eu) for the slmuar reactlon of p-mtro- 
phenyl /?-D-galactopyranoslde and p-mtrophenyl cr-D-mannopyranoslde In contrast, 
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TABLE II 

lHERhlODYNAhtICACIWAl-IONFUNC?TlONSFORREAC3-IONS OF METHYL&D-GLUCOPYRANOSIDE(& 

~~YLIP-D-GLUCOPYRANO~IDE(B),AND~ MODEL GLYCOSIDIC BOND(C)ANDTHE 

INTEIUORBOND (0) OF~YL&CELLOBIOSIDEIN~ 5~ SODAJMHYDROXIDEAT 170” 

Funcrron A B C D 

E,, kcal mol- 1 32 2 (33 3)= 35 6 (37 5) 37 5 (36 3) 34 5 (37 8) 
dH, kcal mol-1 31.3 (32 4) 347 33 6 33 6 
AF, kcal mol-1 403 (384) 377 36 8 38 2 
AS, cal deg-l mol-’ -204 (-13 6) -68 -72 -104 

%~Iues mslde the parentheses are prevrous data calculated from the observed rate-constants, &,, 
(refs 5 and 6)_ 

a slgnlficantly lower entropy (- 20 4 eu) was found in the reaction of methyl a-~- 

glucopyranoslde These data are also consistent with the proposed mechamsm aven 
m Fig 1, and thus, seem to mdxate that the loss of rotatIona and vIbrationa degrees 
of freedom m formmg the 1,6-anhydnde (from the CL anomer) 1s greater than that m 
the formation of the 1,2-anhydnde (from the fl anomer) As the mtramolecular dls- 

placement process reqmres a coplanar arrangement of the atormc centers mvolved, 

both anomers must react through tne IC (D) conformation 
It should be pomted out that, although an Identical rate-law of the form of 

equation 5 can also be obtamed for an alternatlve mechamsm m which the amon of 

the D-glycosldes IS an unreactive species (see equation IO), 

GIcOR- g GlcOR+OH- 5 degradation products 

ths mechanism, mvolvmg a direct displacement by hydroxide ion, IS excluded m the 
reactlon of glycosldes m alkah, because the maJor product isolated from both the 
j3 anomer of phenyl D-glucopyranoslde and the cc anomers of phenyl D-galactopyrano- 
sldel’ and phenyl 2-deoxy-D-arabzno-hexopyranoslde” IS the 1,6-anhydride, and 
the formation of compounds of this type IS consistent with a mechamsm mvolvmg 
nerghbormg-group partlclpation by an lomzed hydroxyl group at C-2, or an mtramo- 
Iecular displacement process by the lomzed 6-hydroxyl group (see Fig 1) In constrast, 
the expected product of a direct-lsplacement mechamsm would be D-glucose, which 
would be degraded to products other than the 1,6-anhydnde 

Furthermore, a novel mechamsm has recently been reported for the release of 
p-mtrophenoxlde fromp-mtrophenyl a-D-glucopyranoade m alkali’ ‘, the reactlon pro- 
ceeds by a three-stage process and involves a base-catalyzed O-140-2 and O-2+0-3 
migration of the p-mtrophenyl group Reactlon of this type IS also hkely to involve 
the amomc species as the reactive mtermedate, and the kmetics followed by the 
hberatlon of phenol should be very smular to that of the alkalme degradation of 
j%( 143)-glucan’ 

The preceding kmetlc data clearly mdlcae the nature and the mechanism of the 
reaction involved for the a and j? anomers of methyl D-glucopyranoade, and lead to 
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the folIowmg general conclusions The current data confirm that such reactlons of the 
LY and p anomers of D-glycopyranosldes are faclhtated by anchlmenc assistance of 
the hydroxyl groups at C-6 and C-2, respectively The data gve strong support to 
the contentlon that both anomers have comparable reactlvlty m aIkah 

It IS demonstrated that the relatIonshIp between the reactIon rate and the c;n- 

centratlon of base may serve as a clue for dlfferentlatmg between a base-catalyzed, 
nelghbormg-group partxlpatlon and an sN2 mechamsm The kmetlc pattern observed 
for the reaction of glycosldes, slmllar to that of end-wise depolymerlzatlon of amylose’ 
and of /I-(1 +3)-glucan8, seems to be typlcal of base-catalyzed degradatxon of carbohy- 
drates, which are shown to proceed through amomc species as reactive mtermedlates 
On the other hand, m the case of base-catalyzed cleavage of glycosldxc bonds m cellu- 
lose”, the reactron rates were found to be directly proportxonal to the base concentra- 
tion This observatxon mdrcates that the mechamsm mvolved IS not a nelghbonng- 
group partxlpation, but an sN2 process The devlatron observed, however, may well be 
caused by the heterogeneous nature of the reactlon or by the submrcroscoplc struc- 
ture of cellulose, which has been demonstrated to have a dommatmg Influence on the 
termmatlon process of base-catalyzed, end-wise depolymenzatlon of polysacchar- 
Ides’ ” 
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