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Abstract

The kinetics of the mutarotation of a series of nine 

^-substituted aldoses of the D-glucose configuration and five 

2-substituted glucoses, catalysed by a wide range of catalysts 

has been studied. It was found that substituents in the 5-position 

of the pyranose ring had a much greater effect on the kinetics of 

mutarotation than substituents in the 2-position of the ring. Electron 

withdrawing substituents (in the 5-position) were found to enhance 

the rate of the base catalysed mutarotation but to decrease the 

rate of acid and water catalysed mutarotation. Reasons for this 

are discussed with reference to the possible mechanisms of 

mutarotation. Steric hindrance of general base catalysis of 

mutarotation has been observed with the bases 2,6-^lutidine,. 

diethanolamine and tris-hydroxymethyl methylamine as catalysts.

Attempts have been made to establish conclusively the reasons for 

this steric hindrance and to use it as a tool in distinguishing 

between kinetically indistinguishable mechanisms of mutarotation0 

The kinetic data of the acid and base catalysed mutarotation 

of the ^-substituted aldoses have been fitted to linear free-energy 

relationships (Taft and Hammett Equations) and found to give, at 

best, only a moderately good correlation. Reasons for this have 

been suggested.
The spontaneous mutarotation of the anions of 6-deoxy-oc-D- 

glucohepturonic acid and 6-0-(o-hydroxyphenyl)-^-D-glucose have



been found to be faster than anticipated on the basis of the 

inductive effects of the substituent on the 5-position of the 

ring. It is proposed that these rapid mutarotations result 

from intramolecular catalysis by the carboxylate and phenolate 

groups respectively. The possible mechanisms are discussed 

and a preference expressed for that mechanism which involves 

intramolecular general acid catalysis of the sugar anion in the 

rate determining step, rather than the kinetically equivalent 

true intramolecular general base catalysis.

A brief comment is made on the possibility of testing the 

hypothesis of "tautomeric catalysis".

Finally, the appendix describes the attempted preparation of 

suitable substrates for a kinetic investigation of the enzyme 

ribonuclease A. Although a substrate for ribonuclease was 

prepared in situ, the difficulty in preparation and isolation of 

such substrates proved too great.
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Introduction



1,1 Historical

The phenomenon of mutarotation in sugars has a long history,
1The discovery of this phenomenon has been credited to Dubrunfaut ,

who in l8*f6 first observed the change in optical rotation of a

freshly prepared aqueous solution of ot-D-Glucose. Subsequent
2-kstudies by early workers established a similar change m  sol

utions of other sugars such as galactose and lactose. The term
tr

"mutarotation’1 was introduced by Lowry^ in 1899» and is a general

term denoting any change in the optical rotation of a solution..

As Pigman and Isbell^ point out in their review, mutarotations

have now been observed for a wide range of compounds such as

gelatin, Of-amino nitriles, menthyl benzoylformate .as well as for

many aldoses and ketoses. The historical background to many

facets of the development of mutarotation in sugar chemistry has

been included in the review of Isbell and Pigman which is in two 
6 *7parts * , and so further information on the historical aspects of 

mutarotation should be sought there. Suffice -to say that despite 

the enormous amount of work carried out on the subject, there is 

still much debate on certain aspects of the mechanism of mutarotation 

(see later).

1°2 The Basis of Mutarotation
It is now clearly established that mutarotation in aldoses and 

ketoses results from the interconversion of cyclic and acyclic forms 
of the sugar. The rotational change shown by the £X - and^S- pyranose



2.

5 8 9 10forms of glucose ’ , xylose and several other sugars obey the

rate law for a first order reversible reaction, hence the mutarotation

reaction is presumably the interconversion of these two pyranose forms,

If the reaction is to proceed without ring opening then the mechanism

of mutarotation would require to be direct .exchange of the hydroxy-

group at C(1) with water (eq 1)

H H
HO

OH,

(1)

or the formation and subsequent capture by water of a cyclic carbonium
11-14ion (eq 2) analogous to the mechanism for anomerisation of glycosides 

and sugar acetates^.

CH£H

HO

HO 1
HO

h2oh

OH HO

(2)

HO'

16Both these mechanisms are excluded by the observation that the rate
18

of oxygen exchange of glucose -1- 0 with water is about JO times
slower than the rate of mutarotation. Either of the above mechanisms 

imply that the rate of oxygen exchange should equal the rate of



mutarotationo

Thus it has been widely accepted that the basis of mutarotation 

of glucoses is the interconversion of the (X- an dy6- pyranose forms
Cvia an acyclic form which is present in very small (barely detectable"' 

concentrations (eq 3)*

CHpH CHCH

H O r T ^ f  
. H O  5  H 0

16As Capon points out, this mechanism is easily rationalised with the

observed rate of oxygen exchange, by virtue of the' aldehydo-group of

the acyclic intermediate being captured by the hydroxy-group at C(5)

to reform the hemiacetal sugar linkage. Approximately one time in

15 however, the aldehydo-group is captured by water to yield the
hydrated acyclic aldehyde which undergoes oxygen exchange as statis-

17tically expected one time in two. Isbell invokes a new and more

complicated concept of the same thing by postulating that the acyclic

aidehydo-forms are "pseudo-acyclic" intermediates with conformations

similar to the parent cyclic sugars. No evidence has been obtained

yet to support the validity of this concept, but it presents an

attractive possible hypothetical model for mutarotation reactionso
75As recently as 1966, there has been the suggestion that 

ring opening to the acyclic aldehyde does not form the basis of



mutarotation of pyranoses, but that reaction occurs via a carbanion

intermediate derived by removal of the C(1) anomeric proton by base

leaving the hemiacetal ring intact. This clearly requires that

hydrogen-deuterium exchange at C(1) be at least as fast as mutarotation

and that the isotope effect resulting from .the substitution of

deuterium for hydrogen at C(1) be of the order commonly observed for

the rate determining transfer of a carbon bound hydrogen atom (typically 
766-7)* Dean has pointed out the improbability of the high exchange

rate in the light of the absence of exchange of the more acidic proton
77of triethylorthoformate in stong base . Quite clearly the carbanion 

postulate is impossible in the knowledge that the rate of mutarotation 

of glucose-1-H is almost the same (in fact very slightly slower) as

the rate of mutarotation of glucose-1-D in water and deuterium
73 73oxide as solvents . The authors of this last piece of work also

showed that no exchange of the C(1)-hydrogen atom occurred in deuterium

oxide thus corroborating Dean’s objection to the carbanion mechanism0

The mutarotations which form the studies of this thesis are

"simple" mutarotations, i.e. of the type discussed above. Many

aldoses and ketoses undergo "complex" mutarotations which differ from

those described above, in that other forms of the sugar in question,

such as the furanose, aldehydo and aldehydrol forms, are present to

a significant extent, and interconversions between these forms, and

between them and the pyranose forms of the sugar, render the kinetics

of mutarotation rather complex. The basis of mutarotation in these



sugars again involves formation of an acyclic intermediate as in 

eq. 3? but capture of the aldehydo-group by the hydroxy-group at 

C(^) now competes effectively with capture by the hydroxy-group 

at C(5) to form stable furanose forms of the sugar.

Many methods have been used to study mutarotation reactions.

The change in composition of the sugar solution as mutarotation
18proceeds has been followed by the accompanying change in density ,

refractive index^, infra red^ and NMR^^ spectra, pH^, solubility
71 72gas-liquid chromotography ’ and of course optical rotation. The

last named is by far the most useful and has been used in all the

studies in this thesis.

1.3 Catalysis of mutarotation

The mutarotation reaction in a way is a landmark in the concepts

of general acid and general base catalysis. As early as the 1880’s,
2 k 25it was appreciated that acids and bases accelerated mutarotationo

26Later workers such as Bronsted and Guggenheim showed that catalysis 

was not restricted to protons and hydroxide ions but was a property 

of many acids and bases such as undissociated carboxylic acids and 

their dissociated anions. The catalysis by these molecules of 

mutarotation was one of the first observations of the now widely 

known concepts of general acid and general base catalysis. It was 

shown that in a buffer solution the rate constant could be expressed 

as

kobsd = ko + \ o +^  + “oH-t010 + V A) + W

where A and B are the acidic and basic forms of the buffer. It was



also realised that catalysis was much more effective when both an

acid and a base catalyst were present and that therefore amphoteric

solvents such as water were much better catalysts than aprotic

solvents. Thus the rate of mutarotation of 2,3?A,6-tetra-0-methyl-

ctf-D-glucose is much greater in mixtures of pyridine and cresol than
27m  either or these solvents alone . In fact mutarotation in dry 

pyridine or dry cresol is very slow while mutarotation in pure water 

proceeds at an appreciable rate. This is due to the amphoteric 

nature of water.

Clearly by varying the buffer and pH conditions suitably, certain 

terms in equation (A) become negligible and allow calculation of the 

catalytic coefficients. All previous studies of this nature^,̂ ,̂ ,‘̂  

have shown that mutarotation is considerably more susceptible to basic 

catalysis than to acidic catalysis. For example, Bronsted and

Guggenheim determined kQ and k^ q+ to be 8.8 x 10 sec and
 _<j 3

2.A x 10 1. mol sec at 18 while Los and Simpson estimated

kjjQ- to be 25 l.mol sec at 15 (for<X-D-glucose).
7In accordance with this observation, Isbell points out that

the basic catalytic function of water predominates over the acidic

catalytic function. The most difficult of the catalytic coefficients

to measure accurately is k ^ -  since in alkaline solution the sugar

itself is appreciably ionised and the resulting glucosate ion is
30catalytically active . Early measurements of were wildly

incorrect due to lack of recognition of this fact, but more recent 

determinations of k^Q- are more accurate.



An interesting example of base catalysed mutarotation was 
32reported recently. It represents the first reported case of

an intramolecularly catalysed mutarotation. The authors report

that the mutarotation of glucose 6-phosphate at pH 7»0 proceeds

at a rate 2k0 times that of <X -D-glucose. This they ascribe

to intramolecular general base catalysis principally by the mono-
2-hydrogen orthophosphate ion HPO^ . They present evidence for 

this postulate by calculating the "effective concentration” of 

phosphate around the C(1) of glucose 6-phosphate and then 

measuring the rate of mutarotation of (X-D-glucose in this con

centration of inorganic phosphate buffer. Good agreement between 

this rate and the rate of mutarotation of the glucose 6-phosphate 

was obtained. Further evidence was the similarity in the activation 

energies for the mutarotation of glucose (22.2 kcal) and glucose 

6-phosphate (21.8 kcal) which eliminates the possibility of the 

phosphate group increasing the ring strain of the sugar, thereby 

lowering the activation energy for the reaction. The existence

of intramolecular catalysis in mutarotation is one to which further(
attention will be given in this thesis.

One of the proposals often made to explain the remarkable

efficiency of enzyme catalysis is that of concerted general acid-
33base catalysis in two-proton transfer reactions . Although such 

concerted catalysis has frequently been postulated, particularly 

for reactions in non polar solvents (see later this section),



evidence for such a mechanism in aqueous, solution has been scant.

In recent years the catalysis by bifunctional catalysts,such as

bicarbonate and phosphate, of the hydrolysis of ^-hydroxybutyranilide 
3khas been ascribed to a cyclic concerted general acid-base catalysis 

of the breakdown of the tetrahedral intermediate (Fig.1)
oii

A _H  ;

RNH 0

yo / x o_
H

RNH 8

Fig. 1

Similar bifunctional concerted acid-base catalysis has been postulated
kk k5in the hydration of acetaldehyde and carbon dioxide and in

several other reactionskG The existence of third order terms in

the rate equations required to explain the kinetics of enolization 

of ketones^ and the ketonisaticn of oxalacetic acid^ are taken 

by many authors to mean that a pathway involving concerted general 

acid-base catalysis contributes at least to some extent to the 

mechanism of these reactions«
Not surprisingly, since mutarotation is a two-proton transfer 

reaction, workers have attempted to find evidence in support of 

such concerted catalysis in mutarotation. Despite a detailed



37examination, Swain et.al. could find no evidence for a third 

order term in the mutarotation of CX -D-glucose in pyridine/
38pyridinium aqueous acetone buffers. Lienhard and Anderson

investigated the catalysis of the mutarotation of oC -D-glucose

by the monoanions of dicarboxylic acids, and found no unusually

high catalytic effect which could be interpreted as evidence of

concerted cyclic general acid-base catalysis. The catalysis

was of the magnitude expected by summing the catalytic effect
39of an ionised and an unionised carboxy-group. Westheimer

had earlier obtained similar results in the amino-acid catalysed 

mutarotation of CK-D-glucose.

However it appears that concerted general acid-base catalysis 
is more likely to be of significant mechanistic importance in non

koaqueous solvents. The observation of Swain and Brown , that the 

rate of mutarotation of 2,3i^»6-tetramethyl- o(-D-glucose in dry 

benzene was only slightly enhanced by the addition of catalysts 

such as pyridine or phenol, but was greatly increased if both 

these catalysts were added (cf. earlier observation by Lowry and 

Faulkner )9 was interpreted by these authors to mean that concerted 

acid-base catalysis was operating. They predicted that such 

catalysis would be much more efficient if the phenolic and amine 

group were constructed, with the necessary geometry for action,
k']in the same molecule. The now classical studies of the 

mutarotation of 2,3»^»6-tetramethyl- o(-D-glucose in benzene 

catalysed by 2-pyridone confirmed this prediction with striking



results. In O.O^M 2-pyridone the "observed rate" is more than 50 

times the "total rate" with a mixture of OoO^M pyridine and 0o05M 

phenol, while with 0o001M 2-pyridone the rate was 7000 times that 

calculated for 0.001M mixtures of pyridine and phenolo The 

authors further point out that this large effect is obtained 

despite the fact that 2-pyridone is one ten thousandth as strong 

a base as pyridine and one hundredth as stong an acid as phenolo 

These results have made this reaction the classic example of 

concerted general acid-base catalysis and a model for a possible 

source of the efficiency of enzyme catalysis.

However several authors have disagreed with the concept of

concerted general acid-base catalysis postulated in the pyridine-

phenol catalysed reaction. The studies of Pocker and more 
k3recently Rony , have led these authors to postulate that catalysis 

of mutarotation by pyridine-phenol mixtures is not due to concerted 

acid-base catalysis .but to general base catalysis by the phenoxide 

ion within a pyridinium-phenoxide ion pair. It is well known that 
the nucleophilic strength of ionic species is greatly increased in 

non polar solvents and that the mere presence of ion pairs- often 

greatly accelerates rates in non polar solvents. Therefore it 

might not require a very high concentration of the pyridinium- 

phenoxide ion pair to account for the increased rate of mutarotation. 

Indeed evidence for a general base catalysed pathway in benzene 

solution seems reasonable in that Rony also observes catalysis by 
various aliphatic amine bases, and in addition notes that the



efficiency of the catalysis falls with increasing steric hindrance

of the amine. For example, 1,4-diazabicyclo (2,2,2) octane

though a weaker base (pK = 9°6) is sterically less hindereda
than triethylamine (pK = 10<>7) and is approximately ten timesa
more effective a catalyst. Such steric hindrance to general

base catalysis is well known^ ’̂ .
Clearly the results observed by Sv/ain and Brown for the

2-pyridone catalysed mutarotation of 2,3,^»6-tetramethyl-OC-D-

glucose in benzene cannot be explained by this ion pair hypothesise 
50But again Rony*̂  disagrees with the authors* postulate of concerted 

acid-base catalysis and suggests that 2-pyridone derives its 

catalytic powers from the fact that it is a tautomeric molecule 

and that such catalysis be preferably named ’’tautomeric catalysis”. 

Under this classification would come the examples of bifunctional 

catalysis by phosphate and bicarbonate already cited in this
50section, as well as many other examples of bifunctional catalysis .

One of the strongest pieces of evidence for the postulate of

tautomeri c catalysis is that 2-aminophenol has been reported as

being a very much poorer catalyst than 2-pyridone both in the

mutarotation reaction and in the aminolysis of j>-nitrophenyl 
50acetate . Since 2-aminopher.\ol is a much stronger acid and 

base than 2-pyridone, Rony suggests that it is not the acid or 

base strengths of these molecules which determine their catalytic 

activity but their ability to exist as two tautomeric species.



However, Rony does agree with Swain and Brown in as much as he

suggests that the proton transfers involved in his postulated
50tautomeric catalysis are concerted . A possible test of the 

postulate of tautomeric catalysis will be discussed later (see 

page 297)o
Bifunctional catalysis by 2-pyridone is by no means restricted

to mutarotation. It is well known as a cata3.yst in the chemical
53 5*+ 55synthesis of amides and in peptide synthesis 5 •.

Catalysis of mutarotation in aqueous solution has also been
56 57observed when Lewis acids are present in solution . The

catalytic effect is proportional to the strength of the Lewis

acid (aluminium chloride > zinc chloride > magnesium chloride)

and the catalysis is entirely associated with a more favourable

entropy term. Heterogeneous catalysis of mutarotation by
58finely dispersed copper has also been observed • Finally the

mutarotation of ex -D-glucose in pyridine has been found to be 
59autocatalyti c .

1,k Isotope effects in mutarotation reactions

Isotope effects, arising from two sources - kinetic and 

solvent isotope effects - yield information about the mechanisms 

of many reactionso The kinetic isotope effect arises from 
differences in the energy required to stretch the normal and 

isotopic band in the corresponding transition states„ The 

solvent isotope effect arises when the isotopic compound is used



both as a reactant and a solvent. It is well known that when 

reactions are studied in water and in deuterium oxide, a large 

kinetic isotope effect k^/k^ will result if the bond joining the 

isotopic atom to the substrate is formed or broken in the rate 

determining step. Thus rate determining proton transfer is 

associated with a large kinetic isotope effect (typically of the 

order of 2-6). Similarly since the solvated deuteron is a 

stronger acid than the solvated proton^, reactions which 

involve a proton transfer from catalyst to substrate prior to 

the rate determining step, are often characterised by an isotope 

effect which is less than unity. Thus the size of the isotope 

effect can give information about the timing of proton transfer 

steps in a mechanism,.
Many studies have been made of the mutarotation of oc -D-

glucose in deuterium oxide and in water. It has been found that

the value of k^/k^ is dependent on the strength of the catalyst.

For example, typical values for k^/k^ are 1.37 for catalysis by
ELO+ , 2.60 for catalysis by acetic acid and 3*87 for catalysis 3

7by water „

Explanations for these observed isotope effects vary. 

Bonhoeffer^ and Bell^ proposed that the k^/kp for H^0+ catalysis 

could be explained by a slow proton transfer from the acid to the 

ether oxygen of the sugar concerted with ring opening (Equation k)„



1'4

H
HO

HOHO
(4)

’Since the DA bond will be stronger than the HA bond the ratio

kg/kp will be greater than unity as observed.
62 63However other workers ’ prefer a mechanism which involves 

pre-equilibrium proton transfer to the ether oxygen with as a 

consequence a relatively larger concentration of the sugar conjugate 

acid in deuterium oxide. Were this the only factor bearing on the 

isotope effect, it would be expected to be less than unity. However 

, the rate determining step which follows this pre-equilibrium proton

ation, involves the breaking of the anomeric 0-H bond in water 

(0-D bond in deuterium oxide) with simultaneous ring opening 

(eq. 5)» and this will obviously counterbalance the previous 

effect with a resultant isotope effect greater than one.

Hi
HO*

H
HO

H (5)



The theory behind these isotope effects has been laid out in
63detail by Long and Bigeleisen and they show that the observed 

increase in the isotope effect with decreasing strength of the 

catalysing acid is wholly predicted by theory.

The very much higher isotope effect observed for water catalysis 

may arise from a mechanism in which water molecules act as both acid 

and base in a concerted mechanism (eq.6)

C H f>H . h ^ - h

HO

0H2 0H2 H3

Clearly two proton (deuteron) transfers occur in the transition 

state and the isotope effect will therefore be high0
On the other hand it may arise merely through the operation of 

the mechanism depicted by eq. the large isotope effect being 

anticipated because water is such a weak acid and the effect 
discussed by Long and Bigeleisen would be expected to be at a 

maximum„
The more recent developments in isotope effects in mutarotation 

have in the main been in the study of solvent isotope effects in 

mixtures of water and deuterium oxide. The detailed theoretical
6k 65basis of such studies is complex and well documented * . Recent



studies have been made by Long^, Huang^ and co-workers on the 

mutarotation of 2,3»^»6-tetremethyl-o<-D-glucose in mixed H^O-D^O 
solvents with a variety of catalysts. The main purpose of such 

studies is to endeavour to distinguish between mechanisms which 

involve solvent molecules usually in a cyclic synchronous 

mechanism (see Fig„ 2a) and those which do not invoke the presence 

of solvent molecules (Fig. 2b). Figo 2 illustrates these 

mechanisms for the transition state of a base catalysed mutarotation»

ch2oh

HO
HQH<

■ ■ ■ - • B  h 6 ............... ..... " - B

(a) Fig. 2 (b)
Such cyclic synchronous mechanisms have been invoked by several/I
authors for mutarotation and for the closely analogous hydration 

(dehydration) of aldehydes (hydrated). More v/ill be said of this 

in the subsequent section on the mechanism of mutarotation, but 

suffice to say that studies in mixed H^O-D^O solvents endeavour 
to find.evidence for the number of water molecules (if any) present 

in the transition state of any particular mechanism by observing the 

change in k^/k^ with n (where n = atom fraction of deuterium in the 

solvent and k^/k^ = rate constant observed in water containing atom 
fraction n of deuterium divided by the rate constant observed in water) 

The studies of Huang found no particular cyclic transition state



(either with one, two or three water molecules) led to a better 

fit of the observed results than did the conventional mechanism 

of mutarotation. However the cyclic synchronous mechanisms do 

lead to better values for the ’’fractionation factors’’ (to some 

extent a reflection of the acidity of an exchangeable hydrogen 

atom in the transition state) than the conventional mechanism,.

The doubt about the true physical significance of the fractionation 

factor for a hydrogen atom being transferred in the transition 

state, and the presence of several adjustable parameters in the 

calculations makes meaningful conclusions from these studies 
unlikely. The difficulty in distinguishing between kinetically 

indistinguishable mechanisms involving solvent molecules still 

remains.

1.5 Mechanisms of mutarotation
One of the main problems associated with general acid and 

general base catalysis is the problem of distinguishing between 

kinetically indistinguishable mechanisms. Perhaps the first 

obstacle to determining the mechanism of catalysis in these 

reactions is to decide at what site the catalyst is acting.
Mutarotation being a classical example of general acid-base catalysis is, 

not surprisingly, subject to these mechanistic problems. This 

is illustrated below in equations (7) anc* (8) which show two 
possible mechanisms for the general acid catalysed mutarotation 

of 0( -D-glucose.



18.

h o — J

H6 4 h H(5

CĤ OH +
CttPH . H-A y j f c

fast— .. H O '7 ^ ^ ^  slow
H

HO

(7)

CHjOH

HO'

HO
HO +

HA

(8)

The evidence for the mechanism proceeding through an acyclic 

aldehydo form has already been discussed (section 1.2) and the 

mechanisms shov/n illustrate the reaction path only as far as 

this acyclic intermediate. The.ring closure to give the 

^-anomer is a fast step and will occur by the same mechanistic 

pathway shown for the reverse reaction in the above mechanisms.

Clearly these two mechanisms differ in the site of the 

catalyst in the rate determining step and in the type of catalysis 

occurring in the rate determining step. In reaction (?) a fast 

pre-equilibrium proton transfer occurs and the rate determining 

step involves attack of the conjugate base of the catalyst on the 

conjugate acid of the sugar with simultaneous ring opening. Such



catalysis amounts to specific acid catalysis-general base catalysis 

of the reaction in the forward direction, and the catalyst is 

situated beside the C-1 hydroxy-group in the rate determining 

step.

The rate law for reaction (7) is

Rate = k (SH+) (A ) ...(9) (where SH+ is the conjugate acid s
of the. sugar S. The equilibrium constants for dissociation of

the general acid and of the conjugate acid of the sugar are

„ _ (H+)(fl~) (H+)(S) , ,
HA " THAI • SH " (SH+)     ( '

Substituting these in equation (9) one obtains

Rate = k . K„-
gSi X  (S) (HA) .........  (11)s
\ e+

In reaction (8) the proton transfer from the general acid to the

sugar occurs in the rate determining step with simultaneous ring

opening. Such catalysis is true general acid catalysis and in this

case the catalyst is situated near the sugar ring oxygen atom.
The rate law for reaction (8) is

Rate = k ’ (S)(HA) s
which is identical to the rate law for reaction (7) shown in 

equation (11) except that k^ = kg
"^SH+ .

Thus despite the differences in mechanism and in the site of



20.

the catalyst in the rate determining step both reactions follow 

identical rate lav/s and are indistinguishable by kinetic tests»

It is interesting to note that the reaction (7) which is specific 

acid-general base catalysed in the forward direction is general 

acid catalysed in the reverse direction, while reaction (8) general 

acid catalysed in the forward direction is specific acid-general 

base catalysed in the reverse reaction. This is really a con

sequence of the lav/ of microscopic reversibility whereby both the 

forward and reverse reactions must pass through the same transition 

state.

The same ambiguity of mechanism exists for general base 

catalysis. Equations (12) and (13) show two possible mechanisms 

for the general base catalysed mutarotation of o<-D-glucose.

H
(12)
B

B

CH-.0H B

I (13)
slow HQ



Reaction (12) represents true general base catalysis in the forward 

direction while reaction (13) represents specific base-general acid 

catalysis in the forward direction. The rate law for reaction 
(12) will be

Rate = k (S)(B) .......... (14)

while that for reaction (13) will be 

Rate = k ’(S”) (BH+)

= k* K
- . (S) (B) .......... (13)

dissociation constant of the conjugate acid of the base catalyst. 

Thus again it can be'seen that the two mechanisms are kinetically 

indistinguishable.

There are of course several techniques for resolving this
kinetic indistinguishability for some reactions ^ ( a) ̂ Perhaps

the most relevant one in the case of the mutarotation reaction is

that of inspecting the reaction mechanism for thermodynamically

unstable reaction intermediates and calculating whether or not

this intermediate would react with another reactant at a rate
70greater than the diffusion controlled limit. Thus Eigen 

calculates that for the dehydration of acetaldehyde hydrate a 
mechanism such as that depicted in equation (7) cannot hold for 

water catalysis since then the reaction of the conjugate base of 

the catalyst (H0~ for water as catalyst) with the conjugate acid



of the adlehyde hydrate would require to be faster than diffusion

controlled. Since the dehydration of an aldehyde hydrate is a

reaction highly analogous to the mutarotation of an aldose

this must cast some doubt upon a mechanism such as (7) for
bacid catalysed mutarotation. Jencks points out the

possibility that catalysis by water may be an example not of acid 

catalysis but of base catalysis, whence a mechanism such as (7) 

would not be anticipated. He also calculates that for the 

dehydration reaction, the reverse of the rate determining step 

of mechanism (8) - reaction of the conjugate base of the catalyst 
with the conjugate acid of the aldehyde - would require to be 

faster than diffusion controlled. Thus by analogy, mechanism 

(8) would appear to be prohibited for acid catalysed mutarotation0 

Consideration of mechanisms (12) and (13) may lead to similar 
conclusions about the viability of these mechanisms. A detailed 

quantitative description of these calculations with respect to the 

mutarotation of o(-D-glucose via all these mechanisms will be given 
in the discussion section0

Due to the doubts cast on the acid and base catalysed 

mechanisms by such calculations as those above of Eigen and Jencks, 

other postulates have been made regarding the mechanism of such 
reactions. The none-encounterM mechanism^'^*^ is exactly 

analogous to the mechanisms already postulated except that in each 

case the catalyst molecule brings about the fast proton transfer



steps required in mechanisms (?)» (8), (12) and (15) in the same

"encounter” with the sugar reactant as that in which the rate

determining step occurs. The diffusion controlled limit is thus

removed and any of the mechanisms may then occur.

A possibly more attractive way round the difficulties of the

stepwise mechanisms (7)* (8), (12) and (13) is the postulate of
70concerted mechanisms. The term "concerted” has been defined

as a correspondence between the motions of the protons involved
-10in the reaction within times less than 10 . seconds. To

postulate that the reaction is simultaneously acid and base 

catalysed is clearly a way round the limiting values for diffusion 

controlled reactions which are possible stumbling blocks in the 

stepwise mechanisms. In aqueous solution it is an even more 

attractive postulate since one can easily formulate a mechanism 

of concerted acid-base catalysis with water acting either as the 

acid or as the base, thus utilising its amphoteric property. Such 

mechanisms could possibly include several water molecules in a 

cyclic concerted mechanism. The catalyst "triggers" the reaction 

and remains unchanged itself sitting outside the ring of water 
molecules. Two such mechanisms for the mutarotation of glucose 

might be envisaged as in equations (16) and (17)



2h

slowHO
HO H

H

H 0
H

- ° s .

CHJDH

slow HO o '
H

B

HA

(16)

(17)

However it is difficult to reconcile this mechanism at least 

for general base catalysis with the previously observed (and 

further corroborated in the work reported here) steric hindrance 

to general base catalysis. The existence of this steric hind

rance suggests that the catalyst base must be fairly close to the 

reaction centre so that some kind of cyclic mechanism such as (18  ̂

might be preferred.

CHXIH
slow v q/ H

H 0^ r ^  a

B OH.

(18)



Such mechanisms where the catalytic molecule sits outside
a 'water shell' and acts as a catalyst by lining-up the dipoles

of solvent water to a greater or lesser degree depending on the

strength of the catalyst, has received support from the work of 
29Schmid . He notes that the enthalpies of activation of the

water, H^0+ , formate, acetate,formic acid, acetic acid, glucosate

and hydroxide ion catalysed reactions were all very similar and that

differences in the catalytic coefficients of these species are
in general due to differences in the entropies of activation.

For example the catalytic coefficients for the glucosate ion and
“6 _1 —1for water were 1.0 and **.9 x 10 l0mol. sec. respectively and 

their enthalpies of activation were 17*3^ and 17*2^ kcal/mol
5respectively. Clearly the difference of over 10 in the rate 

constants cannot be explained on the basis of activation enthalpies. 

Schmid proposes that the catalyses by these species are essentially 

catalyses by water - presumably proceeding by the same mechanism 

as the water catalysed mutarotation - with the catalyst lining up 

the water molecules' dipoles to a greater or lesser degree which 

reflects itself solely as an entropy factor. The same may not be 

true for amine bases since it is interesting to note that a similar 

analysis for ammonia as the catalytic species reveals that the 
increase in catalytic coefficient for ammonia over that for water 

(a factor of about 3 x 10 ) is due rather to a more favourable



enthalpy difference than to an entropy factor alone.

Thus the mechanistic problem still very much unsolved for 

the mutarotation reaction is the exact timing of the three 

processes occurring, namely - addition of a proton to the ring 

oxygen, breaking of the bond between C(1) and the ring oxygen 

(ring opening) and removal of a proton from the C(1) hydroxy 

group. Definite proof regarding this will not be easily 

obtained but an attempt to shine some light on this question of 

the timing of these processes using structure - reactivity 

relationships will be described in the work reported here.

The mechanism of mutarotation in non aqueous solvents 

has been fairly thoroughly outlined in section 1.3 and further 

reference will be made to it in the discussion section.
1.6 Mutarotase

The mutarotation of certain sugars is known to be catalysed

by an enzyme which is found in the tissues of certain animals such

as the kidney and liver of rats. A similar enzyme was isolated

from penicillium notatum in preparations of D-glucose oxidase.

This enzyme has been named 'mutarotase* and a small amount of work

has been carried out on mutarotations catalysed by this enzyme.
73From this work, mainly of Bentley and Bhate , it appears 

that the enzyme catalysed reaction is essentially similar to the 
spontaneous or acid-base catalysed mutarotation. Similar isotope 
effects were observed and by use of suitably labelled sugars, a



single displacement mechanism on C(1) was eliminated. The 

enzyme clearly has some manner of specificity in that it appar

ently acts as a catalyst in the mutarotation of sugars with the
lbD-gluco-or D-galacto-configurations .

JJowever meaningful work on this enzyme, which would appear 

to have a proton-transferring function, must await the easy 

availability of electrophoretically pure enzyme and ideally the 

three dimensional structure as well.

The foregoing.discussion on aspects of mutarotation makes 
no attempt to be a comprehensive review of. the vast amount of work 

which has been carried out on the subject. It merely highlights 

some of the more interesting aspects of mutarotation and the main 

points which are pertinent to the work reported here.
As has already been mentioned structure-reactivity relation

ships form the basis of some of the work in this thesis and it 

might therefore be useful to review briefly some of the pertinent 

work in the area of free energy relationships.

1.7 Free Energy Relationships
One of the most commonly used techniques of probing into the 

mechanistic details of a particular reaction is to systematically 

vary the structure of one of the reactants, keeping the other



variables of the reaction constant, and to study the kinetics of 
this reaction as such structural changes are made. The kinetic 

data are then expressed by one of many empirical equations, which 

enable the effects of structure change to be rationalised and 

predicted, and which are often used as an aid to distinguishing 

between possible mechanisms for the reaction. These structure- 

reactivity studies have given rise to the subject of "free energy 

relationships" which for the most part take the form of linear 

equations. The subject of linear free energy relationships has 

been fairly extensively reviewed and only those points which

provide a relevant background to the studies presented in this thesis 

will be included in this brief survey.

It has been realised since their inception that the theories 

on structure-reactivity are concerned with the correlation of 

potential energies of reacting systems. However real systems are 

governed by both potential and kinetic energies and so it is not 

entirely expected that the theories should give reliable predictions 

of chemical reactivity. Yet the success of linear free energy 

relationships in correlating reactivity with structural changes has 
been very considerable. Such correlations are of great value in 

storing and predicting rate and equilibrium data.
The variations of the standard free-energy change with a 

variable x can be expressed by
d M =  (*A G) dx ......   (19) at constant temperature.

C 5 T )  t



For a finite change in x from some abitrary standard value x^ 

to x^, the free energy change will be given by

ag. - ag = (Sag) ( .
1 ° (Tx~) T (x1 - xo) ......  (20)

This represents a linear relationship between G and x (and hence

between log k and x) provided (SAG) = g°. remains constant within
( Sx) T x

the range of variation of x.

Since the transition state theory gives the relationship

between the rate constant (k) and the standard free energy of

activation (AG*).

log k = log RT - AG*   (21)
Nh 2.3RT

then combining equation (20) and equation (21) then for the same 
change in the variable x on a particular reaction A

log (k1/kQ)A = 6^ . (xQ - xn) / 2.3 RTa  .......  (22)
Awhere g is the susceptibility of reaction A to changes in x. 

Clearly for another reaction B a similar equation can be written:- 

log (k1/kQ)B = g®. (xQ - xn) / 2.3 RTb ......... (23)

Combination of equations (22) and (23) leads to a linear free 
energy correlation between the two reaction series A and B. 

log (k /k ) = g®. T l o g ( V V   (21)
gX ’TB

From eq. (2*0 can be readily seen the well quoted fact that all 
linear free energy relationships are based on the criterion that 

the free energy changes produced by a systematic variation of the



reactant structure of a particular reaction are related in a linear

fashion to the free energy changes that the same variations bring
about in another reaction.

Clearly for the two reactions A and B being carried out at

the same temperature, equation (2*f) predicts a linear relationship

between the free energy changes created in the two reactions by
B / Avariation of x provided 8y/ r e m a i n s  constant throughout the

range of variation of x. If one of the reactions, say A, is

selected as a standard, equation (2^) may be considered as a two

parameter equation

log (k1/kQ)B = CX1 ....... (25)
B / Awhere C = g^/g^ = the susceptibility of reaction B to changes 

in x relative to the standard reaction A, and X^ = log (k^/k^)^

dependent only on the change in the variable x.

The foregoing is the derivation of a generalised relationship

for linear free energy relationships set up by Wells in his review.

One of the necessary conditions for a linear relationship to hold 
B Ais that 8y/8x be a constant, and the relative standard free energy 

change can be factored into relative enthalpy and entropy changes, 

we can say:-
A G  = A H  - T A S  

(4AG/Sx)T = (SAH/S x)t - T (SAS/6x)t 
Since g® = (SAGB/S  x)T and g^ = (6aga/6 x)t

then the requirement that, for a linear free energy relationship to



B A 78hold, should be constant then implies that the reactions

should fall under one of the following categories

a) ($AS/<5 x)^ = 0 whence the series are isoentropic.

b) (<SAH/6 x)^ = 0 whence the series are isoenthalpic.

c) (6AS/ Sx)^ and (6 AH/ &x)^ are linearly related and

the series are isokinetic.

As a measure of the lack of understanding of linear free energy

relationships it can be noted that the reaction chosen as the standard

reaction for Hammett relationships (see later) is not isoentropic

and yet there are many reactions which correlate with this standard

reaction in a linear free energy relationship.
81Further, it has been pointed out that a linear relationship

82between enthalpy and entropy although held by some to exist, may 

in fact arise from experimental errors in determining the enthalpy.
O 7

In any case examples are known of reactions which exhibit linear

free energy relationships but whose entropies and enthalpies cannot
be correlated by the isokinetic relationship. And in taking this one

79stage further, Ritchie and Sager have examined much of the available 

literature data to see whether many reactions can be classified as 
obeying an isokinetic relationship and simultaneously be correlated 

with a particular linear free energy relationship - namely the Hammett 
Equation. They found no reactions simultaneously obeying these two 

relationships, but found that there were many series of reactions which 

obeyed one of the relationships but not the other.



Thus it appears that there are reaction series which wrill 

obey a linear free energy relationship but are not isoentropic or 

isokinetic (for example the ionisation of substituted benzoic and 

acetic acids). Thus understanding of why the empirical free energy 

relationships, which are really potential energy models, can correlate 

rate and equilibrium data in reactions where clearly kinetic energies 

must also be taken into consideration is still lacking.

Perhaps the statistical mechanical treatment of Ritchie and
79Sager holds at least part of the explanation. They found that 

the relationship between entropy and enthalpy changes was temperature 

dependent leading to an appreciable cancellation in A H  - T A S  at all 

temperatures. They also claim to have shows that the free.energy 

change of a system is a better measure of potential energy changes 

than the enthalpy change.

1.8 The Hammett and Taft Equations

The Hammett Equation was the first linear free energy relationship 

proposed, and it correlated the rate data obtained for the side-chain
84-reactions of meta - or para - substituted derivatives of benzene 

The Hammett equation takes the form for rate data

log (k/kQ) =<yp   (26)
where k is the rate constant for the side chain reaction of a meta - 

or para - substituted benzene derivative, and kQ is the rate constant 

for the same reaction of the unsubstituted (parent) benzene compound0 

The relationship between equation (26) and the generalised equation (25)



can be seen readily, and it can be appreciated that <5 corresponding

to log (k^/kQ^ in eq. 25, measures the effect of changing the

substituent, an effect which was considered to be purely a polar

effect in meta - and para - derivatives; p corresponding to 
B / Aĝ /ĝ . in the generalised equation measures the susceptibility of

the reactions to changes in (5 , relative to the standard reaction ho

Hammett chose the ionisation of benzoic acids in water at 25°C as

this standard reaction for which p was then defined as unity.

The value of log (K/Kq), (where K = ionisation constant of the

substituted benzoic acid and K - ionisation constant of benzoico
acid itself) then defined G  the variable corresponding to x in the

85generalised treatment. By 1953? several hundred reaction series 

could be correlated with a fair degree of accuracy using this 

equation. However, certain deviations from this linear relation

ship were noted primarily in. cases where the substituent and the reaction 

centre could interact mesomerically. Thus the d values for certain 

para - substituents were found to be unsuitable for some reactionso 

This led to a mass of work in which new substituent constants such

as <5 ̂  an(* to name but a few were defined
86-88and used in modified Hammett equations by various workers.

It was found that linear free energy relationships such as 

these simple Hammett equations did not hold in aliphatic and ortho

substituted aromatic systems, an observation which was attributed 

to the existence of steric effects in addition to the polar effects



previously noted. The separation of the polar and steric effects
89in some of these systems was achieved by Taft . . Since this work

is of most relevance to the work reported in this thesis it v;ill be 

useful to summarise the main points briefly.

Taft chose as his field of study the hydrolysis of aliphatic 

esters, and derived the following equation for evaluating the polar 

effects of substituents R in the rates of hydrolysis of esters 
RC02R1

<5* = ^/2.k8 (log (k/k ) - log(k/k ).) ...........  (27)O D O R

d* is a substituent constant indicating the net polar effect of 

the substituent (corresponding to the rate constant k) relative to 

that for the standard of comparison (kQ R = CH^). The subscripts 

B and A refer to otherwise identical alkaline and acidic hydrolysis. 

The factor 2.^8 is a constant introduced in an attempt to put the 

polar effects so obtained on about the same scale as for the Hammett 

(5 values.
The relationship (27) is based on three assumptions

a) The relative free energy of activation may be treated as the

sum of independent contributions from polar, steric and resonance 

effects.
b) In corresponding acidic and basic reactions, the steric and

resonance effects are the same0
c) The polar effects of substituents are markedly greater in the

basic than in the acidic series.



Certainly the first two assumptions are open to some doubt.
The effects rnay not be independent of one another. e.g. there may 

be steric inhibition of resonance. If the effects interact linear 

analysis is unsuitable. Hov/ever unless this simplifying assumption 

is made, no great progress is possible. The validity of the 

assumption is tested by the results obtained.

Assumption (b) lies at the heart of Taft's analysis. Taft 

justified it by pointing out that the transition states for the 

acidic and alkaline hydrolysis of esters only differed in the positions 

of two protons (Fig. J>) . Since the size of these protons is small,

he reasoned that the steric interaction in reaching the transition 

state should be the same.

O H1 p
R — C  - OR' R — Q - O R

CN
X•0

ft

O H

Acidic Transition State Basic Transition State

Fig. 3

However the assumption of these constant steric and resonance
90effects has been criticised by Shorter. Some of the work carried

out by Shorter and his colleagues on the acid and base catalysed 
hydrolysis of methyl trans - and cis - k - t - butylcyclohexane
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91carboxylates in 1:3 dioxan - water led them to suggest a

difference in the steric effects in the acidic and basic reactions

thus casting some doubt on Taft's assumption (b). Further work

mainly on ortho - substituted benzene derivatives (e.g. hydrolysis 
92of benzoates and esterification of benzoic acids and phenylacetic 

93acids ) led to the criticism that assumption (b) ignored the possible

role of solvent. "Since the transition states of the acidic and

basic reactions carry opposite charges it is unlikely that the

solvation patterns will be so similar that the steric interactions

in both systems will be the same". The same conclusion was reached 
9kby Noyes whose studies showed that extreme differences in solvent 

structure existed around ions of opposite charge. Further references

on the question of the validity of assumption (b) are given in Shorter's
. 90review .

However Taft considers that the validity of the assumptions (a) -

(c) can be judged by the final results he obtains and the success he

had in correlating the reactivity of aliphatic esters and ortho -

substituted benzoates was undeniably considerable.

Assumption (c) receives support from the Hammett (2 constants

for the hydrolysis of m - and jo - substituted benzoates. The

values for base catalysed hydrolysis are very much larger than those

for acid catalysed hydrolysis where they lie close to zero in the
85range -0.2 to +0„5<> Taft uses this assumption, namely that the

susceptibility of ester hydrolysis to polar effects is virtually zero, 

to postulate that the relative rate constants for acidic hydrolysis of



a substituted ester to the standard ester are near quantitative

measures of the net steric effects between the two esters. He

defines a steric substituent E bys
E = log (k/k ).  (28)S O A

E^ is a measure of the total steric effect associated with a given

substituent relative to the standard of comparison which in Taft’s

work is the CH group. Combining (2?) and (28) gives the 3
equation

log (k/k ).. = E + 2o48<5*  (29)0 o B s
Once again the general validity of this definition of E iss

93 95in some doubt with the observations ’ that polar effects sometimes

make significant contributions to the term log(k/k )^.

However Taft was abl«, using the parameters<5* and E deriveds
as above, to correlate the rate constants for a large variety of

89reactions with the equation

log (k/kQ) = <3-*. p* ......... . (30)

p* being the reaction constant analogous to the Hammett p constant. 

Conformity to equation (30) implies that all effects other than polar 

effects remain nearly constant throughout the reaction series.

Indeed equation(30) is not really a linear free energy relationship 

for as defined cf* measures "polar energy" which has been separated 

out from free energies. This of course means that steric effects 
of substituents must either be absent or constant within the range 

considered. Clearly substituents which can resonate with the reaction 
centre will cause breakdown of equation (30) as well. Thus equation



(30) represents a linear free energy - polar energy relationship

and if one accepts the postulate that polar, steric and resonance

effects are completely different, unrelated functions of structure,

then the demonstration of a simple proportionality between a series

of log k/kQ values and the corresponding Taft polar substituent

constants 6* implies that only one variable, the polar effect, is

in operation. Deviations from this proportionality are taken by

Taft to be indicative of variable steric and/or resonance effects,

where the deviations are outwith the precision of equation ( 30)
*1"(- 10$)o This is not to say that because equation (30) is found 

to hold for a reaction series, there are no steric interactions 

between the substituent and functional group. These steric 

interactions may be present but because they make the same contri

butions to the free energies of both the reactants and the transition 

state the free energy difference between the two states will receive 

no contribution from steric interactions. The number of reaction 

series which can be correlated with equation (30) confirm the existence

of this cancellation of steric effects.
89Taft proposed that some reactions could be correlated with the 

equation
log (k/k ) = S E .............  (31)U O

where S = steric susceptibility constant. Clearly in such reactions 

polar effects of substituents are taken to be negligible and 

log (k/kQ) is a measure of the steric effect of a substituent 
relative to the standard of comparison. Such reactions - e.g. acid



catalysed methanolysis of yg-napthyl esters - normally give a good

correlation with equation (31) over a very limited range of substituents.

Indeed in nearly every case the substituents are all alkyl groups of

varying size. It is possible that the susceptibility of these

reactions to polar effects is zero, but it is interesting to note
79Ritchie and Sager's suggestion that the substituent constant for

all alkyl groups be the same - on Taft's scale they would all be

zero. This would of course also explain why a relationship such as

(3"0 could hold for the limited range of alkyl substituents. This

linear free energy - steric energy relationship (3^) is thus clearly
97of rather limited applicability and it was suggested that the

would have a wider range of applicability than either (30) or (31)* 

The equation implies that the relative free energy of activation 

may be regarded as a sum of independent contributions from polar and 

steric effects. This follows also from the generalised equations of

equation

log (k/ko) = <5*. p* + <5.E* is (32) ■

78Wells given in section 1.7* In particular he notes that equation
(25) can be extended to correlate rate data of reactions in which

more than one variable does not remain constant. This gives the

generalised equation
log-(k./k-J^ = CX. + DY. where in addition to thei 0 B I I

symbols used in equation (23) and measures the susceptibility

of the reaction B to changes in y relative to the standard reaction A 
and Y^ = log A ^ A q )^ dePendent onlY on the change in the second



variable y.

Equation (j>2) still depends on equations (28) and {JA) as

accurate estimates of steric effects and behaviour. It has been

found to fit well the rate data for the alkaline transesterification
97of 1-menthyl esters , and gives a poorer fit for the rate data for

98 89the base catalysed hydrolysis of anilides. But Taft’s prediction

that equation {j>2) was liable to be useful in correlating the effect 

of structure on reactivity in other series has had disappointingly 
little corroboration since it was made. An attempt to use this Taft 

separation of polar and steric effects on the reactivity of the series 

of sugars studied in this thesis will be described in the discussion. 

That resonance effects have not been discussed in this brief survey 

of the Taft and Hammett equations is because they are not relevant to 

the discussion of the studies reported herin. Full accounts on
78 89 90.resonance effects can be readily obtained in existing reviews ’ ’

1.9 The Bronsted Equation
The Bronsted equation was really the first linear free energy 

relationship known, although at the time of its discovery it was not 

appreciated as such. It was developed empirically to correlate the 

acid and base strength of compounds with their effectiveness as 

catalysts in general acid-base catalysed reactions (e.g. mutarotation 

previously mentioned). It takes the form

ka = GA*Ka 5 = GB* ^  ’
where k and k^ are the rate constants of an acid or base catalysed
reaction respectively, are the dissociation constants of the



acid and base respectively, G is a constant for the reaction and 

and ft are proportionality constants for the acid and base catalysed 
reactions respectively.

These equations are more often written
log k = log G + cx log K )

a A a ) .................  (33)
log = log Gb - log Ka )

99It can be readily shown for many reactions that the existence of 

a Bronsted relationship implies the existence of a free energy 

relationship between the rate constant for one of the individual steps 

of the reaction and the equilibrium constant for this same step (rate 

determining step). The proportionality constants o( and are 

equivalent to the term g^/g^ in the generalised;quation (25) and 

measure the susceptibility of the reaction to acid .or base catalysis.

Another view of the Bronsted relationship is that it compares 

the free energy of an equilibrium for complete proton transfer to 

the free energy of a transition state which involves partial proton 

transfer (equations (3*0 and (35)•
B + HA BH+ + k    (3*0

St S-S + HA =*=f S ___H...A  (35)
Much debate exists as to the interpretation of the magnitude of

0( or j?> in a reaction correlated by the Bronsted relation. In a 

kinetically specific acid catalysed reaction the observed rate is 

proportional to only the hydroxonium ion and catalysis by other acids 

is almost undetectable. This results in an <X value of 1.0. At 

the other extreme when the observed rate is independent of all acidic



species including the hydroxonium ion (i.e. spontaneous reaction)

0( will be 0. For a reaction of this latter type the proton will

be very much on the proton donor, whereas with specific acid catalysis

the proton will be completely transferred. In general therefore as

we go from reactions which are not acid catalysed at all to reactions

which are general acid catalysed and finally- to the specific acid

catalysed reactions one would expect a to increase from 0 to 1o0.

Clearly it is a great temptation to correlate the CX value with the

exact degree of proton transfer in the reaction, and indeed one finds 
100,101,111authors who make just that interpretation.

In considering the validity of such interpretations it is worthwhile
102.considering the related Hammond postulate * :This postulate states 

that "if two states as for example, a transition state and an unstable 

intermediate occur consecutively during a reaction process and have 

nearly the same energy content, their interconversion will involve only 

a small reorganisation of the molecular structures". The most obvious 

deductions to be taken from this postulate are that endothermic processes 

should have, transition states resembling the products of the reaction 

while exothermic processes should have transition states which bear 

a closer resemblance to the reactants. In the large majority of 

reactions a situation intermediate to this pertains. These processes 
are shown in Fig *f. A represents the endothermic reaction, B the 

exothermic and C the more usual thermally balanced reaction.
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To translate this into the sort of proton transfer reactions 

which correlate with the Bronsted equation, we might consider that 

A represented a reaction such as B + H ^ Q B H + + OH when B is

a very much weaker base than hydroxide ion. Similarly curve B might
+ ® %represent a reaction such as H O + B  ̂ > BH + Ho0 when BH is

t> c-

a very much weaker acid than H^0+ . In the former reaction the 
Hammond postulate would predict that the transition state would be 
"product-like" and hence proton transfer would be considerably 

advanced. In the latter reaction the transition state would be 

"reactant-like" and proton transfer would not be far advanced. This 
corresponds to the often quoted statement that if a proton is being 

transferred from one basic site to another the transition state 
will be such that the proton lies nearer the weaker base. Clearly



then on this basis, as the pK difference between the donor and

acceptor varied, the Hammond postulate would predict the position

of the proton to change. If one accepts this postulate, then

clearly it is contradictory to at the same time hold that the

Bronsted CX or ̂  value, obtained by plotting rate constants for

acid catalysis (say) against the pK_ of a systematically varieda ~
proton donor, is representative of an exact degree of proton

transfer in the transition state of that set of reactions,
103Kresgee points out that the Bronsted exponent (X is the ratio 

of substituent effects on the free energy of activation of a proton 

transfer process to substituent effects on its overall free energy 

change, i.e. ratio of substituent effects on AG* to those onAG° 

for the particular proton transfer process.. Although it is reasonable 
that the substituent effects on AG* be less than those on AG° there 

is no real reason for supposing that the relationship between these 

substituent effects be exactly linear - a condition which is required 
if cx is to accurately reflect the degree of proton transfer.

Eigen has calculated that for proton transfer reactions extending 

over a wide range of pK differences between donor and acceptor^ that the 

Bronsted exponent should vary between 0 and 1. This is readily under

stood when one first considers reactions of the hydrated proton with
10̂ + 105.bases - a reaction which is well documented. ’ These studies

show that in most cases of the reaction of H_0 with a base the proton
j

transfer is diffusion controlled and hence the proton transfer is not



rate limiting o< must be zero. Normally the pK^ of the acid
-fformed by the transfer of a proton from H O  to a base is much 

higher than the pK _+, but when the opposite is true (e.g. pro-
3

tonation of acetals or carbonyls) then the proton transfer is 

normally subject to specific acid catalysis with an oc value of 

1.0. Intermediate to these two extremes, when the pK difference 

between the donor and acceptor is small, the rate of proton transfer 

will depend on this difference and o< will vary between 0 and 1.0.

Such variations in <x as the pKa difference between donor and acceptor 

changes have been observed, but in addition there have been

several reported cases of proton transfers where the data are 

correlated by a linear Bronsted plot with a unique OC value over 

a very wide range of pKa.^^ . As previously mentioned

mutarotation falls into this latter class and it is this observation 
which prompts Eigen to propose a cyclic synchronous mechanism invol

ving solvent molecules.
The preceeding arguments regarding the position of the proton

in a proton transfer reaction are in conflict with the "solvation
111rule" of Swain et. al. which in fact proposes that "a proton 

being transferred from one oxygen (or nitrogen) to another should 

lie in an entirely stable potential at the transition state and

be closer to the more basic oxygen atom ....... " This is in
fact completely in contradiction to the Hammond postulate and all 

the previous considerations of this section. The solvation rule



appears to be based on the rather weak experimental evidence of 

a three point Bronsted plot for the base catalysed formation of 

tetrahydrofuran from A-chlorobutanol. The points used in the plot 
are the catalytic constants for water, borate and hydroxide ion 

catalysis - just those points which are most frequently found to 

deviate from more conventional Bronsted plots1. The Bronsted 

exponent is 0.25 which is taken by the authors to mean "that the 

transfer of the alcoholic proton is about 25% complete at the 

transition state." This being so - with the proviso that the 

statement is probably erroneous anyway (on the basis of this 

section's discussion) - the solvation rule if correct would require 

that the alcoholic oxygen be more basic than a hydroxide ion at the 

transition state. Since this seems also to be highly unlikely, 

it would appear that if the solvation rule does have any theoretical 

basis it is not the reaction of hydroxide ion with 4-chlorobutanol.

As a final note of warning on the interpretation of Bronsted
112exponents it should be noted that Bordwell et. al. have reported 

that the base catalysed abstraction of a proton from substituted aryl 

nitro-alkanes yields Bronsted exponents of 1.J1 and 1.61, the reverse 

reactions having the corresponding slopes less than zero -0.31 and 
-0.61. Thus this reaction demonstrates a greater sensitivity to 

structural change in its rates than in the position of equilibrium.

Quite obviously the Bronsted exponent cannot be interpreted as the 
degree of«proton transfer in the proton transfer reactions of these 
carbon acids. Further recent work on these nitroalkanes have corroborated



113this conclusion.



•Experimental (Preparative)



General

Melting points were measured on a Kofler-Reichert hot 
stage melting point apparatus and are uncorrected.

I.R. spectra were measured using a Perkin Elmer 237 spectro

meter and were calibrated with a polystyrene filmQ

N.M.R. spectra were determined as approximately 1C$ solutions 
on a 60 MHz Varian A-60 spectrometer. Chemical shifts were 
measured downfield from internal T.M.S. and are quoted in Hz.

The chemical shift quoted for multiplets is normally the centre of 

that multipleto

Elemental analyses were determined by Mr. J. Cameron, University 
of Glasgow, and are quoted as percentages.

Preparation of 1,2-0-isopropylidene-0( -D-glucofuranose (I)

The acid catalysed condensation of glucose and acetone was
114carried out by the method of Mehltretter et. al«, with the

modification that after neutralisation of the reaction mixture, 

filtration to remove sodium sulphate and removal of the solvent in 
vacuo, the resulting red syrup was dissolved in ethyl acetate and 
acidified with concentrated nitric acid (10 ml). On standing at 
0° for several days the 1,2-0-isopropylidene glucofuranose crystallised 

out in 30$ yield. The crude product was recrystallised from ethyl
q |̂* Qacetate to give the pure product with m.p. 159 (lito 161 ).

N 0M.R0 (d-5 pyridine)
2 singlets - 79» 90 Hz (6), isopropylidene methyls;



multiplet - 257 Hz (2);

multiplet - 184 Hz (3);

2 doublets - 292, 376 Hz (2), J = 4Hz (H-2 and H-1);3.D
singlet - 391 Hz (3) -» hydroxy-protons.

I.R. (Nu.jol Mull)

3440(s), 3320(s) (both OH stretch), 1282(m), 1270(m), 1245(m) 

1225(s), 1l6o(m), 1114(w), 1085(s), 1062(s), 1038(s), 1004(s) 
958(s) (C-0 stretches), 88l(m), 865(01), 852(m), 790 cm 1 

Preparation of 1,2-0-isopropylidene-6-0-(p-toluenesulphonyl)-«-D-

glucofuranose (II).

Treatment of 1,2-0-isopropylidene-<x-D-glucofuranose with

jd-toluenesulphonyl chloride in pyridine using the method of Ohle
115 ' • and Dickhauser yielded the desired product in 33$ yieldo

Recrystallisation from benzene gave the pure product with m.p. 106-107° 

(lit.115 108°).

N.M.R. (Deuterochloroform)
2 singlets - 78, 88 Hz (6), isopropylidene methyls;

singlet - 149 Hz (3), aromatic methyl;
broad singlet - 189 Hz (2), hydroxy-protons; 

multiplet - 254 Hz (5), (H-3, H-4, H-5, H-6);
2 doublets - 271, 355 Hz (2), (H-2, H-1);

AAf BB1 system - 437, 445, ^65, ^73*Hz (4), (^-substituted
aromatic ring protons)

I.R. (Nu.jol Mull)
3525 (OH stretch), 1600 (aromatic double bond str.), 1330*



50,

1172 (S = 0 stretch), 1220, 1102, 106?, .1022, 964, 905, 870,

829, 809, 79%  708 cmT1

Preparation of 6-azido-6-deoxy-1,2-0-isopropylidene-<x -D-

glucofuranose (III).

Displacement of the sulphonic ester of 1,2-0-isopropylidene-
6-0-(]D-toluenesulphonyl)-tX’-D-glucofuranose with the azide ion

116using the method of Cramer gave the desired product in 70% 

yield. Recrystallisation from benzene yielded pure material 

with m.p. 105° (lito116 104°). ^

NoM.R. (Deuterochloroform)

2 singlets - 79?90 Hz (6), isopropylidene methyls;

broad singlet - 205 Hz (2), hydroxy-protons; 

doublet - 214 Hz (2), J ̂  = 4Hz, ( H-6);

multiplet - 244 Hz (2), (H-5, H-3 or H-4);
doublet - 261 Hz (1), Jab = 2Hz, (H-4 or H-3);

2 doublets - 271, 356 Hz (2), JQb = 4Hz (H-2, H-1);

I.R. (Nu.jol Mull)

3540 (OH stretch), 2190 (N N stretch), 1225, 1170,

1085, -970 , 910, 872, 805, 692 cm"1.

Analysis

Found C 43.88; H 5-93; N 16.89;

C^H^^N2°5 requires C 44o08; H 6.17; N 17»13$
Preparation of 3, 5 di-0-acetyl-6-azido-6deoxy-1,2-0 isopropylidene

<X-D- glucofuranose (IV)



III was acetylated in the usual manner using pyridine and 

acetic anhydride to yield the desired product (IV) in 90$ yield 

after recrystallisation from 50$ methanol/water. m.p0 65-66°’

(lit.116 66-67°).
N.M.R. (Deuterochloroform)

2 singlets - 79, 92 Hz (6), isopropylidene methyls;

singlet - 125 Hz (6), acetyl methyls;
multiplet - 214 Hz (2), (H-6);

2 multiplets - 267, 308 Hz (2), (1), (H-3, H-4, H-5);

2 doublets - 322, 355 Hz (2), J = 4Hz, (H-2, H-1);
I.R. (Nu.jol Mull)

2130 (N == N stretch), 1740 (carbonyl stretch of acetates), 

1240, 1080, 1030 (C-0 stretch), 970, 905, 875 cm“1.
Preparation of 6-acetamido-6-deoxy-1,2-0-isopropylidene-c<-D-

glucofuranose (V)
117IV was hydrogenated using Raney Nickel (W-2 grade )

116according to Cramer’s procedure. After recrystallisation from 

ethyl acetate the product (V) was obtained in 70$ yield with 

m.p. 164° (lit11^ 164-5°).
N.M.R. (d-5-pyridine)

2 singlets - 74, 86 Hz (6), isopropylidene methyls;
singlet - 116 Hz (3), acetamido-methyl;

complex multiplets - 194 Hz - 279 Hz (7), (H-2, H-3, H-4,
H-5, H-6 and N-H); 

doublet - 355 Hz (1), J&b = 3.5 Hz, (H-1);



broad peak - 392 Hz (2), hydroxy-protons;
I.R. (Nu.jol Mull)

3450 (OH stretch), 3340 (NH stretch), 1643, (amide carbonyl 

stretch), 1^40 (NH bend), 1220, 1160, 1090, 1015, 955, 910, 865,

797 cm-1.
Preparation of 6-acetamido-6-deoxy-yf>-P-glucose (VI)

Removal of the isopropylidene protecting group from V was
*1 *18accomplished using the mild method of Goodman for the general 

removal of acetal and ketal groups.

V (2.5 g) was dissolved in 90$ (v:v) trifluoroacetic acid - 

water (25 ml) and left for 15 minutes at room temperature. T.l.c. 

in ethyl acetate/ethanol/water (8/2/1) revealed quantitative con

version in this time. The solvent was then evaporated in vacuo 

( < 45°) and traces of water and trifluoroacetic acid were entrained 
out by several coevaporations with absolute ethanol. The resulting 

syrup was dissolved in absolute ethanol, ether added to incipient 

turbidity and crystalline 6-acetamido-6-deoxy-glucose (1.6 g) was 

obtained on leaving overnight at 0°. Recrystallisation from 

ethanol yields pure material of m.p. 200 - 202°. Unlike the 
6-acetamido-6-deoxy-glucose prepared by Cramer11^ (m.p. 182-83°), 

compound VI would appear to be the n/6> n anomer. (N.M.R. and direction 

of mutarotation confirm this).

Analysis
Found C 43.20; H 6.76; N 6.27;

CgH^NO^ requires C 43.44; H 6.83; N 6.33$
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N.M.R. (d-6-dimethylsulphoxide)

singlet - 100 Hz (3)? acetamido-methyl;

complex multiplet - '166 - 206 Hz (6), hydroxy-protons and H-6 ;
2 multiplets - 254, 287 Hz (4), ring protons;

doublet - 389 Hz, (1), Jab = 6 Hz, (H-1);

broad singlet - 463 Hz, (1), (N-H);

I.R. (Nu.jol Mull)

broad 3500 “ 3^00 (OH, NH stretch), 1630 (amide carbonyl 
stretch) 1580 (N-H bend), 1170, 1073, 1035 (C-0 stretches).

Preparation of 6-cyano-6-deoxy-1,2-0-isopropylidene-oc-D-glucofuranose(VI3}

1,2-0-isopropylidene-6-0-(p-toluenesulphonyl)-c<-D-glucofuranose 

(10.0 g, 0.026 mol) was dissolved in acetone (80 ml) and potassium 

cyanide (3-9 g,0.06 mol) in water (70 ml) was added dropwise. The 

mixture was refluxed for 90 minutes, during which the reaction was 

followed closely by t.l.c. in ethyl acetate. At the end of 90 
minutes the starting ester had reacted quantitatively and the acetone 

was removed under reduced pressure. The remaining aqueous solution 
was thoroughly extracted with ethyl acetate (6 x 80 ml). The combined 
extracts-were washed with water, dried over anhydrous sodium sulphate 
and evaporated under reduced pressure to give a syrup which crystallised 

overnight at 0°. Recrystallisation from benzene gave pure 6-cyano-6- 

deoxy-1,2-0-isopropylidene- (X -D-glucofuranose (4e5g; 75%) M.p. 109° 

(lit.119 111-112°) R = 0.7 (ethyl acetate).

N.M.R. (deuterochloroform)



2 singlets - 79, 89 Hz (6), isopropylidene methyls;
multiplet - 167 Hz (2), (H-6);

broad singlet - 222 Hz (2), hydroxy-protons;

complex multiplets - 232-262 Hz (3)1 ring protons; 

doublet - 271 Hz (1), J ab = 4 Hz, (H-2);
doublet - 334 Hz (1), J &b = 4 Hz, (H-1);

I.R. (Nu.jol Mull)

3500(s) (OH stretch), 2300(w) (C= N stretch), 1215, 1170, 1080, 
1030 (C - 0 stretches), 900, 870, 790cmT1 

Preparation of 6-cyano-6-deoxy-y$- D-glucose (VIII)

The isopropylidene group of VII was removed by the usual treat-
1 8ment with 50% trifluoroacetic acid. Coevaporation with ethanol

yielded white crystalline material which can be recrystallised from 

absolute ethanol to give the required product. ( anomer) m.p. 148- 

149° (lit.120 147°) yield 8($.

Analysis

Found : C 44.40; H 5.77; N 7„40;

C^H^.NO requires : C 44.45; H 5°86; N 7*4($7 n  5
N.M.R. (d-5 pyridine)

broad singlet - 193 Hz (2), (H-6);
*complex multiplets - 225 - 195 Hz (4), ring protons H-2,H-3,H-4,H-5; 

doublet - 318 Hz (1), J ab = 6Hz, anomeric proton ( @> );

very broad singlet - 435 Hz (4), hydroxy-protons;

I.R. (Nu.jol Mull)
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3^0, 3300(s) (OH stretch), 2250(w) (C =  N stretch), 1310(m),

1155(m), 1110(s), 1085(b ), 1055(b ), 1030(m), 1015(m), (C-0 stretches),
880 cm. ^

Preparation of 6-deoxy-1,2-0-isopropylidene- (X-P-gluco-hepturonic 

acid (IX)
119Following the procedure of Prey and Szabolcs the hydrolysis 

of the nitrile group of VII was achieved

VII (5g, 0.022 mol) was dissolved in a solution of barium 

hydroxide (3«95g in !50 ml), and heated at 90° for 4 hours. The 
solution was reduced in vacuo to approximately 10 ml and ethanol 
(200 ml) was added. The solution was again reduced in vacuo to 

approximately 20 ml and then diluted with ethanol (250 ml). The 

barium salt (5»8g j Sk%) of IX was thus precipitated, collected by 
filtration, washed with ethanol and ether and dried in air.

Preparation of 6-deoxy-OC-D-gluco-hepturonic acid (X)
119The isopropylidene group of IX was removed using sulphuric acid, 

to yield crude 6-deoxy-0£-D-gluco-hepturonic acid (3»2g) which on 

recrystallisation from absolute ethanol gave the pure product (mixed anomers) 

yield 2.8 g, 73% overall, m.p. 175-177° (lit.119 175-176°).

Analysis

Found : C ^0.21; H 5«9^j
C H^O^ requires : C *1-0.39; H 5*81$

N.M.R. (d-5 pyridine)
complex series of multiplets between 167 and 32b Hz;
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doublet - 3^9 Hz (s^/c^H), = 3*5 Hz, anomeric
proton (of );

singlet - 300 Hz (3)1 hydroxy-and carboxy-protons;
The N.M.R. is difficult to interpret in detail at this level of 

resolution without further decoupling studies. However it appears 
that a mixture of of and ft isomers is present in the ratio of 
approximately k/'l (Of /ft ).

I.R. (Nu.jol Mull)

3520(m) (weakly H bonded OH stretch), 3320(s) 3200(s) (strongly' 

H bonded OH stretch), 17^3(s) (carbonyl stretch), 1153(nO, 1110(m), 

1035(s), 1013(s) (C-0 stretches), also carboxylic acid OH stretching- 
3000 - 2300 cmt"1

Preparation of 6-chloro-6-deoxy-met.hyl-0(-D-glucosdde (XI)

This compound was prepared by the improved method of Evans,
121Long and Parrish.

Methyl sulphonyl chloride (7-93 ml) w^s added dropwise to a
stirred solution ofof-D-methyl glucoside in dry dimethyl formamide

(p.Og in 60 ml) at 63°. After 16 hours at this temperature the
mixture .was concentrated to a syrup and after dissolving in methanol

was treated with sodium methoxide to destroy formate esters.

Chromatography on silica eluted with ethyl acetate/ethanol/water
(^5/5/3) yielded the desired product. Recrystallisation from

o 121n-propanol gave white needles in 63% yield, m.po 114 (lit. 113 - 

11*t°)o
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N.M.R. (d—5 pyridine)

singlet - 207 Hz (3)» glucoside methyl protons;

complex multiplets - 227 - 277 Hz (6), (H-6 and ring protons);
doublet - 306 Hz (1), Jab = 3.5 Hz, (H-1);.

broad singlet - ^07 Hz (3)1 (hydroxy-protons);
I.R. (Nu.jol Mull)

3^80 (shoulder), 3^20(s), broad absorption 3500 - 3^00 (OH stretch), 
*

13k6(m), I337(m), 1287(m), 1232(w), 1l8h(w), 11h2(m), 110h(m), 1086(m), 
10h2(s), 1017(s), 951(m), 757(m), 7^8(m), 712(w), 667(m) cmT1 
Preparation of 6-chloro-6-deoxy-CX-D-glucose (XII)

The glucoside XI was hydrolysed to the corresponding free sugar
122by a modification of the method of Helferich and Bredereck.

6-Chloro-6-deoxy-methyl-c\'~D-glucoside (3*5 g) was dissolved 
in hydrochloric acid (1C$ by weight; 30 ml) and heated for three 

hours on a steam bath. The dark brown solution was treated with 

animal charcoal, filtered and the filtrate neutralised with barium 

carbonate. The aqueous solution was lyophilised and the resulting 

residue extracted with boiling ethanol. The insoluble salts are 

filtered off and the filtrate reduced in vacuo to yield a syrup 
which was crystallised with difficulty from acetone to give the 
desired product ( -anomer ) m.p. 138° (lit.122 135 - 136°) yield 60%. 

N.M.R. (d-5-pyridine)
complex multiplets - 232 - 292 Hz (6), (H-6 and ring protons);
doublet - 3^6 Hz (1), Jab = 3.5 Hz, (H-1);
very broad peak - 300 - 4?0 Hz (4), hydroxy-protons;
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I.R. (Nu.jol Mull)

broad absorption 3600-3100(s), 1306(w), 1250(w), 1138(s), 1093(e)? 

1049(s), 1002(s), 953(m), 907(m), 839(w), 8l8(w), 763(01), 712(m),

Preparation of 6-0-methyl- <x -D-glucose (XIII)

1,2-0-Isopropylidene~6-0-(]D-toluenesulphonyl)- (X -D-glucofuranose 

(7°48 g, 0.02 mol) was dissolved ir_ absolute methanol and to this solution 

was added sodium methoxide (3*24g, 0.06 mol) in absolute methanol (25 ml). 

The reaction was left overnight at room temperature when t.l.c. in ethyl 
acetate showed that the starting material (R^ = O.85) was quantitatively 

converted into a main product (R̂ . = 0.5) with two minor contaminants.

The methanol was evaporated in vacuo and the residue was extracted with 

dry acetone. The insoluble salts were filtered off and the filtrate 
neutralised with hydrochloric acid. The precipitated salts were again 
filtered off and the solvent evaporated in vacuo. -The residue was 

chromatographed on silica, eluted with ethyl acetate, to give the compound 
with Rf = 0.3 pure. I.R. and N.M.R. spectra indicated that this compound 

was 1.2-0-isopropylidene-6-0-methyl- tx -D-glucofuranose but all attempts 

to crystallise the compound failed. Accordingly the isopropylidene group 

was removed in the usual way to give crude 6-0-raethyl-oc-D-glucose (108g, 

46$). Recrystallisation from ethanol gave pure product (1o5g) m.p. 141-2°

(litP3 142-3°).

Analysis
Found
C7Hi/+06 requires :

C ^3.21; H 7o14;

C 43.30; H 7o27%



59

N.M.R, (d-3 pyridine)

singlet - 206 Hz (3)? methoxy protons;
complex multiplet - 2^6 Hz (A), (H-6, 2 ring protons);

complex multiplet - 28k Hz (2), (2 remaining ring protons);

doublet - 353 Hz (1), = 3 Hz, anomeric proton;
broad singlet - A08 Hz (A), hydroxy-protons;

I.R. (Nu.jol Mull)

3A20(s) (OH stretch), 11A5(s), 10o5(s), 1020(m) (C-0 stretches), 
870(w ).

Preparation of 6-0-phenyl- cx-D-glucose (XIV)

Phenol (3«76g, O.OA mol) was dissolved in dry dimethylformamide
(10 ml) and added dropwise to a cooled, stirred suspension of sodium

hydride (0.96g, O.OA mol) in dry dimethylformamide (20 ml) in a flask

equipped with an efficient reflux condenser. After evolution of hydrogen

has ceased, 1,2-0-isopropylidene-6-0-(]D-toluenesulphonyl)-<X-D-glucofuranose

(7*5g> 0.02 mol) in dry DMF (10 ml) is added dropwise. The solution is

allowed to come to room temperature slowly and then heated in a water

bath at A5° for four hours.
The reaction mixture is diluted with water (200 ml) and thoroughly

extracted with ethyl acetate (6 x 100 ml). The combined extracts were

washed with 0.5N sodium hydroxide to remove the phenol present, then
washed with water (2 x 100 ml), dried over anhydrous sodium sulphate to
yield a pale yellow oil. T.l.c«, in ethyl acetate reveals that the oil is

12khomogeneous, (yield 3«8g, 62$). As previously experienced, this oil 
proved extremely difficult to crystallise, and so was used for the next
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stage of the reaction without isolation as a crystalline solid. Both 

I.R. and N.M.R. spectra indicated the oil to be 1,2-0-isopropylidene-6-0- 
phenyl- o^-D-glucafuranose.

The isopropylidene group was removed in the usual way to yield 

crude 6-0-phenyl glucose (3.0g, 9Q&) as a white crystalline material.

This was recrystallised from absolute ethanol to give 2.̂ -g of pure 
6-0-phenyl- <K -D-glucose. m.p. 161 - 162° (lit."12̂  180°)o 
Analysis

Found : C 56.AO; H 6.31;

C12Hl6°6requ r̂es : C 56.25; H 6/29%
N.M.R. (d-5-pyridine)

complex multiplets - 252 Hz, 285 Hz (6), (H-6 and ring protons);
doublet - 551 Hz (1), ;j'ab = 5.5 Hz, (H-1 proton);

multiplet - Hz (5)? (aromatic protons);
singlet - ^30 Hz (*0, (hydroxy-protons);

I.R. (Nu.jol Mull)
3390(s) (0-H stretch), 1600, 1588 (aromatic skeletal stretch),

1^98(m), 1235(s), 1lVS(m), 1120(s), 1079(m), 1069(m), 1052(m), 1035(s),
10l8(m), 1000(m), 9^0(w), 885(111), 860(m), 8l2(m), 752(s) (mono-substituted

-1aromatic), 690(m) cm.
Preparation of 6-0-(o-hydroxyphenyl)-/? -D-glucose (XV)

6-0-(o-Hydroxyphenyl) glucose was prepared using the same method 

as was used to prepare 6-0-phenyl-<X -D-glucose with the following 
alterations. Removal of catechol from the reaction products was not 

effected by alkali washing since the desired product was also soluble in



alkali. Instead, chromatography on silica eluted with 50% chloroform/ 

ethyl acetate yielded pure 1,2-0-isopropylidene-6-0-(o-hydroxypLenyl)- 

cx -D-glucofuranose in 55% yield as a brown-red gum' which could not be 

induced to crystallise. Chromatography is also necessary since a 

few minor by-products are formed in the reaction. N.M.R. and I.R. spectra 

confirmed the identity and purity of the isolated material which was 

used as a gum in the next stage in which the isopropylidene group was 
removed in the usual manner. The resulting crude 6-0-(o-hydroxyphenyl) 

-D—glucose was recrystallised from ethanol/ether with difficulty to 

yield a white crystalline material with m.p. 153 ” 154°. Overall yield

= k%.
Analysis

Found

C12H16°7 re(luires:

c 53.03; H .5.91;
C 52.94; H 5.92%

N.M.R. (d-5-pyridine) 

broad singlet 

complex multiplet - 

doublet

247 Hz (5), (ring protons);

283 Hz (3), (ring protons);

309 Hz (1), Jab = 6.5 Hz, (anomeric proton);

complex multiplets - 393-441 Hz (4), (aromatic protons);

broad singlet - 400 - 550 Hz (5), (hydroxy protons);

I.R. (Nujol Mull)
3500 (shoulder), 3430(s), 3325(s) (OH stretch, H bonded), 1609,

1597, (C=C stretch)', 1503(s), l409(m), 1269(b), 1204(s), 1l42(m), 1115(m), 

1070(s), 1018(s), 927(m), 734(m) cmT1
Preparation of 6-deoxy-6-thioethyl-glucose (XVI)



1,2-0-isopropylidene-6-0-(p-toluenesulphonyl)-glucofuranose 

(7«>5g, 0.02 mol) was dissolved in absolute ethanol (40 ml.) and

sodium thioethoxide (3»4g, 0.0^ mol) in absolute ethanol (30 ml) was 
added dropwise with stirring. The solution was stirred overnight 

at room temperature and the resultant precipitate of sodium tosylate 

filtered off and the filtrate evaporated in vacuo. The residue is 

thoroughly extracted with anhydrous e-ther, the precipitated excess 

sodium ethoxide being filtered off. The combined ether extracts are 

washed with water, dried over anhydrous sodium sulphate and the ether 

evaporated in vacuo leaving a pale brown glass (5*0g, 94%). The N.M.Ro

(a) below shows clearly that this compound is 1,2-0-isopropylidene-6- 
deoxy-6-thioethyl-o<-D-glucofuranose.
N.M.R.(a) (Deuterochloroform)

triplet - 76 Hz (3), J=7-5 Hz, (methyl protons of

doublet

2 singlets

quartet

C“5 side chain);
79, 89 Hz (6), isopropylidene methyls; 
156 Hz (2), J=7.5 Hz, (methylene of 
thioethyl group);

172 Hz (2), J=4 Hz, (H-6);

complex multiplet - 240 Hz (2), (ring protons);

broad singlet 261 Hz (1), (ring proton);

doublet

doublet 269 Hz (1), J = 3.5 Hz, (H-2); 

355 Hz (1), Jab = 3-5 Hz, (H-1);
broad peak 368 Hz (2), (hydroxy-protons);

However all attempts to crystallise this glass failed and so
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119the isopropylidene group was removed using sulphuric acid 7 yielding 

6-deoxy-6-thioethyl glucose (k.O g, 8($) as an oil which defied all 

attempts to crystallise it over a period of eighteen months. The 

N.M.R. ((b)below) showed the presence of both the " ot” and U/3U anomers.
N.M.R. (b) (d-3 pyridine)

triplet - 72 Hz (3)* Jab = 8 Hz, (methyl protons);
complex series of multiplets between 1^0 Hz and J>0k Hz which 
correspond to the ring and methylene protons of both isomers 
present;

doublet - 313 Hz (f) , Jab = 6 Hz , anomeric proton);

doublet - 3^8 Hz (-j), Jab = 3*5 Hz (o< anomeric proton);
broad peak - 399 Hz (*0, (hydroxy-protons);

Preparation of 2-0-methyl-yf?-D-glucose (XVII)

This compound was prepared by the four stage synthetic sequence
125of Hodge and Rist in an overall 7% yield compared with the authors'

1C$. The only alteration in the experimental procedure was that in 

the final stage, the preparation of 2-0-methyl-y#-D-glucose from 

N-(2-0-methyl-D-glucosyl)-piperidine, the desired product could not be 

obtained crystalline unless the reaction mixture was purified by column 

chromatography on silica eluted with ethyl acetate/ethanol/water (8:2:1).

The sugar then crystallised readily from ethanol-ethyl acetate to give 
the desired product in 7% yield (based on penta-acetyl-^-D-glucose) 
m.p. 159-60° (lit^^ 160°). Despite several recrystallisations the 
yS-anomer could not be obtained pure but cocrystallised with the ex-anorner. 

Analysis
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Found : C **3.10; H 7-2*f;

requires : C **3-30; H 7.27$
N.M.R. (d-3 pyridine)

The N.M.R. spectrum is complicated by the fact that two isomers 
are present. The main features are the two doublets corresponding to 

the oC and y^anomers.

OC 35*+ Hz, Jab = 3-5 Hz; fi:- 31*f Hz, Jab = 7*3 Hz;

Ratio - 2

I.R. (Nu.jol Mull)

35^0, 3323 (s), (OH stretch), 1365(5), 1330(w), 1278(w), 1263(w), 
1220(m), 119*+(w), 1163(s), 1128(s), 109*+(s), 1073(b), 1033(b), 971(b), 
933(m), 921 (m), 878(e), 789(m), 73^(m), 720(m), 66*+(m) cm."'
Preparation of 2-deoxy-2-(]D-toluenesulphonamido)glucose(XVIII)

"1 26The procedure of Takiura and Nakaniski yielded the desired 

product as follows

2-amino-2-deoxy-glucose hydrochloride (6.3 g» 0.03 mol) and 
jd-toluenesulphonyl chloride (3.8 g, 0.03 mol) were stirred together 
in a mixture of 30$ aqueous acetone (*+0 ml). Sodium bicarbonate 
(5*2 g) was added and the mixture stirred overnight at room temperature.

The reaction mixture was then evaporated in vacuo and the residue 

extracted with absolute ethanol. The insoluble salts were filtered 

off leaving approximately 8 grams of an oily residue which on t.l.c. 

(solvent - ethyl acetate/ethanol/water; *+5/5/3) is very nearly homogeneous 
with R^ = O.5 . Due to difficulty experienced in removing completely the 

inorganic salts, this crude reaction product was chromatographed on a



silica column eluted with ethyl acetate/ethanol/water (*+0/10/3), 

whence pure crystalline material was obtained. This was recrystallised 

from ethyl acetate/ethanol to give very fine needle crystals with 

m.p. 168 - 69° (lit126 168-69°) yield (3»0 g, 29$).
Analysis

Found - C *+5.2*+; H 5.91; N 3-88
C H ^ S O  requires C *+6.85; H 5*71; N *+.2C$

Despite prolonged drying at 120° in vacuo, the elements of water 

could not be removed from this compound.

N.M.R. (d-5 pyridine)

singlet - 128 Hz"(3), (aryl methyl);

broad complex multiplets - 230 - 300 Hz (6) (ring protons);

very broad absorption - 230 - *+*+0 Hz, (5)? (hydroxy and N-H

protons);

AA1 BB' system - *+20, *+29* *+82, *+91 Hz (*+), (^-substituted
aromatic ring protons); 

broad singlet - 337 Hz (1), (H-1)0
I.R. (Nu.jol Mull)

3600 (shoulder) 3^50(s), 1600(w), 1328(5), 1155(b), 1125(b), 
1090(b), 1065(b), 1029(b), 1005(b), 956(w), 920(m), 857U), 826(s), 
790(m), 685(s) cm.^



3o• Besults and Kinetic Details
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3.1 Kinetic Experimental

(a) Solutions and Buffers

All chemicals used for the preparation of buffered and other 

solutions were of the highest grade commercially available. Analar 

pyridine was dried by refluxing over potassium hydroxide and fractionally 
distilling twice with a Fenske column. ^f-methylpyridine obtained 

from Koch-Light Ltd. was similarly purified, ^f-acetylpyridine (Koch- 

Light Ltd.) was fractionally distilled several times and ^-ethoxypyridir.e 

was prepared by refluxing A-chloropyridine hydrochloride (Koch-Light Ltd.) 

with three equivalents of sodium ethoxide in ethanol, the product again 
being purified by several fractional distillations. All these ^-substituted 

pyridines were subjected to vapor phase chromatography to check their 

purity. All were found to be homogeneous. - details in Table. 222. 

2,6-lutidine was purified and checked in the same way as pyridine.
Morpholine and diethanolamine (B.D.H. Ltd.) were purified by refluxing 

over potassium hydroxide and fractionally distilling. Tris obtained 

from B.D.H. Ltd. was used without further purification. For all buffer 

solutions only degassed distilled wrater was used and the ionic strength 
was maintained at a particular ionic strength with potassium chloride.

D^O and 2C$ DC1 were purchased from Koch-Light, and the purity of 

the solutions checked by adding dioxan as a standard and measuring the 

quantity of water by N.M.R. This was always less than 0.3%*

(b) pH measurements
The pH of all buffer solutions was measured at the temperature of 

the kinetic experiment with a Radiometer model 26 pH meter, with an



external temperature compensator. A Radiometer type G 202C glass 

electrode was used together with a type KA01 calomel electrode. The 

pH meter was standardised against commercial standard buffers com

plying to BS, 16**7, 1961.

(c) Polarimetric Rate Determinations

All of the reported rate constants were determined on a Perkin 

Elmer 1*f1 polarimeter fitted with a transmitting potentiometer which 
allowed the optical rotation to be continuously monitored on a strip 

chart recorder. The reaction cell of the polarimeter was equipped 

with a water jacket through which water at a constant temperature was 

circulated from a Lauda electronic thermostatting bath. The tempera
ture difference between the reaction cell and the bath was measured 
using a thermocouple and was found to be less than 0*1° at 25°• The 

temperature in the bath was measured with a National Physical Laboratory 

calibrated thermometer.
The output from the polarimeter was fed into a Solartron Compact 

Data Logger which digitised the optical rotation reading. The latter 

was then transferred on to 5-channel paper tape, via a Creed punch, 
at convenient time intervals. Normally between 100 and 700 values 
were punched but for kinetic measurements read off the chart recorder 

between 30 and 50 values were taken.
The first order rate constants were determined using a generalised

least squares program, written by Dr. B. Capon following the procedure 
127 128of Wentworth and Deming . This program was written to fit the
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function

k = (1/t)ln (rQ- rM ) / (rt - rM )
where t and r, are variables and k, r and r are constants t o co
r^ = initial rotation, r^ = equilibrium rotation, r̂_ is the 

rotation at time t. Evaluation was performed on an English 

Electric KDF 9 computer. The slopes and intercepts of plots of 

^obsd aSainst buffer concentration were also determined by a general
ised least squares procedure.

(d) Non Aqueous Solvents

The dioxan used was Merck 'spectrograde’ dioxan and was used 

without further purification. Analar sodium dried benzene was 

further dried by refluxing with phosphorus pentoxide and fractional 
distillation.

(e) Substrates
l

The sugars not prepared as detailed in the experimental section, 
were obtained commercially from Koch Light Ltd. and B.D.H. Ltd. They 

were further purified by recrystallisation from aqueous alcohol.

(f) Procedure
The buffer was equilibrated in the thermostatting temperature 

bath for half an hour before use. Approximately 1 ml was pipetted 

into an ampoule containing approximately 0.02 moles of the sugar which 
was quickly dissolved. The solution was immediately pipetted with a fine 
pipette into the reaction cell whose volume was just less than 1 ml.
Any air bubbles trapped in the cell were removed by shaking. The 

optical rotation changes were normally followed at a wavelength of



369 nm (mercury vapor lamp) to obtain the largest possible rotational 

change, but where the solution of substrate absorbed in that region of 

the U.V. spectrum, a higher wavelength had to be used.

(g) In all the following results tables, the units of k , ,  obsd.
-1and k _ are sec unless otherwise stated, calc.



3.2. Results
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Table 1

The HC1 catalysed mutarotation of 6-deoxy<y-D-glucose at 25° 

in water, I = 0.1M.

(H,0+)M3 . “

7 —  - " "

pH25 k , , x 10^ obsd. k _ x calc.
0o100 O.98 2.57, 2.77 2.72
o„o8o 1o09 2.31, 2.36 2.36
O0O60 1.21 2.04, 1.88 1o99
0.040 1.40 1.66, 1.68 1.63
0o020 1.68 1.28, 1.31 1.27
0.010 1.98 1.08, 1.08 1.09

kfl o+ 1.808 x 10"2 M~1 ;sec 1 ; S. D. = 0.65%
3

k. ,m t
-If= 9.O9 x 10 sec j S 0 D 0 = 0.35$

Table 2

The HC1 catalysed mutarotation of (X -D-xylose at 250 in water,

I * 0.10M.

(H,0+)M
J ”” k , , x 105 obsd. k n x calc.

0.100 0.98 4.78, 4.81 4.79
o.o8o- 1.09 4.10, 4.11 4.10

0.060 1.21 3.3^, 3.36 3.41

0.040 1.40 2.73, 2.76 2.72

0.020 1.68 2.04, 2.04 2.03

0.010 1.98 1.67, 1.63 1.68

w = 3.^59 x 10~2 M~1 sec"1 ; S. D. = 0.49%
3

k. . int
-3 -1= 1.33 x 10 sec j S • D 0 = O.32#



Table 3

The HC1 catalysed mutarotation of C X - D - glucose at 25° in water,

I = 0o10M.

(H 0+)M 3 ~ pH25 kobsd.
ifx 10 Jk , x 10 calc.

O o l O O 0.98 15-91, 14.81 15.07
0.080 1.09 12.85, 12.62 12.85
0.060 1.21 10.74, 10.70 10.64

0.040 1.40 8.41, 8.02 - 8.42

0o020 1068 6.34, 6.24 6„21

0.010 1.98 4.95, 5.25 5.11

II+o 1.106 x 10~2 M"1 -1sec ; s. Do = 0.86%
3k. = int

_L*1.00 x 10 sec 1 S. D. = 0.87%

Table 4

The HC1 catalysed mutarotation of 6-0-methyl- -D-glucose at 25

in water , I = 0. 1M.

(H_0+ )M
j “

0 . 9 8

kobsd.
4x 10 Lk x 10' calc.

0.100 11. 91, 12.15 12.10

0.080 1.09 10.53, 10.21 10.36

0.060 1 .2 1 8.76, 8.71 8.63

o„o4o 1.40 6.97, 6.74 6.90

0o 0 2 0 1 . 6 8 5.20, 5.20 5.17

0 o 0 1 0 1 .9 8 4.28, 4.31 4.31

kH 0+
= 8 . 6 6  x 10 ^ -1  -1M sec 5 S. D. = 0.68%

3
k.int 3.44 x  10"^

-1sec » S. D. = 0.7C%
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Table 5
The HC1 catalysed mutarotation
glucose at 25° in water, I = <

(H_0+)M1 n. pH25
Ooioo 0.98
O0O80 1.09
O0O60 1021

0.040 . 1.40
O0O20 1.68

0 . 0 1 0 1o98

^  o+ 3
k. . int.

7„ 7 2  x  10~5 M"1

-4
= 2 .5 1  x  10  sec

4 4k , _ x 10 k x 10obsd. calco

-1sec
-1

10.02 10.23
808O 8069
7d6 7.15
5.63 5.61

3.93 ' 4.06

3.30 3.28

5 S. D„ = 1.40%

5 S. D. = 1o6?%

Table 6

The HC1 catalysed mutarotation <

25° in water, I = 0.10M.

(H,0+)M 3 “ ph2?

0.100 0.98

0.080. 1.09
0.060 1.21

o.o4o 1.40

0.020 1.68

0.010 1.98

1Ch_0+
-■2) -1 = 7.94 x 10 M J

3 „ -4k.int. = 3.11 x 10 sec

if ifk . , x 10 k .. x 10obsd. calc.

11.17, 11.07 11.05

9.77, 9-45 9.46
7.62, 7.93 7.87
6.26, 6.14 60 29

4.85, 4.77 4.70
5.91, 3.86 3.90

r 1 ; S. D. = 0.57%
' • S. D. = 0.51%
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Table 7

The HC1 catalysed mutarotation of 6-chloro-6-deoxy-<X 
23° in water, I = 0.10M

(H,°+)M p H „  k . .  x 10 3 25 obsd.

-D-glucose at

bk _ x 10 calc.

0.100 0.98 8.57, 8.^9 8.56
0.080 1.09 7.28, 7.22 7.3^
0.060 1.21 6 .11, 6.25 6.13
o.obo 1.*f0 4-88, M 7 ^.91
0.020 1.68 3.77, 3-68 3.70

0e010 1.98 3.0%, 3..16 3.09

^ o+ = 6.07 x 10 5 M 1 sec-1 5 S.D. = o.8*$
3k. , int. = 2.^8 x 10 ^ sec ^ s S.D. = 0.53%

Table 8
The HC1 catalysed mutarotation of 6-deoxy-o(-D-gluco--hepturonic acic

at 25° in water, I = 0.1 OM
(h,o+)m5 — pH23 5>bsd x 10**•

bk x 10 calc.

0.100 0.98 7.^9, 7.61 7.^3

O0O8O 1.09 6,48, 6.58 6.*f0

O0O6O 1.21 5.36, 5.36 3.37

0.0*+0 1.*f0 4.13,

00K\• *fo3*+

0.020 1.68 3.16, 3.26 3.31

0.010 1.98 2.85, 2.83 2.79
= -3 -1 5.16 x 10 y M sec-1 5 S.D. = 0o61%

3 .
k.int. = ~b “1 2.28 x 10 sec S.D. =



The BC1 catalye

23° in water,
(H 0+)M 3 ~

Table
:ed mutarotation 

I = 0.10M.

Ph2?

9 .
of 6-cyano-6 deoxy-y$-D- 

4k x 10 obsd.

-glucose at

4k _ x 10 calc.
0.100 O.98 ^•33, ^.31 4.32
0.080 1.09 3.68, 3.72 3.72
0.060 1.21 3.23, 3.17 3.13
0.040 1.40 2.48, 2.34 2.33
0.020 1.68 1.88, 1.92 1.93
0.010 1.98 . 1.60, 1.66 1.63

ll+c£ 2.98 x 10~5 m"1 _1sec ; S.D. = 0o7C$
3

k = m t .
— If.1.34 x 10 sec-'I ; S.D. = 0o49^

Table 10

The HC1 catalysed mutarotation ofjS -Gentiobiose at 25°i
in water,

I = 0o10M

(H_0+)M 3 ~ pH23
4k , , x 10 obsd.

4k .. x 10 calc.

0.100 0.98 13.43, 13.27 13.49

O0O8O 1.09 11.46, 11.84 11.33

0.060 1.21 9-59, 9.65 9.37

0.040 1.1*0 7.58, 7.55 7o60

0.020 1.68 5-69, 5*^5 3.64

0.010 1.98 4.77, 4.54 4066

ll+or 9 o82 x 10~5 m"1 sec ** i S.D. == 0.73%
P

^int.
-Zi3.68 x 10 sec"1 ; S.D. =: 0.6156
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Table 12

The Tris catalysed mutarotation ofcx-D-glucose at 25° in water,

I = 0.10M. (Tris) : (Tris H+) = O06.
(Tris)M ph25 ^obsd.

4x 10 k , x calc.
0.060 8.08 13.67, 13.73 13.64
0.048 8.10 11.96 11.92
O.O36 8.10 10.24, 10.29 10.20

0.02k 8.11 8.30, 8.49 8.48

0.012 8.10 6 .76, 6.74 6.76
C.006 8.11 .5.91 5.90

^Tris 1.43 x 10~2 m”1 -1sec 1 S.D. = 0.84%

^int. _
_k

3.0k x 10 sec -1 5 S.D. = 0.47%

Table 13
The Tris catalysed mutarotation of o£-D-glucose at 25° in water,

I *= 0.10M. (Tris) : (TrisH+) = 1.0.

(Tris) M PH25 4k , , x 10 obsd. k _ x calc.

0.060 8.33 14.57 14.57
0.050 8.33. 13.05 13.09

0.040 8.32 11.61 11.61

0.030 8.34 10.16 10.14

0.010 8.34 7.18 7.18

^Tris 1.48 x 10“2 M“1 sec”1  ̂ S .D. -= 1.2%

k. s
i n t .

5.70 x 10”21 sec”1 ; S.D. == 0.68%
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Table 14
The Tris catalysed mutarotation of oc-D-glucose at 25° in water,
I = 0.10M (Tris) : (Tris H+) = 1.7.
(Tris)M pH25

4 4 k , , x 10 k n x 10 obsd. calc.
O0O68 8.56 16.85 16.83
0.051 8.57 14.36 14.38
0.034 8.57 11.94 11.94

0o017 8.57 9.50 9.49
0.0085 8.55 8.19 8.19

^ris = 1. Vl x 10 2 M 1 sec ; S.D. = 1.39*

^int. ~ 7.0% x 10 sec ^

Table

; S.D. =

15

0.68#

The Tris catalysed mutarotation of 0( -D-glucose at 25° in water,

I = 0.10M (Tris) : (Tris H+) = 3.4.
i
(Tris)M pH25 k . , x 105 k n x 10^ obsd. calc.

0.102 8.87 2.47, 2.52 2.48

O.O85 8.87 2.22, 2.23 2.23

0.068 8.87 1.99, 2.00 1.98

0.051 8.87 1.68, 1.74 1.73

0.034 8.875 1.49, 1.48 1.48

0.017 8.88 1.23, 1*22 1.23

kTris 1.48 x 10”2 M“1 sec”1 5 S.D. = 1.21#

k = int.
-4 -1 9.75 x 10 sec j S.D. — O087#



781

Table 16

The Tris catalysed mutarotation of oc -D-glucose at 25° in water, 

I = OdOM. (Tris) : (Tris H+) = 6.6.

(Tris)M pH25 k x 105 k obsd. calc. X
0.132 9.17 3.85,.3-48 3.63
0o106 9.17 3.09,. 3.14 3.19
0.079 9 d 7 2.69, 2.72 2.73
0.053 9.16 2.32, 2.26 2.29
0.026 9.. 16 1.89, 1.88 1.83

0.013 9.14 1.58, 1.59 1.61

^Tris I.69 x 10 2 M 1 sec  ̂ ; S.D. = 0.81%
k = int. 1.39 x 10 ^ sec  ̂ ; S.D. = 0.52^

Table 1?

The Tris catalysed mutarotation of 6-deoxy-oc-D-glucose at 25°

I = 0.1 OM!. (Tris) : (Tris) = 0.6.

(Tris)M pH25 k ^ , x 105 k obsd. <calc. X

0c060 8.08 1.56 1.57

0.048 8.10 1.45 1.44

O.O36 8.10 1.32 1.31

0o024 8.11 1.17 1d 8

0.012 8.10 1.06 1.05

0.006 8.11 0.99 0.99

' 'T r is  =
-2 ”1 -11.07 x 10 M sec *, S.D. = 0.95#

k = int.
-4 -1 9.23 x 10 sec ; S.D. = 0.15#
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Table 18
The Tris 

water, I 

(Tris)M

catalysed 

= 0o1 M.

mutarotation of 6- 
(Tris):(Tris H+)

pH25

deoxy- of -D-glucose at 25° in 

= 1.0.

k , _ x 10-5 k n x 105 obsd. calc.
0o060 8.33 1.63 1.61
0o050 8.33 1.50 1.51
0.0^0 8.32 1.39 1.if0

0.030 8o3^ 1.27 1.29
0.010 8.3^ 1o08 1.08

^Tris 1.07 X 10'-2 -1 -1M sec ; S.D.. = 1.09%

k = int. 9.71 X 10‘-if -1sec S.D. = 0.32$

Table 19
The Tris catalysed mutarotation of 6-deoxy- OC-D-glucose at 25 in water,

I = OdOM. (Tris):(Tris H+) = 1.7.
(Tris)M pH25 k , ,  x 10? k .. x obsd. calc.

0.068 8.56 1.71 1.76

0.051 8.57 '1.58, 1.57 1.57-

0.03*f 8.5.7 i.ifO, 1.^1 1.38.

0.017 8.57 1.20 1.20

0.0085 8.55 1.10, 1.09 1.10

^Tris = 1.10 x 10'2 M -1sec ; S.D. = 0.97%

^ • i =
-51.01 x 10 sec -1 ; S.D. = 0.28%

int
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Table 20

The Tris catalysed mutarotation of 6--deoxy- oc -D-glucose at 25'
water, I = 0.10M. (Tris):(Tris H+) - 7. 4— T- .
(Tris)M Ph2? k , , x 1(>5 k obsd. calc.

0.102 8.87 2.26 2.27
0.085 8.87 2.07 2.08
0.068 8.87 1.90 1.89
0.051 8.87 1.72 1.70

0.03^ 8.875 1.52 1«51
0.017 8.88 1.32 • 1.32

^Tris "
-2 -1 -1 1.12 x 10 M sec » S.D. = 1.15%

k = int. 1.13 x 10"5 sec"1 5 S.D. = 0.^3%

x 105

Table 21
oThe Tris catalysed mutarotation of 6-deoxy-of-D-glucose at 25 

in water, I = 0.1M. (Tris):(Tris H+) = 6.6.

(Trig>M P H ^  kobsd. X 10?. kcalc. X ^

0.132 9.17 2.90 2.86

0.106 9.17 2.51 2.56

0.079 9.17 2.25 2.25

0o053 9.16 1.95 1.95

0.026 9.16 1.67 1.65

0.013 9.1^ 1.^8 1.50

kfp . = 1.1^ x Tris
-2 -1 -1 10 M sec » S.D. = 1.03#

k. , = 1.35 x int.
-3 -110 sec i S.D. = O . W
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Table 22

The Tris catalysed mutarotation of of -D-xylose at 25°in water,

I = OdOM. (Tris): (Tris H+) = 0.6.

*25 "obsd. " "calc.
0o060 8.08 6.84, 6.92 6087
0.048 . 8.10 5.84, 5.8? 5°91

O.O56 8.10 4.95, 5.05 4.95
0.024 8.11 4.05, 4.00 5.99
0.012 8.10 3-00, 3.04 3.03

0.006 8.11 ' 2.54, 2.57 2o54
k- . = 8.01 x 10“2 M~1 see"1 ; S.D. = 0.62%Tris
k. , = 2.06 x 10 ^ sec  ̂ ; S.D. = 0o49%int.

Table 25

The Tris catalysed mutarotation of o(-D-xylose at 25° in water, 

I = 0.10M. (Tris):(Tris H+) = 1.0.

(Tris)M pH25 k v , x 103 k obsd. calc. X

0.060 8.33 7.22, 7.19 7«39

0.050 8.33 6.57, 6.61 6.56

o.oko 8.32 5.82, 5.76 5.73

0.030 8.34 5.01, 4.92 4.90

0.010 8.34 3.28, 3.18 3.25

ku, . = 8.29 x Tris
-2 -1 -1 10 M sec ; S.D. = 0.73#

k. . = 2.42 x int.
-3 -110 sec ; S.D. = 0.62%
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Table 24

The Tris catalysed mutarotation of oc-D-xyclose at 25° ;in water,
I = OdOM. (Tris): (Tris H+) = 1.7.
(Tris)M pH25 k , , x 10^ obsd. k _ x 10 calc.
0.068 8.56 8.63, 8.69 8.68
0.0^1 '8.57 7.28, 7.31 7.31
0.034 8.57 5.95, 5.94 5° 95
0.017 8.57 4.57, 4.67 4.58

O.OO85 8.55 3.88, 3.80 3.85

^Tris = 8.04 x 10-2 m“1 sec”1 ; S.D. = 0.77#
k. = int. 3.21 x 10“5 sec”1 ;• S.D. = 0.37$

Table 25
The Tris catalysed mutarotation of oc-D-xylose at 25° in water,

I; = 0.1OM (Tris):(Tris H+) = 3.4.

(Tris)M pH25 k v  ̂ x 1°5 obsd. k _ x 10- calc .

0d 02 8.87 13.70, 13.47, 12.88 13.61

O.O85 8.87 11.96, 12.28, 12.22 12.16

0.068 8.87 10.69, 10*65, 11.10 10.70

0.051 8.87 9.34, 9.30 9.25

0.034 8.875 7*79, 7.99, 7.71 7.79

0.017 8.88 6.42, 6.40, 6.12 6.33

^Tris = 8.56 x 10”2 M"1 sec”1 ; S.D. = 0.73%.

= 4.88 x 10”^ sec 1 ; S.D. = 0.59#.



Table 26

The Tris catalysed mutarotation of oc-D-xylose at 23° in water,

I = 0.10N[. (Tris): (Tris H+) = 6.6.

(Tris)M pH23 k , , x 105obsd. k n x 10 calc.

0.079 9 d 7 14.47 14.62 14.91

0.053 9.16 12.63,12.43,12.23 12.63

0.026 9.16 10.69, IO068 10o30

0.013 9.14 8.97, 8.81 9.17

^ris = 8.69 x 10"2 M~1 sec"1 ; S.D. = 1.91%.»

k = int. 8.04 x 10 ^ sec 1 ; S.D. = 0.62% 

Table 27

The Tris catalysed mutarotation of 6-0-methyl-oc-D-glucose at 23° :

water, I = 0o10M. (Tris) :(Tris H+) = 0.6.

(Tris)M PB25 k 4 obsd. x 10 k _ x 10' calc.

O0O6O 8.08 13.62 13.39

0.048 8.10 11.44 11.52

O.O36 8.10 9.67 9.64

0.024 8.11 7.59 7.76

0.012 8.10 6.06 5.89

O0OO6 8.11 4.91 4.95

^Tris = 1.36 x 10"2 M~1 sec"1 ; S.D. = 0.92%

k. = int. 4.01 x 10 sec 1 ; S.D. = 0.88%,»
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Table 28

The Tris catalysed mutarotation of 6-0-methyl-or-D-glucose at 25°
in water,, I = 0.10M. (Tris):(Tris H+) = 1.0.
(Tris)M pH25 k . . x obsd. 10^ kk _ x 10 calc.
0.060 8.33 13.83 13.90
0.050 8.33 12.32 12.31
OoO^O 8.32 10.82 10o72
0.030 8.3^ 9.03 9.13
0.010 8.3^ 5.95 5.9^

^Tris *” 1.59 x 10~2 M“1 sec"1 j S 0D0 = 0.99^
k = int. ^.35 x 10-2f sec"1

Table

; S.D. =

29

1„01#

The Tris catalysed mutarotation of 6-0-methyl- of-D-glucose at 25°

in water,, I = 0.10M. (Tris):(Trif3 H+) = 1.7.

(Tris)M pH25 k v xobsd. 10^ k .. x 10 calc.

0.068 8.56 13.67 13.85

0.051 8.57 13.07 13.16

0.03*+ 8.57 10.60 10.^6 .

0.017 8.57 7.81 7.77

O.OO85 8.55 6.30 6.34

^ris =
-2 -1 -1 1,59 x 10 M sec ; S.D. = 0.99#

k. = int.
-4 -1 5.07 x 10 sec ; S.D. = 0.76%.
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Table 30

The Tris catalysed mutarotation of 6-0-methyl-o'-D-glucose at 25° 
in water, I = 0.10M. (Tris):(Tris H+) = 3.4.
(Tris)M pH25 k . . x io5 obsd. k , x 105 calc.
0.102 8.87 2.28 2.29
0.085 8.87 2.02 2.03
0.068 8.87 1.77 1.76
0.051 8.87 1.48 1.49
0.034 8.875 1.24 1.22

0o017 8.88 0.94 O.96

^Tris ~ 1.57 x 10"■2 *T1 “1 M sec ; S.D. = 1.26%.

k = int. 6.88 x 10“4  -1sec ; S.D. = 1.31%.

Table 31
The Tris catalysed mutarotation of 6-0-methyl- a-D^-glucose at 25°

in water, I = 0.'10M. (Tris):(Tris H+) = 6.6.

(Tris)M pH25 k , . x 105 obsd. k , x 105 calc.

0.132 9.17 3.22, 3.17 3.20

0.106 9.17 2.75 2.78

O0O79 9.17 2.38 2.34

0.026 9.16 1.50 1048

0.013 9.14 1.26 1.27

^ris = 1.62 X 10"•2 M-1 -1M sec ; S.D. = 0.89%

k = int. 1.06 X 10“•3 -1sec ; S.D. = 0.72#.
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Table 32

The Tris catalysed mutarotation of 6-acetamido-6-deoxy-/̂ > -D-glucose at 

25° in water, I = 0o10M. (Tris):(Tris H+) =1.0.
(Tris)M pH25 k V  J Xobsd. 105 k , x 10^calc.
0.060 8.33 1.56 i»58
0.050 8.33 1.43 1.42
o.o4o 8.32 1.27 1.26

0.030 8.34 1.10 1d 0
0.010 8.34 0.77 O.78

^Tris 1.60 x 10"2 M"1 sec“1 ; S.D. = 2.63%
k = int.

_Zi _ 'i6.19 x 10 sec S.D. = 2.55%

Table 33 •

The Tris catalysed mutarotation of 6-acetamido-6-deoxy-^ -D-glucose

at 25° in water, I = 0.10M. (Tri;3 ) : (Tris H+) = 1.7.
(Tris)M pH25 k  V  J  xobsd. 105 k _ x 105 calc.

O0O68 8.56 1.86 1.90

0.051 8.57 1.67 1.60

0.034 8.57 1.30 1.31

0.017 8.57 0.97 1.02

O.OO85 8.55 0.90 0.87

^ris =
-2 -1 -1 1.72x10 H sec ; S.D. = 2.38#.

k = int.
_ii ..'I7*28 x 10 sec ; S.D. = 1.56#.
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Table 3*+

The Tris catalysed mutarotation of 6-acetamido-6-deoxy-/̂5> -D-glucose 

at 25° in water, I = 0o10M. (Tris):(Tris H+) = 3»**.

(Tris)M pHol- k x 10^ k _ x 10^ — 25 obsd. calc.
0o102 8.87 2.70, 2.79 2.75
0.085 8.87 2.*+2 2.J+5

0.051 8.87 1.90 1.86

0.03*+ 8.875 1 o5 8 1.56
0.01? 8.88 1.26 1.27

^ris = 1.75 x 10~2 M"1 sec'1 ; S.Do == 1.7**%
k. = ant.

-k -1 9.71 x 10 sec ; S.Do == 1̂ 3*+%.

Table 35
The Tris catalysed mutarotation of 6-acetaraido-6-deoxy-y$ -D-glucose

at 25° in. water, I = 0.10M. (Tris):(Tris H+) = 6 .6.

(Tris)M pH25 k  , , 2 obsd. : 105 k _ x 10^ calc.

0.132 9.17 *+.71 *+.78

0.106 9.17 4.31 *+o30

0.079 9.17 *+.11 3.81 .

0.053 9.16 5*55 3.33

0.026 9.16 2.92 2.83

0.013 9.1*+ 2o*+9 2.59

kTrie = 1.8*+ x 10'2 M“1 sec'1 ; S.D. == 3.5**%

k. = int. 2.35 x 10'5 sec'1 ; S.D. = 2.19%.
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Table 36
The Tris catalysed mutarotation of 6-0-phenyl--Of -D-glucose at 23° in
water, I = 0o10M, (Tris)KTris H+) = 0.6.

(Tris)M ph2? ^obsd.
if k x 10 k n x 10 calc.

O0O6O 8.08 23.13, 22.92 22.70

0.0^8 8d 0 18.45, 18.37 18.97
0.036 8.10 15.61, 15.^7 13.2^

0.02^ 8.11 11.59, 11.93 11.51
0.012 80IO 7.44, 7.^7 7.78
0.006 8.11 5.94, 5.96 5.91

^Tris = 3.11 x -2 -1 -110 M sec I S *D a = 0o5^%

^int. ~ if.05 X 10 sec ; S.D. -= O.67&.

Table 37
The Tris catalysed mutarotation of 6-0-phenyl- of-D-glucose at 25° 

in water, I = 0.10M. (Tris):(Tris H+) = 1.0.—  7
(Tris)M pH25 ^obsd.

ifx 10 k 1 x 1( calc.

0o060 8.33 2^.26, 2if .25 2if.78

0.050 8.33 21.69, 21. if 8 21.if3

O.OifO 8.32 17-97, 18.08 I80O8

0.030 8.3^ 1^.95, 15.05 1^.73

0.010 8.3^ 7.93, 8.0if 8.03

^ris 3.35 x 10'-2 M-1 -1 M sec ; S.D. = 0.83^

k. s int. if.69 x 10“-4 -1sec ; S.D. = 1.55^.
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Table 58
/ q
The Tris catalysed mutarotation of 6-0-phenyl- cx-D-glucose at 29 

in water, I - 0.10M. (Tris):(Tris H+) = 1.70

(Tris)M PH25 k0bsd. x 1C)3 kcalc. x 1°3

0.068 8.96 2.91, 2.86 2.89

0.091 8.97 2.93, 2.29 2.32
0.094 8.97 1.79, 1.73 1.79
0.017 8.97 1.17, 1.18 1.17
0.0089 8.95 0.86, 0.88 O.87

^Tris = 9.98 x -2 -1 -1 10 M sec ; S.Do = 0.7*#.
k. = m t . 9.98 X

-4 -1 10 sec ; S.Do = 0.74%.

Table 99 •

The Tris catalysed mutarotation of 6-0-phenyl-<X-D-glucose at 29°

water, I = 0.10M. (Tris):(Tris H+) = 3.4.

(Tris)M pH25 k . , x 10^ k _ . x" obsd. calc.

0.102 8.87 4.49, 4.41 4.49

O.O89 8.87 3.79, 3.81 9.84

0.068 8.87 3.29, 3.32 3.29

0.091 8.87 2.68, 2.64 2.69

0.094 8.875 2.13, 1.99 2.09

0.017 8.88 1.47, 1.46 1.46

^Tris = 9.90 x 10"2 M"1 sec"1 ; S.D. = 0.68%.

k. s int. 8.68 x -4 -1 10 sec » S.D. = 1.07%.
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Table 4c.
*
The Tris catalysed mutarotation of 6-0-phenyl-ctf -D-glucose at 25° in 
water, I - 0o10M. (Tris):(Tris H+) = 6.6.

(Tris)M pH25 k x 105 obsd. k _ x 10-5 calc.
0.132 9-17 5.99, 6.11 6.17
0o106 9.17 5.33,' 5.35 5.26

0.079 9.17 4.48, 4.40 4.32

0.053 9.16 3.38, 3.39 3.41
0.026 9.16 2.49, 2.43 2.46
0.013 9.14 2.04, 1.98 2.01.

^Tris 3.50 x 10”2 M_1 sec"1 ; S.D. = 0.81# •

k = m t . 1.55 x 10”5 sec"1 ; S.D. = 0.79$ •

1 Table 41
The Tris catalysed mutarotation of 6-chloro-6-deoxy-c*-D-glucose at

25° in water, I = 0.10M. (Tris):(Tris H* ) = 0.6.

(Tris)M pH25 k . , x 105 obsd. k x 105 calc.

0.060 8.08 3*68, 3*65 3.61

0.048 8.10 2.97, 2.98 3.03

O.O36 8.10 2.49, 2.48 2.45

0.024 8.11 1.85, 1.87 1.87

0.012 8.10 1.28, 1.30 1o29

0.006 8.11 1.00, 0.99 0.99

^Tris 4.85 x 10~2 M~1 sec 1 ; S.D. = 0.81#.

k =in t . .
-4 -1 7.03 x 10 sec *, S.D. = 0.72$.
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q?able if2
The Tris catalysed mutarotation of 6-chloro-6~deoxy-c* -D-glucose at

25° in water, I = 0.10M. (Tris):(Tris H+) = 1.0.

k , , x 105 k *. x 10^obsd. calc.(Tris)M pH25
0.060 8.33
0.050 8.33
0.040 8.32
0.030 8.34
0.020 8.34
K, . = 5.02 xTris

-2 -1 10 M sec
k. . = 9o81 x int.

_Zt -'I10 sec

-1

3.98, 3.89 3.99

3.93, 3A ?  3 M

2.98, 2.98 2.99

2.̂9, 2.56 ' 2.̂ 9
1.̂8, 1.̂ 8 1.̂ 8
S.D. = 0.83#.

S.D. = 0.96#.

Table if 3
The Tris catalysed mutarotation of 6-chloro-6-deoxy-<X-D-glucose at 

23° in water, I - 0.10M. (Tris):(Tris H+) = 1.7.

(Tris)M pH kobsd. x 1°3 kCalc. * 10?

0.068 8.56 3.13, 5.19 5.15

0.051 8.57 4.16, 4.15 if.21

0.034 8.57 3.31, 3.32 3.26

0.017 8.57 2.18, 2.33 2.32

O.OO85 8.55 1.83, 1.80 1.82

^Tris =
-2 -1 -1 5.55 x 10 M sec ; S.D. = 0.72$.

int. 1.38 x 10-5 sec 1 ; S.D. = 0.6($.



Table 44.

The Tris catalysed mutarotation of 6-chloro-6-deoxy-<X-D-glucose

at 25° in water, I = 0.10M. (Tris): (Tris H+) = 5.4.

(Tris)M ^ x 10^ k x 10^oDsa • c & j lc  •

0.102 8.87 8.25 , 8.07 8.25
0.085 8.87 7.22, 7.20 7.33
0.068 8.87 6.44, 6.59 6.^5
0.051 8.87 5 .61, 5.68 5.55
o.ojk 8.875 4.70, 4.71 ^.65

0.017 8.88 3.73, 3.69 3.75

^ris = 5.30 x -2 -1 -1 10 M sec ; - S.D. = 0.9<$.

k = m t .
2.85 x 10 ^ sec 1 ; S.D. = 0o:7($.

Table 45.

The Tris catalysed mutarotation of 6-chloro-6-deoxy- Of-D-glucose at 25
in water, I = 0.10M. (Tris):(Tris H+) = 6.6 •

(Tris)M p H ^ ^obsd. x 105 k x 10- calc .

0.152 9.^7 12.26, 12.24 12.85

0.106 9.17 11.09, 10.90 11.28

0.079 9.17 9.56, 9.79 9.64 •

0.053 9.16 8.45, 8.53 8.08

0.026 9.16 6.84, 6.61 6.45

0.015 9.1^ 5.70, 5.^1 5.65

k-, . = 6.05 x 10”2 m“1 sec”1 Tris ^ ; S.D. = O.98#o

k. = 4.86 x 10”^ sec”1 int. ; S.D. = 0.55%.



Table 46.

The Tris catalysed mutarotation o f 6-cyano-6-deoxy-^ -D-glucose at 

25° in water, I = 0.10M. (Tris):(Tris H+) = 0.6.

(Tris)M pH k x 10 23 obsd. k r 1(T calc.

0.060 80O8 6.60, 6.52, 6.72 6.73
0.048 8.10 5 .62, 5.79 5.80

O.O36 8.10 4.92, 4.97 4.85
0.024 8.11 3.91, 3.95, 4.03 3.90
0.012 8.10 2.93, 3.01 2.93
0.006 8.11 2.38, 2;37 2.48

^Tris _ 7.92 x 10~2 M"1 see-1 ; S.D. = 1.2($.

k = int. 2.00 x IQ"5 sec"1 ; S.D. = 1:.31$.

Table 4?

The Tris catalysed mutarotation of 6-cyano-6-deoxy-y$-D-glucose

at 23° in water, I = OdOM. (Tris): (Tris H+) = 1.0.

(Tris)M PH25 kobSd. X 1°3 k x 105 calc.

0.060 8.33 8.10, 7.98 8.21

O.O5O 8.33 ' 7.09, 7.46 7.36

0.040 8.32 6 .61, 6.46 6.30

0.030 8.34 5.88, 5.82 3.64

0.010 8.34 3.89, 3.98 3.93

kTris. = 8.56 x 10-^ M sec  ̂ ; S.D. = 1.47$.
k. = int. 3.08 x 10-lf sec  ̂ ; S.D. = 1.17$i



Table 48

The Tris catalysed mutarotation of 6-cyano-6-deoxy-/$  -D-glucose at 

25° in water, I = 0.10M. (Tris):(Tris H+) = 1.7.

(Tris)M pHoc- k x 10^ k x 10*̂_____ — 25 obsd,______ calc,______

0.068 8.56 11*15, 11*23 11.32

0o051 8.57 9*35 , 9*71 9*72
0.034 8.57 8.16, 8.33 8.12

0o017 8.57 6.74, 6.65 - 6.33
O.OO85 8.55 5.54, 5*76 5*68

*yr±s = 9*39 x 10~2 M"1 see-1 ; S.D. =; 2.25%.
k.mt. 4.93 x 10~5 sec"1 S.D. = 1.05%.

Table 49
The Tris catalysed mutarotation of 6-cyano-6-deoxy-^-D-glucose 

at 25° in water, I « 0.10M. (Tris): (Tris H+) = 3*4.

(Tris)M PH25 - ^obsd. x 105 k x 10-calc .

0.051 8.8 7 13.72, 16.04,
16.00

15.92 13.76

0.042 8.87 14.93, 14.99, 14.20 14.65

0.034 8.875 13.84, 13.40,
13.00

13.37 13.67

0.017 8.88 11.23, 11.77,
11.70

11.87 11.57

O.OO85 8.88 10.77, 10.32 10o 47

kTris = 12.31 -2 -1 -1 x 10 M sec 5 S .Do = 2.78% o

k = int. 9.48 x 10 ^ sec 1 i S.D. = 1.08%0



95.

Table 50

The Tris catalysed mutarotation of^-Gentiobiose at 25° in water, 

I = 0.10M. (Tris):(Tris H+) = 0.6.

(Tris)M PH25 k , - x obsd. 10 k _ x 10 calc.

0.060 8.08 25.74 25.87
0.048 8.10 21.83 21.96

O.O56 8.10 18.45 18.04

0.024 8.11 14.15 14.12

0.012 8.10 10.21 10o20

0.006 8.11 8.24 8.24

km • = 5.26 Xxns
-2 -1 -1 10 M sec ; . S.Do = 1.41%.

k. = 6.28 x int.
-4 -110 sec ; S.D. = 0.91% 0

Table 51
T]|e Tris catalysed mutarotation ofy$-Gentiobiose at 25 in water, 

I = 0.10M. (Tris):(Tris H+) - 1.0.

(Tris)M PR25 k . , x 10; obsd. k n x 10 calc.

0.060 8.53 2.80 2.85

0.050 8.33 2.54 2.49

0.040 8.52 2.15 2.15

0.050 8.54 1.85 1o81

0.010 8.54 1.14 1.14

^ris = 5,59 x
-2 -1 -1 10 M sec S.D. = 1.38%,»

kint. = 7.96 x -4 -1 10 sec ; S.D. - 1.04%,0
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Table 32

The Tris catalysed mutarotation of/?-Gentiobiose at 25° in water,
I = 0.10M. (Tris):(Tris H+) = 1.7.

(Trls)^ pH25 kQbsd. X 1°3 kcalc. X 10?

0.068 8.56 3.32 3.39

0.031 8.37 2.8V  2„80

0.03*+ 8.37 2.26 2.21

0.017 8.37 1.61 1.62

0.0083 8.55 1.31. 1»31
kj ± = 3.^7 x 10"2 M~1 sec"1 ; S.D. = 2.52%.

k. = 1.03 x 10"3 sec"1 ; • S.D. = 1.*+6$.m t .
Table 33

The Tris catalysed mutarotation of^?-Gentiobiose at 25 in water, 

I j= 0.10M. (Tris):(Tris H+) = 3 A.

(Tris)M pH25 . k , , x obsd. 10p k , x 10; calc.

0.102 8.87 3.39 5 .VI

O.O85 8.87 r ^.79 *+.81

0.068 8.87 ^.23 *+.21

0.051 8.87 3.66 3.61

0.03*+ 8.875 2.96 3.00

0.017 8.88 2o38 2 o*l-0

kTris = ^  x
-2 -1 -1 10 M sec • S.D. = 2.75% •

kint. = 1*8 0 x 10"^ 6ec 1 • S.D. = 3 A % ,0
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Table 5k

The Tris catalysed mutarotation ofy$-Gentiobiose at 23° in water, 

I = 0.10M. (Tris):(Tris H+) = 6.6.

(Tris)M pH ' k x ID? k .  - x 10323 obsd.______ calc.

0.132 9.17 7.73,’7.67 * 7.75
0.106 9.17 7.00, 6.95 6.88

0.079 9.17 5.80, 5.99 5.98
0.033 9.16 3.10, 3.02 5.12
0.026 9.16 ^.2^ ^.22 

krp . = 3.33 x 10~2 M~1 sec“1 ; S.D. = 2.2C#.iris
= 3.36 x 10 ^ sec  ̂ ; S.D. = 1.63$.
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Table 56
The hydroxide ion catalysed mutarotation of 6-deoxy-o<-D-glucose at 
25° in water, I = 0.10M.

pHoc (OH") x 106 k. . x 103 k - x 105
r 25   int.   calc.
9.16 1*td3 1.39 1 <>36

8.87 7o*f1 1.13 1o13

8.36 3.63 1o01 1.01

8.33 2.1 A- 0.97 0„96
8.10 1.26 0.92 0.93

k0H” = 32.7 M"1 sec"1 ; S.D. = 1.61%.

k!int = 0.89 x 10"5 sec"1 ; ' S.D. = 0.2^%.

Table 37
The hydroxide ion catalysed mutarotation of<x-D-xylose at 23° in 

water, I = 0.10M.

PH25 (0H~} x 1°6 “int. * 10? kcalc. X 10?

9.16 iif.if3 8.0*f 8.1^

8.87 7.1*1 ^.88 ^.89

8.56 3»^3 3.21 3*13
8.33 2.1** 2.1*2 2.^6

8.10 1.26 2.06 2.06

k^- = k.6 x 10^ M 1 sec 1 ; S.D. = 1.01%.

k'int. = 1,i*8 x 10"5 sec”1 5 S,D‘ = 0,91^ ‘
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Table 38
The hydroxide ion catalysed mutarotation of oc-D-glucose at 25° in

water, I = 0.10M.

*23 (-" ~int. “calc.pHoc (OH") x  106 k. , x 105 k _ x  105
* OK t nr /i l /-»

8.87 7 ô 1 0.98 Oo99

8.36 3.63 0o?0 0o69

8o33 2.1** Oo57 0.-37
8.10 1.26 0.50 0o30

= 79.9 M-1 sec"1 ; S.D. = 1.88%.Un
• ~Uk . , = *f.00 x 10 sec ; S.D. = 0.90%.int.

Table 39
The hydroxide ion catalysed mutarotation of 6-0-methyl-of-D-glucose • 

at 25° in water, I = 0„10M.

PH25 ( O H - ) * ™ 6 kint. * 1°3 kcalc. X 10?

9.16 1**.**5 1o06 1.03

8.87 7.**1 O069 0.70

8.56 3 . 6 3  0 .5 1  0.31
8.33 2.11* 0.1*1* o.l*l*

8.10 1 . 2 6  0.1+0 0.1*0

k - = 1*9.5 M"1 sec"1 ; S.D. = 1.55%

k^^ = 3»3** x 10 ^ sec 1 ; S.D. = 0.97%»
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Table 60

The hydroxide ion catalysed mutarotation of 6-acetamido-6-deoxy-/i5-D- 

glucose at 25° in water, I = 0o10Mo

pH2^ ('OH”) x 106 k. , x 103 int k n x calc. 10-5

9d 6 2 o 3 3 2 o 3 ^

8.87 7 o * f 1 0»97 1 „ 1 1

8.56 3.63 0.73 0o71

8„33 2 . 1 * f O062 OobG

k0H” = 103.3 - 1  - 1M sec S .D 0 = 3„3($.

kint =
_L. _ 3.^8 x 10 sec S.D. = 4.86$.

Table 61

The hydroxide ion catalysed mutarotation of 6-0-phenyl- <X-D-glucose

at 23° in water,, I = 0.10M.

pH25 (0K“) x  106 k. . x 10*5 int. k x calc. 10?

9.16 1 4 . ^ 5 1.55 1.50

8.87 7 . ^ 1 0.87 0.91

8.36 3 . 6 3 0.60 0.60

8.33 2.1*f o M 0.47

8o10 1.26 o.ko Oo^O

k0H" = 83.9 -1 -1M sec ; S.D. = 1.26%.

kint. = 2.93 . - k  -1 x 10 sec ; S.D. =  1 . 1 5 % .
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Table 62

The hydroxide ion catalysed mutarotation of 6-chlcro-6-deoxy-cx-D- 

glucose at 25° in water, I = 0.10M.

p H ^  (OH") * 1°6 kint. * 10? kcalc. * 10?

9.16 14.43 4.86 4.93

8.87 7.41 2.85 2.67

8.56 3.63 1.38 1.43
8.33 2.14 0.98 Oo98
8.10 1.26 0.70 O069
knu- = 3.21 X  102 m”1 sec"'1 ; S.D. = 0.94%.Un
k! . = 2.88 x 10"1* sec"1 ; ' S.D. = 2.78%.int.

Table 63
The hydroxide ion catalysed mutarotation of 6-cyano-6-deoxy-^-D-glucose 

ai 23° in water, I = 0.10M.

PH25 (0H~) * 106 kint. x 1°5 kcalc. X 10?

8087 7.41 9o48 9.32

8.56 3.63 4.93 M O
8.33 . 2.14 3»08 3.08

8.10 1.26 2.00 2.00

kQH» = 1.22 x 10? M"1 sec 1 ; S.D. = 1.3^.

k s 4.63 x 10 ^ sec 1 ; S.D. = 9°5C$°mt.



Table 64

The hydroxide ion catalysed mutarotation ofy6 -Gentiobiose at 25° 

in water, I = 0.10M.

pH^ (0O  x 106 kipt, * 10? kcalc. * 1°3

9„i6 14.45 3o36 3-21

8.87~~ 7.41 1.80 1.83

8.56 3.63 ■ I0O3 1.09
S r  2.14 0.80 0.80

d.10 1.26 O063 0.62

k0H" = 1,96 x 1°2 M”1 sec”1 * SoD- =

k'int " ?*78 x 10”Zt sec”1 5 S*D * = 2#2?^-
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Table 66
The pyridine catalysed mutarotation of 6-deoxy-cx -D-glucose at 25°
in water, I = 0.10M. (Pyridine): (Pyridinium+) = 1+:1.

(Pyridine )M p H ^  kobsd. * kcalc. X ^

0o100 5.95 1.1+5, 1.1+6 1.1+6

0o080 5.93 1.29, 1.32 1.31*
0.060 5.9^ 1.23, 1.28 1.23
0.0^0 5.92 1.1*+, 1.08 1.11

0o020 5o92 1.02, 0.95 0.99
0o010 5-9^ 0.90, 0.9^ 0.93

^py = 5.81+ x 1C~5 M”1 sec"1 ; S.D. = 1.79$.
k = into

—h8.75 x 10 sec ; s.D. = 0.68%.

Table 67
i

Th6 pyridine catalysed mutarotation of 6-deoxy-o< -D-glucose at 25

water, I + \= 0.10M. (Pyridine) :(Pyridinium ) = 2:1.

(Pyridine )M ^ 2 5 k . , x 10^ k ,  ̂ x obsd. calc.

0.100 5*68 1.1*6, 1.1*5 1.1+5

0.080 5.70 1.31*, 1.32 1.31*

0.060 5o72 1.22, 1.23 1.23

O.Ol+O 5o72 1.12, 1.11 1.12

0.020 5.72

00•r- 1.00

0.010 5.73 0.9**, 0.97 Oo93

nF ii 5»50 x 10"5 M“1 sec"1 ; S.D. = 2.09%.

^int. 8.96 x 10 * sec 1 ; S.D. = 0.66%.
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Table 68

The pyridine catalysed mutarotation of 6-deoxy-<X-D-glucose at 25° in
water, 1 = 0,,1014. (Pyridine):(Pyridinium+) = 1:1.
(Pyridine)M pH25 ^obsd x 105• k x calc.
0o100 5.33 1.^7, 1.^5 1.^3
Oo c8o 5.33 1.30, 1.3^ 1.3^
0 0 060 3.3^ 1.22, 1.19 1.22

0.0̂ 0 3.36 1.13, 1.14 1.11

0o020 5.37 1.00, O.98 0.99
0o010 5o38 0.92, 0.91 0.9^

kpy = 5.73
-■5 _1x 10 M sec ; S.D. = 1.70^.

k. . = 8.79m t .
„ -4 -1x 10 sec ; S.D. = 0.61%

Table 69

Th£ pyridine icatalysed mutarotation of 6-deoxy- t*-D-glucose at 23

water, 1 = 0,,1CM. (Pyridine):(Pyridinium ) = 1:2.

(Pyridine)M pH25 ^o~bsd« x 105» k n x calc.

0.050 k.96 1.16, 1.18 1.18

o.oko **.99 1.13, n .14 1.12

0.030 J*.99 1.02, 1.10 1.06

0.020 3.03 1.01, 0.97 0.99

0.010 ‘ 5.03 0.96, 0.9^ 0.9^

0.005 5.03 0.90, 0.91 0.91

kpy = 6.07 -1 -1 x 10 M sec ; S.D. = 3.13^.

W  8-78 -1x 10 sec ; S.D. = 0.62#.
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Table 70

The pyridine catalysed mutarotation oft* -D-xylose at 25° in water,

I = 0.10M. (Pyridine):(Pyridinium+) = 4:1.

(Pyridine)M p H ^  kobsd. * 10? kealc. X 10?

0,100 5*95 2.88, 2.76 2.82

O0O8O 5.93 2.51, 2.54 2.53
0.060 5*94 2.23, 2.23 2o23

o.o4o 3.92 1.92, 1.94 1»93
0.020 5.92 1.69, 1o60 1.63
OoOlO 3.94 • 1.49, 1.46 1.49

kpy = 1.49 X 10~2 m"1 sec"1 ; - S.D. = 1.51#.
kint. 1.34 x 10 ^ sec 1 ; S.D. = 0.71%.

Table 71
The pyridine catalysed mutarotation of<X-D-xylose at 25° in water,

I = 0.10M. (Pyridine KPyridinium+) = 2:: 1.

(Pyridine)M pH25 ^obsd, x 105» k 1 x calc.

0.100 5.68 2.88, 2.83 2.84

0.080 5 .7O 2.34, 2.54 2.54

0.060 5.72 2.18, 2.29 2.24

0.040 5.72 1.88, 1.96 1.94

0.020 5.72 1.65, 1.64 1.64

0.010 5.73 1.48, 1.49 1.48

kpy = 1.50 x 10"2 M"1 sec"1 ; S.D. = 1.40$.

kint.= ^  x 10'3 sec'1 ; S.D. s 0.66%.
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Table 72

The pyridine catalysed mutarotation of cx-D-xylose at 25° in water,

I = OdOM. (Pyr j dine): (Pyridinium+) = 1: 1.
(Pyridine)M pH2.5

■
^obsd x 10*• k , x calc.

0o100 5.35 2.86, 2.87 2.89
O0O8O 5o33 2.55, 2.36 2.37
O0O6O 5-34 2.28, 2.29 2o25
0.040 3.36 1.99, 1.97 1.94

0.020 3.37 1.39, 1.38 1.62

0.010 5 o38 1.45, 1.48 1.46

kp_ = 10 60 -2 -1 -1x 10 M sec » S.D. = 1.279S.

k. = 1.30 x 1C~* sec”1 int. 5 S.D. = 0.6c$o

Table 73
The pyridine catalysed mutarotation of o<-D-xylose at 25 in water, 

I = OolOMo (Pyridine): (Pyridinium+) = 1:2.

(Pyridine)M pH25 ' k . . x icrobsd. k , xCcllC 0

O0O5O 4.96 2.04, 2.03 2.06

0„040 4.99 1.89 1.91

O0O3O 4.99 1.79 1.75
0.020 3.03 1.61 1.60

0.010 5.03 1.46 1.45

0.005 5.03 1.31 1.38

= 1.52 x -2 -1 -1 10 M sec ; S.D. = 1.169So

= 1.30 x -3 -110 ^ sec • S.D. = O.33^o
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Table 74

The pyridine catalysed mutarotation ofc*-D-glucose at 25° in water,

I = 0.1CM. (Fyridine):(Fyridinium+) = 2:1.
I k25 obsd. ~ ^calc.

4 4(Pyridine)M P̂ Utr k . .  x 10 ^ x 10

0.100 5.68 10.07, 9.89 1Co05

0e080 5.70 8.85, 8.86 8087

O0O60 5.72 7.49, 7.70 7.69
0.040 5.72 6.61, 6.58 6o51

0.020 5.72 5.27, 5.32 5.33
0.010 5.73 4.68 4.73

kp = 5.91 x 10~5 M"1 see"*1 ; ' S.D. = 1.19#.y , r/l wlk. = 4ol4 x 10 sec ; S.D. = O.76$oint. ’

Table 75
The pyridine catalysed mutarotation of cx-D-glucose £t 25 in water,

I = 0.1CM. (Pyridine):(Pyridinium+) = 1:1.
1, ifk . x 10 calc.(Pyridine)M pH25 ^obsd.x 10

0.100 5.33 10.04, 10.17

0.080 3.33 8.84, 8.90

0.060 5.3^ 7.7*+, 7.77

0.040 5.36 6.38, 6.54

0.020 5.37 5-37, 5.41

0.010 5o38 4.64, 4.66

kPy = 6.00 x -110 M sec ; S.D. = 1.04%.

^int. 4.12 x -4 -110 sec • S.D. = 0.58%.

10.12

.8.92

7.72 
6.52 

5.32
4.72
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Table ?6

The pyridine catalysed mutarotation ofo<-D-glucose at 25° in water,
I = 0.1 CM. '(Pyridine):(Pyridinium ) = 1:2.

(Pyridine)M pH25 k , , x 10^ obsd.
Ifk x 10 calc.

0o050 k.96 7.15, 7.1^ 7o12

0.C&0 ^.99 6.53, 6.Vf 6.52
O0C3O M 9 5.93, 5.97 5.92
0o020 5.03 3.33, 5.29 5.32

0.010 5-C3 *f.8l, k.65 ^o72

O0CO5 5.03 ^.30, b.3^ k M

kpy = 6.02 -3 -1 -1 x 10 M sec ; S.D. = 1.39^0

k. . = <t.l1 int.
- -4 -1x 10 sec ;

Table

S.D. = 0.66%.

77
The pyridine catalysed mutarotation of 6-0-methyl - cx --D-glucose at

25° in water , I = 0.10M. (Pyridine): (Fyridinium+) .= 4:1.
(Pyridine)M pH25

kk . , x 10' obsd. 0
Ifk x 10 calc.

0.080 5.93 9.19 8.92

0.060 5.9*+ 7‘.53 7.-56

0o0h0 5.92 6.12 6.21

0.020 3.92 k. 87 ^.85

0.010 3«9^ M 8 iul8

‘'py = 6-77 -3 -1 -1 x 10 M sec ; S.D. = 1.31%o

kint.= 3.50 -1x 10 sec » S.D. = 0.52%.
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The pyridine 

in water, I 

(Pyridine)M

catalysed

= 0o10M.

pH25

Table 78

mutarotation of 6-0-ffiethyl-o(-D-

(Fyridine):(Pyridinium ) = 2:1
ifk , , x 10 obsd.

•glucose at 25° 

ifk _ x 10 calc.

OolOO 5.68 1C.89 10.91

0.080 5.70 9.55 9.VI
0.060 5.72 7.56 7.91
o.okc 5.72 6.52 60^2

0.02C 5.72 If.92 ^.92

0.C10 5.73 If.17 if.17

= 7.48 X
-3 -11(T M sec  ̂ ; S.D. = 0.8C$o

k. . = 3.42 mt. X
-h10 sec~1 ; S.D. = O . ^ o  

Table 79
The pyridine catalysed mutarotation of 6-C-methyl-oc-T)-glucose at 23°

in water, I = OdCMo (Pyridine):(Pyridinium ) = 1:1 •

(Pyridine)M pH23
ifk . , x 10 obsd.

Ifk n x 10 calc.

OdOO 5.33 11.39 11.29

0.060 3.3** 8.11 8.16

0.0^0 3.36 6.53 6.59 ‘

0.020 5o37 3.03 3.02

0.01C 5 o3 8 k*25 k.2k

kPy = 7-84 X
-3 -110 M sec  ̂ J S.D. = 1.16^.

kint.= 3A 6 X 10 sec~1 ; S.D. = 0.91#°
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Table 80
The pyridine catalysed, mutarotation of 6-0-methyl-a -D-glucose at 25°

in water, I = 0.10M. (Pyridine): (Pyridinium"**) = 1:2.
(Pyridine)M PH2^ k , ,  x 105 obsd. k .. x 10^ calc.
0o05C 4.96 7.07 7.24
0o040 4o99 6.32 6.51
0o03C M 9 6o02 5.77
0.020 5.03 5.0 20 5.03
0o010 5.03 4.18 4„30

0.005 5.03 3.89 . 3.94
kpy = 7 x 10'5 M-1 sec”*1 ; S.D. = 1.37^o

~4 -1 k. = 3.57 x 10 sec int. ; S.D. = 0.65%o

Table 81

The pyridine catalysed mutarotation of 6-acetamido-6-deoxy-7̂  -D-glucc

at 25° in water, I = 0.10M. (Pyridine): (Pyridinium*) = 4:1.

(Pyridine)M pE2^
ifk , , x 10 obsd.

4k , x 10 calc.

0c080 5.93 8.29 8.20

0.060 5-94 7.08 6.75

o.o4o 5.92 5.00 5»31

0.020 5<>92 3o72 3» 87

0.010 5.9̂ 3»40 3o15

kpy = 7o21 ..■5 -I -1x 10 M sec ; S.D. = 2.68%.

kint.=
-.4 -1x 10 sec ; S.D. = 4.17%<>
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Table 82

The pyridine catalysed mutarotation of 6-0-phenyl-<X-D-glucose at 25°

in water, I = O d O M 0 (Pyridine): (Fyridinium +) = 2:10

(Pyridine)M pH25
4k x 10 obsd.

h-k .. x 10 calc.

OdOO 5»68 19.68, 18.36 18.71
0.080 5.70 15.7^ 15.67
0.060 5.72 12.89, 11.79 12.62

OoÔ fO 5.72 9.62, 9.37 9*57
0.020 5.72 6.52, 6.37 6.53
0.010 5.73 5.15, ^.87 5.00

kpy = 1 .52 -2 -1x 10 M sec’1 ; S.D. = 0.69^0

k. . = 3.1+8into
-kx 10 sec_'1 ; S.D. = 0.77%.

Table 83
The pyridine catalysed mutarotation of 6-0-phenyl-o<-D-glucose at 25C

in water, I = 0.10M. (Pyridine):(Pyridinium+) = 1:
L

1.
k(Pyridine)M pH2^ k . . x 10 obsd. k x 10 calc.

0.100 5.33 19.55 19.62

0.080 5.33 16.32 16.28

0.060 5 .3^ 12.90 12.9^

O.Ô fO 3.36 9.69 9.61

0.020 5.37 6.27 6.27

0.010 5.38 1+.60 k.So

''Py = 1.67 -2 “1x 10 M sec  ̂ 5 S.D. — 0.8<$.

kint. = 2-93
-ifx 10 sec 1 CO • • 11 —* • X 0



H'+c ,
Table 8^

The pyridine catalysed mutarotation of 6-0-phenyl- oc-D-glucose at 25°

in water, 1 = 0,,1011. (Pyridine) : (Pyridinium+) = 1:2.

(Pyridine)M PHoir k X 10^ 25 obsd.
ifk .. x 10 calc.

0.050 ^.96 12.20 12.13
0.0^0 ^•99 9o83 10,3**
0.030 ^.99 8.92 8056

0.020 5.03 6.90 6.77
0.010 5.03 5.21 4.98
0.005 5.03 *K01 **.09

“fy = 1’7 9 x 10"2 M_1 sec"1 ; S.D. = 0,95%o

kint. = 3"20 x 10"** sec"1 ; S.D. = 0,82$.

Table 85
The pyridine catalysed mutarotation of 6-chloro-6-deoxy-- (X -D-glucose
, 0 .at 25 m  water,, I = OolOM. (Pyridine):(Pyridinium+) = ifs’1.
(Pyridine)M ifpH„ k ,  x 10 F 2S obsd.

ifk .. x 10 calc.

0o100 5.95 13-32, 13.11 13.**2

0.080 5.93 11-31» 11. 11.25

0.060 5.9^ 9.1^, 8.91 9.07

OoÔ fO 5.92 6o95» 6.81 6.90

0.020 5.92 ^065, **.82 **.73

0,010 5.9^ 3.60 3.6**

kpy = 1.09 x 10“2 M"1 sec"1 ; S.D. = 0.91^0

kint. = 2-55 x 10"^ sec"1 ; S.D. = 1.**C$.
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Tablej 86
The pyridir.e catalysed mutarotation cf 6-chlo'ro~6-deoxy--cx-D-glucose
at 25° in water , I = 0.1OM. (Pyridline):(Pyridinium+) = Li.
(Pyridine)M p H ^ 4k x 10 obsd.

4k n x 10 calc.
0.100 5.68 13.20, 13.13 13.10
0.080 5.70 11.01, 10.66 11.00
O0O6O 5.72 8.80, 8.66 8.89
0o040 5.72 6.93, 6.67 6o78
0o020 5.72 4.63, 5.03 4„68
0.010 5.73 3.47, .3.63 3.62

kpy = 1.05 x -2 -1 10 M sec -1 5 S.D. = 0.81%.

k. . = 2.57 x int.
-4 -110 sec S.D. = 1o0 2%.

Table 87

The pyridine catalysed mutarotation/ of 6-chloro-6-deoxy-■ oc-D-glucose
■ 0at 25 in water , I = OdOM. (Pyridine):(Pyridinium+) =: 1:1.

(Pyrj dine)M. Pfi2? k v j x 10 obsd.
4k x 10 calc.

OdOO 5.33 12.41, 12.56 12.83

O0O8O 5.33 10.84, 10.71 10.79

0.060 3.3^ 8.78, 8.85 8.74

0.040 5.36 6.72, 6.78 6.70

0o020 5.37 4.80, 4.78 4066

0.010 5.38 3.57, 3o51 3.64

kpy = 1.02 x -2 -1 10 M sec ‘1 i S.D. = 0.78%.

^int. = 2.62 x ,n-4 -1 10 sec 5 S.D. = 1.0496.



Table 88

The pyridine catalysed mutarotation of 6-chloro-6-deoxy-cx-D-glucose

at 25° in water, I = 0.10M. (Pyridine): (Pyridinium+) = 1:2.

(Fyridine)M. PH0c: k v  ̂ x k t x J - O  obsd. calc.
0.050 96 8.08 7 065
O.OifO M 9 6.6if 6.6if
0o030 *+.99 5.*f9 5.62
0.020 5 o03 if. 5^ if.61
0.010 5.03 3.68 3o59
0.005 5.03 3o08 3.09
kpy = 1.01 x -2 -1 10 M sec-1 > S.D. = 1.ifC#„

k. , = 2.58 x int.
. -if -1 10 sec i S.D. = 0.8156.

Table 89
The pyridine catalysed mutarotation of 6-cyano-6-deoxy-^-D-glucose
, 0 . at 25 m  water , I = 0.10M. (Pyridine) :(Pyridinium+) = if: 1.

(Pyridine)M pH25
ifk . , x 10 obsd.

ifk , x 10 calc.

0o100 5.95 11.16, 11.58 11.58

0.080 5.93 9.57, 9oif3 9.58

0.060 5-9*+ 7.59, 7.36 7^58

o.c&o 5.92 5.87, 5.62 5.57

0o020 5.92 3.57, 3.60 3.57

0.010 5o9^ 2.57, 2.5*+ 2.57

^  = 1.00 X -2 -1 10 M sec-1 5 S.D. = 0.71#.

kint. = 1-57 x -if -1 10 sec > • S.D. = 1.22#.
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Table 90

The pyridine catalysed mutarotation of 6-cyano-6~deoxy-/5-D-glucose at

25° in water, I = OdOM. (Pyridine): (Pyridinium+) =2:1.

(Pyridine)M pIi25 ^obsd.
bx 10 k , x calc.

0.100 5.68 11.60, 11.02 11.26

0.080 5.70 9.35, 9.33 9o29
0.060 5.72 7.36, 6.93 7.32
OoÔ fO 5,72 5-2K>, 5.31- 3.33
0.020 5.72 3.^8, 3o30 3.38
0.010 5.73 2.36, 2 M 2ok0

kpy = 9.8^ X -3 -1 -110 M sec j S.D. = 0.67#.
k. , = 1.Vl x int.

.-b -1 10 sec ; S.D. = 1.26%.

Table 91
The pyridine catalysed mutarotation of 6-cyano-6-deoxy~75-D-glucose 

at 25° in water, I = OdOM. (Pyridine): (Pyridinium+) =1:1.

(Pyridine)M pH23 ^obsd• x 10 k .. x 10 calc.

0,100 5.33 10.84, 10.90 10,96

0.080 5.33 8.83, 8.95 9.06

0.060 5.3^ 7.39, 7.39 7d 6

o.obo 3.36 5.32, 5.48 3.26

0.020 3.37 3o3^, 3.50 3.37

0.010 5.38 2.36, 2,41 2,^2

ii 9»^9 x -2 -1 -1 10 M sec ; S.D. =  0.69% o
k. = int. 1.^7 x 10 sec ; S.D. = 1.28%.
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Table 92
The pyridine catalysed mutarotation of 6-cyano-6-deoxy-y5-D-glucose

at 25° in water, I = 0.1 CM. (Pyridine): (Pyrid inium+) = 1:2.

(Pyridine)M. ph2? ifk , , x 10 obsd.
ifk x 10 calc.

0.050 ^.96 3.71 5.95
0.0^0 ^•99 5.16 5.0A-

0.030 M 9 *fo19 *f<>12

0.020 5.03 3.29 3.21

0.010 5.03 2.30 2.30

0.005 5.03 1.83 ‘ 1.83

kpy = 9.12 x -3 -1 -110 M sec ; S.D. = 1.07^o

kint.== 1‘39 -
-if -110 sec ; S.D. = 1.51^o

Table 93
The pyridine catalysed mutarotation ofy$-Gentiobiose at 25° in water,

I = 0o1CM. (Pyridine) : (Pyridinium+) = ^:1.

(Pyridine)M pH25
ifk . , x 10 obsd.

ifk , x 10 calc.

O0O8O 5.93 12.13 12.02

O.O60 5.9^ 9.95 9.98

0.0^0 5.92 7.88 7.9^

0.020 5-92 5.76 5.89

0.010 5.9^ M 9 4.87

^  = 10.22 > -3 -1 -1: 10 M sec ; S.D. =

kint. = 3.85 X -A -1 10 sec ; S.D. = 1.23%o



119.

The pyridine ca 

I = 0.10M. (Py: 
(Pyridine)M

Table 9k

talysed mutarotation of/^-Gentiobiose at 
ridine):(Pyridinium+) = 2:1.

kpH c k x 10 ^ 25 obsd.

25° in water 

ifk _ x 10 calc.

OolOO 5.68 13.80 13.82
O0O8O 5.70 11.99 11.87
O0O6O 5.72 9.75 9o91
0.0**0 5.72 7.88 7.96

0.020 5.72 6.29 6.00

0.010 5.73 ko8k • 5.02

kpy = 9o78 x -■5 -1 10 M sec ; .S.D. = 1.25£o

k. = k.Ok x int.
-k -110 sec ; S.D. = 1.3Cg6.

Table 95
The pyridine catalysed mutarotation ofj8 -Gentiobiose at 25° in water

I = 0o10M. (Pyridine): (Pyridinium+) = 1:1.

(Pyridine)M pH25
ifk . , x 10 obsd •

ifk x 10 calc.

0o100 5.33 13.90 13.98

0.080 5o33 11.76 11.9**

O0O6O 5-3** 9.98 9.90

OoO^O 5.36 7.91 7.86

0o020 5.37 5.8^ 5.82

0.010 5.38 k.77 *to8o

kpy = 10.21 : -3 -1 -1x 10 ^ M sec ; S.D. = 1 * 33%•

kint. = 5.78 x
-if -110 sec i S.D. = 1.2*1%.
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Table 96

The pyridine catalysed mutarotation ofy$-Gentiobiose at 25° in

water, I = 0.10M. (Pyridine): (Pyridinium+) = 1:2.
4- 4(Pyridine)M pBOCr k , , x 10 k x 1025 obsd.______ calc.

OoO^O 4.96 8.45 8.50

0.040 4.99 7o*f9 7.53
0.030 4.99 6.50 ; 6.55

0.020 5.03 .5.63 . 5.57
0.010 5.03 **.63 4.60

0.005 5.03 **.09 **.11

kpy = 9o75 x 10”5 M'1 sec”1 ; S.D. = 1.03%.

kint “ 3.63 x 10 ^ sec 1 ; S.D. = 0.48%.
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Table 98
The morpholine catalysed mutarotation of 6-deoxy-<X-D-glucose 

at 25° in water, I = 0.10M. (Morpholine):(Morpholinium+) = 1:4.
(Morpholine )M pH25 k x 10 obsd. k x calc.

0.025 8.18 3o25 3.23
0.020 8.18 2.76 2.76

0.015 8d 7 2.18 2.30

0.010 8.22 1.90 1.84

0.005 8.21 1.39 1.37

0.0025 8.22 1.1.3 1.14

^Morph. ~ 9.27 -2 -1 -1x 10 M sec ; S.D. = O.75#o
k. = int. 9.08 _ -4 -1x 10 sec ; S.D. = 0.59$.

Table 99
The morpholine catalysed mutarotation of<X-D-xylose at 25° in water, 

I = 0.10M. (Morpholine): (Korpholinium+) = 1:4.

(Morpholine)M pH25 k , j x 10; obsd. k , x calc.

0.020 80I8 12.02 11.79

0.015 8.17 9.44, 9^5 9.45

0o010 8.22 7.13, 7.11 7.11

0.005 8.21 it.73, 4.66 4.77

0o0025 8.22 3.80, 3.85 3.60

^Morph. ii -c- • -2 -1 -1 8 2 x 10 M sec ; S.D. = 0.6C$.

k.int. = 2.43 -3 -1 x 10 sec ; S.D. = Oo57$o



Table 100

The morpholine catalysed mutarotation of<X-D-glucose at 25° in 
water, I = 0.10M. (Morpholine):(Korpholinium+) = 1:4.
(Morpholine)M. pH-j. k x 103 obsd. k . x 105 calc.

0.025 8.18 3.26 3.22
0.020 8.18 2.64 2.67

0.015 8„17 2.04 2.12
0.010 8.22 1.63 1.57
0.005 8.21 1.02 1.02

0.0025 8.22 0.75 0.75

^Morph. - 10.98 x 10"2 M"1 sec"1 ; S.Do = 0.69$.
k = m t . 4.75 x 10 ^ sec 1 ; S.D.  ̂= 0.87%.

Table 101
The morpholine catalysed mutarotation of 6-0-methyl-cx -D-glucose
at 25° in water, I = 0.10M. (Morpholine): (Morpholinium+) = 1:4.

(Morpholine )M k . , x 105 obsd. k . x 105 calc.

0.025 8.18 3.88 3.67

0.020 8.18 2.88 3.01

0o015 8.17 2.28 2.34

0.010 8.22 1.72 1.68

0.005 8.21 0.99 1.01

0.0025 8.22 0.70 0.68

^Morph. 13.28 x 10~2 M"1 sec"1 ; S.D. = Oo83%.

k = m t .
-4 -13o51 x 10 sec ; S.D. = 2.54%.
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Table 102

The morpholine catalysed mutarotation of 6-acetamido-6-deoxy~/3 -D- 

glucose at 25° in water, I = 0.10M.(Morpholine):(Morpholinium+) = 1:2,
(Morpholine)M pH25 k x 105obsd. k _ x 10^calc.
0.050 8.40 5 o42 5.54
0.040 8.40 4.57 4.58
0.030 8.45 3.68 3.62
0.020 8o44 2.70 2.66
0.010 8.44 I067 1o70
0.005 8.4? • 1.23 1.22

^Korph. = 9,58 
kint. = 7-^5

x 10~2 

x 10-4

-1 -1M sec
-1sec 

Table 103

; S.D. = 0.88$. 

; S.D. =: 1.89^o

The morpholine catalysed mutarotation of 6-0-phenyl- OC-D-glucose
, 0 . at 25 m  water, + \I = 0.10M. (Morpholine):(Morpholinium ) = 1:40

(Morpholine)M. pH25 k . x 10^ obsd. k x 10^ calc.

0.023 8.18 8.89, 8.57 8.94

0.020 8.18 7.39, 6.96 7.23

0.013 8.17 5 .63, 5.39 5.52

0o010 8.22 3.88, 3.91 3.81

0.003 8.21 2.19, 2.14 2.10

0.0025 8.22 1.20 1o24

W p h .  = J l u 2 3  x  1 0 " 2  M " 1  s e o " 1  5 S,D‘ = Oo6 y > 6 '

= 3*86 x 10  ̂sec  ̂ S S.D. = 3°88%.
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Table 10*f

The morpholine catalysed mutarotation of*6-chloro-6-deoxy- <X-D-glucose

at 25° i*1 water, I = 0.1 CM. (Morpholine): (Korpholinium+) = 1:*f.
(Morpholine )M pH-r- k ,  ̂ x 10^ k x 10^25 obsd. calc.
0o020 8.18 9.65, 9.65 9.63
0.015 8d 7 7.39, 7.38 7o31
0.010 8.22 3.53, 3.31 3.37
0.005 8.21 3.18, 3-21 3.23
0.0025 8.22 2.O5, 2.20 2.15

^Morph. = ^2.85 x 10"2 M"1 sec"1 ; S.Do = 0.71%.
k.int. = 1.08 x 10"5 sec"1 ; S.D. = 1.7*$.

Table 105
The morpholine catalysed mutarotation of 6-cyano-6-deoxy-^5 -D-glucose

at 25° in water, I = 0.10M. (Morphol + \ine):(Morpholinium ) =: 1‘A.

(Morpholine)M P^pc k . , x 10^ k x 103 obsdo ca-Lc •

0.020 8.18 12.96 12.81

0.015 8.17 10.28, 10.12 10.2 -̂

0.010 8.22 7.69, 7.73 7o 66

0.005 • 8.21 5.06, M 9 5.09

0.0025 8.22 3.80, 3.83 3.81

M̂orph«, = 51. Mf x 10"2 M"1 sec"1 ; S.D. = 0.97$°

k.int. = 2.52 x 10"5 sec"1 ; S.D. = 1.03%.



Table 106

The morpholine catalysed mutarotation ofy$-Gentiobiose at 25° 

in water, I = 0.10M. (Morpholine):(Morpholinium+) = '\:b.

(Morpholine)M ^ 2 5 k , , x 105 obsd. k .. x calc.

0.025 8.18 6.66 6.47

0.020 8.18 5.25 5.29

0.015 8.17 3.98 ^ .10

0o010 8.22 2.99 2.92

0.005 8.21 1.71 1.73

0.0025 8.22 1.1** l„l*f

^Morph. = 23.71 -2 -1 -1 x 10 M sec ; S.D. = O.78#.

k.int. = 5.^6 -b -1 x 10 sec ; S.D. = 2 . W .
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Table 108

The diethanolamine catalysed mutarotation of 6-deoxy-oc-D-glucose

at 25° in water, I = 0.10M. (B) :(BH+) = 1:5.
(Diethanolamine)M pH25 kobsd x 105• k _ x calc.
0.020 8.34 1.79, 1.77 1.77
0.016 8.34 1.63, I065 1.62

0.012 8.35 1.4?, 1.45 1.47
0.008 8.36 1.30, 1.33 1.32
0.004 8.37 1.16, 1.13 1.17
0.002 8.37 1.10, 1.10 1.09

= 3.76 x 10"2 -1 -1
M sec ; S.D. := 0 .66# 0

k. = mt. : 1o02 X 10"^i -1 sec ; S.D. := 0o:1 7# 0

Table 1C9
The diethanolamine catalysed mutarotation of of -D-xylose at 25° in

water, I = 0o1CM. (B):(BH+) = 1:5.
(Diethanolamine)M. pH25 kobsd x 16*• k t x calc.

0.020 8.3^ 8.24, 8.09 8.29

0.016 8.3^ 7o18, 7.25 7.24

0.012 8.35 6.36, 6.32 6.19

0.008 8.36 5.31, 3.28 5.14

0.004 8.37 3.91, 3.94 4.09

0.002 8.37 3.62, 3.57 3°57

kB = 26.21 X 10“2 „-1 -1M sec ; S.D. = 0.50#.

kint. : 3.05 X 10“3 M sec ; S.D. = 0.21#.
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Table 110

The diethanolamine catalysed mutarotation of o<-D-gluccse at 23
in water, I = 0.1 OM. (E):(EH+) = 1:5.
(Diethanolamine )M. pH23 k V J xobsd. 105 k t x calc.
0.020 8.34 1.80 1.82

0.016 8.34 1.31 1.57
0.012 8.33 1.33 1.33
0.008 8.36 1.14 1.09
o.oo4 8.37 0.84 0.84
0.002 8.37 0.72 0.72

kg = 6.07 x 10"2 -1 -1M sec ; S.D. = 0.80%.

k. = 6.02 x 10 mt.
-4 -1sec ; S.D. = Qo37%o

Table 111.
The diethanolamine catalysed mutarotation of 6-0-methyl- & -D-glucose 

at 25° in water, I = 0.10M. (B):(BH ) =1:5*

(Diethanolamine)M p H ^  k0bsd. * ^  kcalc. X ^

0.020 8.34 1.85 1*89
0.016 8„34 1*59

0.012 ’ 8.35 1*28 1-29

0.008 8.36 1.04 1°00
o.oo4 8.37 0.70 0.70
0.002 8.37 °°55

^  = 7.40 x 10”2 M"1 sec"1 ; S.D. = 1.02%.

kint. = x 10"^ sec"1 ; S.D. = 0.98%.
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Table 112

The diethanolamine catalysed mutarotation of 6-acetamido-6-deoxy-

^-D-glucose at 25° in water, I = 0.10M. (B):(BH+) = 1:3„

(Diethanolamine )M pH„c k , , x 10^ k n x 10^ ____________ “ 23 obsd.______ calc._____
0o020 8.3^ 1o96 1.97

0.016 8 . 3 k 1.65 . 1o68

0.012 8.35 1.*f2 1.39
0.008 8.36 1.10 1.11
OcOO^f 8,37 0.8** . O082

O0O02 8.37 0.67 o„68
kg = 7.19 X  10"2 m”1 sec-1 ; S.D. = 0.99$,
k. , = 3.31 x 10"^ sec"1 ; S.D. = 0.90$.int.

Table 113
The diethanolamine catalysed mutarotation of 6-0-phenyl-Of-D-glucose 

at 25° in water, I = 0.10M. (B):(BH+) = 1:5»

(Diethanolamine)H pH^ kobsd. X 10? kcalc. X ^

0.020 8.3^ 3.81 3.72

0.016 8.3^ 2.90 3.08

0.012 ' 8.35 2.60 ‘ 2M

0.008 8.36 1.79 'I-79

0.00** 8.37 1d3 1.13

0.002 8.37 0.83 0.83

kg s 16.02 x -2 -1 -110 M sec j S.D. = 0.7*#*

kint. = 5-13 x
-If -110 sec ; S.D. = 0.93$.
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Table 11*f ■

The diethanolamine catalysed mutarotation of 6-chloro-6-deoxy- oc-D-

glucose at 23° in water, I = 0.10M. (B):(BH+) = 1:5.

(Diethanolamine)M pHnc- k __ , x 10^ k n x 10^  ^  25 obsd._________  calc.__

0.020 8.3^ 5.73, 5.76 5.85
0.016 8.3^ *to76, ^.68 if.93

0.012 8.35 ^.1 ,̂ ^.20 k.02

0.008 8.36 3.18, 3.23 ' 3.11

0.00*f 8.37 2„09, 2.16 2o19

0.002 8.37 1.76 1.7^
kg = 22.83 x 10”2 M_1 sec”1 S.D. = 0o6k%.

k. , = 1.28 x 10”3 sec”1 ; S.D. = 6.78^0mt.

Table 115
The diethanolamine catalysed mutarotation of 6-cyano-6-deoxy-y5-D-

glucose at 25° in water, I = 0.10M. (B):(BH+) = 1:5.

(Diethanolamine)M PH25 k >. . x 103 obsd. k n x calc.

0.020 8.3^ 12.01, 11.76 11.57

0.016 8.3^ 9.89 10ol8

0.012 8o35 8.73, 9.08 8.79

0.008 8.36 7.^9, 7.19 7.^0

0.00*+ 8.37 6.06 6.01

0.002 8.37 5.31 5.32

^  = 3^.72 x -2 -1 -110 M sec ; S.D. = 1.0696o

kint. = h'6> * „ -3 -1: 10 sec ; S.D. = Oo53^«
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Table 116

The diethanolamine catalysed mutarotation ofy$-Gentiobiose 

at 23° in water, I = 0„1CM. (B):(BH+) = 1:5.

(Diethanolamine) M . pH25 k , , x 105 obsd. kcalc.

0o020 8.3^ 3.2^ 3.2^

0.016 8.3^ 2.77 = 2o77

0.012 8.35 2.29 2.-29

0.008 8.36 1.82 1.82

0.00*f 8.37 1.35 1.35

0.002 8.37 1.11 1.11

^  = 11.80 x 10“2 M-1 -1sec ; S.D. = 11.2C#.

kint. = 8.79 x io-* -1sec ; S.D. = 1.37#.
ii
I
I
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Table 118

The DC1 catalysed mutarotation of 6-deoxy- OC-D-glucose at 25°
in water, I = 0.10M.

(D 0+ )M ■naPD2? k , ,  x obsd.
410 k . x calc.

0.100 1.08 19-12 19.31
0.080 1o19 15.73 15.96
0.060 1.27 12.47 12.61
o.o4o 1.40 9.44 9.23
0.020 1.63 6.02 5.90
0.010 2.00 „ 4..18 4.22

^  o+ = 16.77 x 10"5 M~1 sec"1 ; S.D. = 0.66%.
3

k.mt.
. "i= 2.^4 x 10 sec ; S.D. = 0.97%.

a. PD := pH meter gl&ss electrode reading +0.40 (ref. 196)

Table 119
The DC1 catalysed mutarotation of<X-D-xylose at 25° in water, 
I = 0.10M.
(D,0+)M

PD2?
1.08

k x obsd. 1o3 koalc. x
,0.100 3.40 3.45

OO
OOO

1.19 2.80 2.84

0.060 1.27 2.21 2.23
0.0̂ 0 1.40 1.64 1.62

0.020 1.65 1.04 1.01
0,010 2.00 0.70 0.70

kB30+ = 30.4? x 10“5 M"1 sec"1 ; S.D. = 0.63%.
k.mt. = ^.00 x 1C  ̂ sec 1 ; S.D. = 1.02%.
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Table 120

The DC1 catalysed mutarotation of oc-D-glucose at 25° in water,
I = 0.10M.

(d3o+)m pD25 k v , x obsdo 10^ k _ x calc.
0.100 1.08 10.83 10.73
0.080 1.19 8.62 8.83
0.060 1.27 6.80 60 90
0.0.40 1.40 5° 06 4.97
0.020 1.65 3.10 3.03
0.010

w
kint.

2.00
= 9*^3 x 10 ^ H 1 sec  ̂

= 1.12 x 10 ^ sec ^

2.-06 
; S.D. 
; S.D.

=

2.08
0.65%.

1.34#.

Table 121
The DC1 catalysed mutarotation of 6-0-methyl- o(-D-glucose at 23°
water, I = 0.10M.
(D_0+)M 3 “ PD25 k v a x obsd • io\ k ■ x calc.
0.100 1.08 8.34 8.38
b.080 1.19 6.79 6.90
0.060 1.27 3.39 3o42
0.040 104o 4o00 3° 93
0.020 I063 2.51 2c47
0.010 2.00 1.72 1o73

w 3
k.mt.

= 7o38 x 10" 
= 9.96 x 10"

■3 „-1 -1 M sec
-5 -1sec

• ; S.D. 

; S.D.

= 0 
= 1

o68%0
o18%o
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Table 122
The DC1 catalysed mutarotation of 6-acetamido-6-deoxy-y$ -D-glucose

at 23° in
(DJD+)M 3 ~

water, 1: = 0 01om. 

pD23 k  V A  Xobsd.
410 k 4, . x 10 calc.

OolOO 1.08 7.36 7.48
0.060 1.27 4.76 4.79
0.040 1„40 3.47 3o43
0.020 1.65 2.13 2.10
0.010 2.00 1.42 1.43

II+cJ
r 6.73 x -3 -1 -1 10 M ' sec 5 S.D. = Oo87%.

yk. = mt. 7.57 x -5 -110 ' sec > S.D. = 10 42% •

Table 123
The DC1 catalysed mutarotation of 6-0--phenyl-& -D-glucose at '25°
in water, I = 0.10M.
(D 0+)M pD2? k , , x obsd 0

410 k x 10^calc.

0„100 1.08 7.64 7.63
0.080 1o19 6.18 6.27
o.o4o 1.40 3.61 3.33

0.020 ‘ 1.65 2.19 2.19

0.010 2.00 1.51 1*31

ii+cJ
2 6.80 X

-3 -1 -110 M sec 5 S.D. = 0o78%o
3

= 8.33 x -5 -110 ' sec i S.D. = 1„49%o
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Table 124

tfhe DC1 catalysed mutarotation of 6-chloro-6-deoxy- (X-D-glucose
at 25° in water, I = 0.10M.

(D-.0+)M 3 “ pD23 & -U xobsd.
410 k _ : calc.

0.100 1.08 6.08 3«94
O0O8O 1.19 4.80 4.88
0.060 1.27 3.78 3.82
0.040 1.40 2.75 2.77
0.020 1.65 1.73 1.71
0.010 2.00 1d7 1.18

"̂ D 0+ = 5.30 -1 -'ix 10 M sec' » S .Do = 0.69^0
3

k. , = int. 6.47 -5 -1x 10 sec 5 S.D. =: 1.32$.

Table 125
The DC1 catalysed mutarotation of 6-deoxy-<x-D-gluco-hepturonic acid

at 23° in water, I = 0.10M.
(D 0+)M 3 ~ ^25 k x obsd. 10^ k _ x calc.

0.100 1.08 3.46 3.39
0.080 1.19 4.42 4.44

0.060 1.27 3.43 3.48

0.040 1.40 2.30 2.32

0.020 1.65 1.61 1.37
0.010 2.00 1o08 1.09

=r D+ ii 4.78 -'Ix 10 M sec ; S.D. = 0„7C$o
3

k = mt, 6.14 x 10 ^ sec ^ ; S.D. = 1o36%o
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Table 126
/The DC1 catalysed mutarotation of 6-cyano-6-deoxy-<p  -D-glucose at

25° in water, I = 0.10M.
(DvO+)M 2 ” PD^ k , ,  x obsd 0

if10 k • : calc.

OdOO 1.08 3.02 3.00
0.080 1.19 2.43 2.̂ +7
0.060 1.27 1.91 1.92*
0.0^0 1.^0 1.V1 1.i+0

0.020 1.63 0.89 0.87
0o010 2.00 0.39 0o60

li+c 2o67 x 10 5 M 1 sec ^ ; S.D. = 0.68% o
3

= 3.3^ x 10-5 see”1 ; S.D. = 1.39^o

Table 127
The DC1 catalysed mutarotation of^-Gentiobiose at 25° in water,
I = 0.10M.
(D_0+)M 2 ~ k , , x obsd.

if10 k , xCcilC •

0.100 1.08 9 o8^ 9.70

/0.080 1.19 7o80 7.9^
0.060 1o27. 6.13 6.18

OoO^O 1.*t0 ^.38 k M

0.020 1.63 2o72 2063
0o010 2.00 1.73 1o78

ii+cJ
2 8081 -3 -1 -1x 10 M sec ; S.Do = 0o72^o

3k =into 80 92 -5 -1x 10 sec ; S.D. = 1o92^o
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Table 130
The 4-methylpyridine catalysed mutarctation of 6-deoxy-Of-D-glucose
at 23° in water, I = 0.10M. (E) : (EH+) = 1:1.
(4-methylpyrddine)M pH25 k , , x 10^ obsd. k n x calc.

O0O8O 6o10 1.87 1.89
0.060 6o12 1.63 1.64
0.040 6.13 1.40 1.39
0o020 6016 1d3 1.14
OoOlO 6018 1.02 C\lOO

kg = 1.24x10*“2 M_1 sec"1 ; S.D.' = 0o9k%o

-4k. , = 8.96 x 10 sec m t .
-1 S.Do = O.37^o

Table 131

The 4-methylpyridine catalysed rautarotation of of-D-xylose at 29° :
water, I = 0o10Mo (B) : (EH+) = 1:10
(4~methylpyrid ine) pH25 k . , x 10-5 obsd 0 k n x calc.

0.100 6.08 4.66, 4.63 ^.79
0.080 6.10 4.05, 4.06 4.10

0.060 6.12 3.47, 3.^0 3.^2

0o040 6.13 2o80, 2.73 2.73

0.020 6.16 2.10, 2o08 2.04

0.010 6.18 1.67, 1o70 1.70

kg = 3„43 x 10"2 M"1 -1sec ; S.D. = Oo65%.

k. = 1.28 x 10 ^ sec mt.
1 ; S.Do = 0.52%o
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Table 132
The 4-methylpryidine catalysed mutarotation of CK-D-glucose at 25°
in water, I = 0o10M. (B):(BR+) = 1:1.
(4-me thylpyri d ine) M pH25 k , , x 105 obsd. k x 103 calc.

0o100 6.08 1.80 1.83
0.080 6.10 1o'57 1.37
O0O6O 6.12 1.30 1.28
0o040 6.13 1.00 00

•
V"

0o02C 6.16 0o72 0.71
0.010 6.18 Oo37 Oo37

k = 1.42 x 10-2 M_1
Xj

-1sec ; s .Do = 0.65% o
-4k. , = 4.28 x 10 sec int.

-1 5 S.D. = 0.-52% „

Table 133
The 4-methylpyridine catalysed mutarotation of 6-0-methyl- cx-D-gluccse
at 25° in water, I = 0o10M. ( B ) : ( B H + ) = 1:1.

(4-methylpyridine)M pH23
4k . . x 10 obsd.

4k x 10 calc.

0.100 6.08 21.07 21.72

0.080 6.10 18.20 18.11

0.'060 6.12 14.30 14.51

o.o4o 6.13 11.13 10.91

0o020 6.16 7.36 7.30

0.010 6.18 5-i+7 5o50

kg = 1.80 x 10"2 M“1 -1sec ; S.Do = 0.77%.

kint.= 3-70 x 10_lt sec
-1 > s.D. = 0.88%.
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Table 134
The 4-methylpyridine catalysed mutarotation of 6-acetamido-6-deoxy-y5-D“
glucose at 25° in water, I = 0.10M. (B):(BH+) = 1:1.
(4-methylpyridine)M Ph25

ifk , , x 10 obsd. k -1 x ' calc.
O0O6O 6.12 . 15.84 15.92
0.040 6.13 . 11.78 11.75
0.020 6.16 7.64 7.57
0.010 6.18 5.45 5.48

kg = 2.09 x 10~2 -1 -1M sec ; S.D. = 10-54̂ 0

kint.= 3-3 9 x 10^ -1sec ' ; S.D. = 2.26%.

Table 135
The 4-methylpyridine catalysed mutarotation of 6-0-phenyl- cx -D-glucose 

at 25° in water, I = 0.10M. (B):(BH+) = 1:1.
(4-methylpyri dine)M pH25 k , , x 10 obsd. k , x calc.

O0O6O 6.12 3.41 3.38

0.040 6.13 2.34 2.35
0.030 6.14 1.86 1.83

0.020 6.16 1.31
0.010 6.16 O.76 0.80

0.005 6.17 0.57 0.34

kg = 5.17 x 10~2 M“1 -1sec ; S.D. = 0.87%.
-4k-. = 2 080 x 10 sec int.

-1 i S.D. = 2.31%.
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Table 136
The 4-methylpyridine catalysed mutarotation of 6-chloro~6-deoxy- or-D- 
glucose at 25° in water, I = 0.10M. (B):(BH+) = 1:1„
(4-me thyIpyrid ine)M pH25 k , , x 105 obsd. k x 1 calc.

O0O6O 6.12 2.16 2.20
0.040 6.13 1.62 1.56
C.030 6.14 1.22 1.23
0.020 6.16 0o92 0.91
0o010 6d 6 0»59 Oo59
0.003 6.17 0.42 0.42

kg = 3.24 x 10~2 M“1 -1sec > S.D. = O.SV/o.

k. , = 2c62 x 10 sec int.
-1

Table

>

137

S.D. = 0o91^o

The 4-methylpyrii dine catalysed mutarotation of 6-cyano'-6-deoxy-y5 -D-
glucose at 25° in water 00nH 10M. (E):(BH+) = 1:1 •

(4 -methylpyr idi ne)M pH25
ifk x 10 obsd. •

ik .. x 10 calc.

o.o4o 6.13 15.12, 15.14 15.15
O0O3O 6.1V 11.84 11.84

0.020 6.16 8.52 8.52

0.010 6.16 5o22 5o20

0o005 6d7 3.53 3.5^

kg = 3.32 x 10~2 M"1 -1sec j S.D. = 0.76^0
_1± _'ik. = 1.88 x 10 sec mt. I S.D. = 1o6 b%.
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Table 138

The 4-methylpyridine catalysed mutarotation of/5 -Gentiobiose at 
23° in water, I = 0.10M. (B):(BH+) = 1:1.

i i . i i .(4-methylpyridine)M P̂ oc; ^ . x 10 ^ x 10
O D S a  •  C 3 J .C  1

k.int.

0.060 6.12 18.08 19.06

o.o4o 6.13 13.76 ; 13.89
0.030 6.14 H .50 ■11.29

0.020 6.16 9.02 8o71
0.010 6.16 6.24 • 6o12

0.005 6.17 4o78 4.83

= 2.59 x -2 -1 -110 M sec ; S.D. = 0.85%.

= 3.53 X -4 -110 sec ; S.D. = 0.74%.
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Table 1̂ -0
The 4-ethoxypyridine catalysed mutarotation of 6-deoxy- ex -D-gluccse

at 25° in water, I - 0.10M. (E):(BH+) = 1:1.
(k-ethoxypyridine)M pb25 k , , x 105 obsd. k , x 105 calc.

0.050 6.73 1.86 1.87
0.0.̂ 0 6.7k 1,6b 1o67
0o030 6.73 1.49 1.^8
0.020 6.73 1.30 1.29
0.010 6.75 1o10 1.09
0o005 6.75 1.00 1o00
= 1o93 x 10~2 M“1 -1sec ; S.D. = 0o7% °

-bk. , = 9.01 x 10 sec int.
-1

Table

; S.D. = 0 . 2CP/o0 

141
The ethoxypyridine catalysed mutarotation of oc-D-xylose at 25° in

water, I = 0.10M. (B) :(BH+) =: 1:1.

(̂ +-e thoxypyr idine )M pH25 k , , x 10^ obsd. k x 105 calc.

O0O5O 6.73 3.98, b.ok b.oG

O.ObO 6.7^ 3.50, 3.^8 3.52

O0O3O 6.73 2.95, 2.99 2.99

0.020 6.73 2o^9, 2.^8 2.^6

0.010 6.75 1.96, 1.95 1.93

0.005 6.75 1.65, 1,6b 1066

kg = 5.33 x 10~2 M_1 -1sec ; S.D. = O .kS P /00

k,„. = 1.39 x.10'3 sec'1 ; S.D. = 0 0 2b% .
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Table 142

The 4-ethoxypyridine catalysed mutarotation of oc-D-glucose at 25° 
in water, I = 0 .10M. (B):(BH+ ) = 1:1.

(A-ethoxypyridine)M pH k , , x 10^ k _ x 10^25 obsd. calc.

0o050 6.73 15.13 15.39
0.040 6.74 13.13 13.19
0.030 6.73 10.84 10.99

0.020 6.73 8.97 8.79
0.010 6.75 6.66 6.58
0.005 6075 5.44 5.48

kg = 2 o20 x 10-2  M"1 sec1”1 ; ' S.D. = 0 .7C%.
—4 —1k = 4.38 x 10 sec ; S.D. = 0.46%.

Table 143
The 4-ethoxypyridine catalysed mutarotation of 6-0-methyl-cx-D-glucose
at 25° in water, I = 0 .10M. (B):(BH+ ) = 1:1.

(4-ethoxypyri dine)M pH25
4k , , x 10 obsd.

J
k - x 10 calc.

0.050 6.73 16.48 17.09
0.040 6.7^ 13.61 14.42

0.030 6.73 11.97 11.75
0.020 6.73 9.38 9.09

0.010 6.75 6.73 6.42

0.005 6.75 4.97 5.08

kg = 2.67 x 10-2 M -1sec ; S.Do = 0.74% o

kint = 3-75 x 1.0'^ sec-1 5 S.D. = Oo62%.

4



Table iMf
The k-ethoxypyridine catalysed mutarotation of 6-acetamido-6-decxy-y$~D-
glucose at 25° in water, I = 0.1QM. (E):(BH+) =1:1.
(k-ethoxypyri d ine)M pH25

ifk , , x 10 obsd.
ifk x 10 calc.

0o050 6.73 20 ô 3 20.93
O.OifO 6.7^ 16.53 17.3^
0.030 6.73 13.51 13.73
0.020 6.73 10.^3 10o16

0o010 6.75 6.80 . 6.57
0.003 6.75 ' k.6b k0?S

= 3.39 x 10-2 -1M sec -1 I s.D. = Oo99$.
—4k. , = 2.98 x 10 sec m t . 5 S.D. = 1.*f($.

Table 1^5
The if-ethoxypyridine catalysed mutarotation of 6-0-phenyl-- Oi -D~glucose

at 23° in water, I = 0.1CM,. (B): (EH+) = 1:1.
(*f-e thoxypyr idine) M . pH25 k j x 105 obsd. k _ x 105 calc.

0.030i 6.73 if.30 if.36

i o . o k oI 6.7^ 3.36 3.36

0.030 6.73 2.76 2.77

0o020 6.73 1.99 1.97

0.010 6.75 1.19 1.18

0.005 6-75 0.78 0.78

kB = x 10"
-2 -1M sec -1 5 s.D. = 0.69^.

kint. = 3-86 x
-4 -110 sec ; S.D. = 1.58^.
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Table 1^6 ■

The ^-ethoxypyridine catalysed mutarotation of 6-chloro~6-deoxy-oC-D-

glucose at 25° in water, I = 0o10M. (B): (BH+) - 1:1,

(^-ethoxypyridine)M pH.,. k , . x 10^ k _ x 10^____________________ 3  25 obsd._______ calc._______

0o05C 6.75 2.97 3o07
0.0^0 6.7^ 2ô 7 2.51

0.030 6.73 1.95 1.96
0.020 6.73 1.^3 ' 1.^1

0.010 6.75 0.90 0.85
0.005 6.75 O.56 0.57

kg = 5.55 x 10~2 M~1 sec-1 S.D„ = 0 .
— Ll

k. , = 2.96 x 10 sec ; S.D. = 1.m t  ’

Table 1^7

The ^f-ethoxypyridine catalysed mutarotation of 6-cyano-6-deoxy-y$-D- 

gluccse at 25° in water, I = 0 .10M. (B):(BH+ ) * 1:1 .

(4-ethoxypyridine)M pH kobsd. X 1°^ k calc. X ^

0.050 6.73 3.51 3.^7
I O.OffO 6.7^ 2.71 2.8^

0.030 6.73 2.19 2.20

0o020 6.73 1*59 1-57
0.010 6.75 °*93
0.005 6.75 °-6° Oo^1

kg = 6.55 x 10~2 M“1 sec“1 ; S.D. = 0.73%.

kint. = 2 °97 x sec~1 5 S’D ‘ = '
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Table 1^8

The V-ethoxypyridine catalysed mutarotation ofyS-Gentiofciose at 
25° in water, I = 0.10M. (E):(EH+) = 1 : 1 .

(̂ ~ethoxypyridine)M pH k -u/i x 10^ k n x 10^_ _ _ _ _ _ _ _  ODSQ • C9.JLC*

“b
k.int.

OoO^O 6.73
O.Ô -O 6.7*f
0.030 6.73

0.020 6.73
0o010 6.75
0.005 6.75

-2 -1 -1 = 3.93 x 10 M sec
—U _ yi= 3.9^ x 10 sec

23.25
19.26 

15.79 
12.07
8.07 
5.8A- 

S.D. = 0.7*$.
S.D. = 0.°^

23.61
19.68

15.7^
11.81

7o87

5°91
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Table 150
The if-acetylpyridine catalysed mutarotation of 6-deoxy- or-D-glucose
at 25° in water, I = 0.10M. (B):(BH+) = 10:1.

(if-acetylpyridine )M. pH-_ k , , x '\C* k _ x 10^____________________ “  25 obsd. calc.

0.200 if .55 10o3^ 10.32
0d50 if. 58 10.01 9o96
0.100 if.61 9.ifif 9o60

O0O60 if.63 9oif2 9o31
0.020 if.65 9.02 9o02

kg = 7o20 x 10”^ M"1 sec"1 ; S.D. = 2.83%.
_ii

kint = 8,88 x 1° sec 5 • S ’1*- = 0 .17^.

Table 151
The if-Acetylpyridine catalysed mutarotation of oc-D-xylose at 25° in water, 
I = 0o10M. (B):(BH+) =10:1.

if if
(if-acetylpyridine)M p H ^  k0bsd. X 10 k calc. X 10

0.200 if.55 16.86 16.83
0.150 if.58 16.13 13.87
0.100 if.61 1*f.73 1^-91
0.060 if.63 lif.28 lif.1 5

0.020 if.65 13.39 13.39
kg = 19.lif x 10"̂ ' M"1 sec"1 ; S.D. = 1.31 %.
k. , = 1.30 x 10"5 sec"1 ; S.D. = 0.int
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Table 152

The Acetylpyridine catalysed mutarotation of a-D-gluccse at 25°
in water, I = 0.10M. (B):(BH+) = 10:1.

L L(if-acetylpyridine)M PH~>c: k v. x x 10ODSCL * Cci-LC*

0.200 if. 55 5.27 5.31

O.150 if.58 if. 93 if. 98

0.100 if.61 if.72 if.65

0.060 if.63 if. 39 if. 39

0.020 if.65 if.10 if.13

kg = 6.55 x 10"^ M _1 sec"1 ; S.D. = 1.
—i f

k. , = if.00 x 10 sec : S.D. = 0 .m t .

Table 153

The if-Acetylpyridine catalysed mutarotation of 6-0-methly-<X-D- glucose 

at 25° in water, I = 0 .10M. (B):(BH+) = 10:1.
if if

(if-acetylpyridine)M p H ^  kobsd. X 10 k calc. X 10

0.200 if. 55 if-9if if *93

0.150 if.58 if. 55 if.59

0.100 if.61 if.28 if.26

0.060 if.63 3.96 3.99 .

0.020 if.65 3.73 3.72

kg = 6.68 x 10  ̂ M 1 sec 1 ; S.D. = 1.if3%o

kint = x 10""̂  sec”1 ’ S *D ° = 0#21^*
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Table 15̂ -
The if-Acetylpyridine catalysed mutarotation of 6-acetamido-8-deoxy-/$-
D-glucose at 25° in water, I * 0 .10M. (B):(EH+) = 10:1.

L h(if-acetylpyridine )M pH k , x 10 x 10
C -3 o d s g  • CS-LG •

0.200 A.55 3-79 3*78

0.150 if.58 3.5^ 3.50

0.100 if.61 3.17 3.23

0.060 if.63 3.0if 3.00

kg = 5.5^ X  10"^ m"1 sec"1 ; S.D. = 10.65%
—if —1k. . = 2.67 x 10 sec ; S.D. = 2.68%.m t .

Table 155

The if-acetylpyridine patalysed mutarotation of 6-0-phenyl- o(-D-glucose 

at 25° in water, I = 0.10M. (B):(BH*) = 1:1.

('t-acetylpyridine)M pB^ kobsd. * ^  kcalc. X ^

0.200 if. 55 7.35 7.59

0.150 if.58 6.37 6.if6

0.100 if.61 5 . ^  5.38

0.060 if.63 ^°57

0.020 if.65 3.58 3.58

kg = 22.22 x 10“^ M“1 sec”1 *, S.D. = 1.25%.

^int = 5°1^ x 10  ̂ sec 1 ; S.D. = 0,
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Table 156
The if-acetylpyridine catalysed mutarotation of 6-chloro-6-deoxy-cx-D-

BS

glucose at 25° in water, I = 0.10M. (B):(BH+) = 1:1.
(if-acetylpyridine )M pH k x 10** k ' x 10**25 obsd._______ calc.

0.200 if.55 if.lif h.17

0.150 if.58 3. yif 3.72

0.100 if.61 5.26 3.27

0.060 if.63 2.93 2.91

0.020 if.65 2.55 2.55
kg = 8.99 x 10“** M"1 sec"1 ; S.D. = 1.33% 0

—if -1
kint = 2,57 X 10 S8C 5 S,Do = ° * ^ °

Table 157
The if-acetylpyridine catalysed mutarotation of 6-cyano-6-deoxy-jS-D- 
glucose at 25° in water, I = O.IOjMN (B):(BH+) = 1:1.

('t-acetylpyridine)M pH kobsd. x kcalc.X ^

k.

0.200 ^.35 2.if1 2.if3

0.150 if .58 2.18 2.17

0.100 if.61 1.9^ 1.92

0.060 if.63 1.73 1.72

0.020 if .65 1.50 1.51
-if -1 = 5 *1 0 x 10 M sec-1 » S.D. = 1.68^o

= 10 if 1 x 10 sec 5 S.D. = 0.63%.



Table 158

The if-Acetylpyridine catalysed mutarotation of^5-Gentiobiose at 25°
in water, I = 0.10M. (B):(BH+) = 1:1.

(if-acetylpyridine)M pH k , , x 10** k _ x 10**_________________ 2I_ 25 obsd._________  calc._

0.200 if.55 3.33 3.63
0o150 if.38 3.22 3.12
0.100 if.61 if.31 4.61
0.060 if.63 k.jk if.21
0.020 if.65 3.76 3.80

kg = 10.19 x 10"4 M-1 sec"1 ; S.D. = 3.08$.
h 1

kint = 5,59 x 10 sec ; S.D. = 0. 8*f#o
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Table 160
The 2,6-lutidine catalysed mutarotation of 6-deoxy-cx-D-glucose at
25° in water, I = 0.10M. (B):(BB+) =1.1.
(2,6-lutidine)M pH k , , x 10^ k _ x 10^ ____________ — 2b obsd.______ calc.____

0.050 6.87 9.69 9.62
o.o4o 6.87 9.32 9.38
0.030 6.89 9.12 9o1b
0o020 6.90 8.93 8.92

0.00b 6.92 8.b8 8.b7
kg = 2.32 x 10”5 M-1 sec”1 ; S.D. = 3.14%0

_L _ -ikint = 8.4b x 10 sec ; S.D. = 0.27%.

Table 161
The 2,6-lutidine catalysed mutarotation of (X-D-xylose at 2b° in water, 
I = 0.10M. (B):(BH+) =1:1.

(2,6-lutidine)M ^2b ^obsd X 1̂  ' ^calc X 1^

O.ObO 6.87 1.74 1.73
0.040 6.87 1.6b 1.66
0.030 6.89 1.b8 1.58
0.020 6.90 1.51 1-51

0.010 6.89 1*^
o.oob 6.92 1.38 .1.40

kg = 7.40 x 10 5 M 1 sec 1 ; S.D. = 1.24%.

k^t = 1.38 x 10 ^ sec 1 ; S.D. = 0 .
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Table 162
The 2,6-lutidine catalysed mutarotation ofa-D-glucose at 25° in
water, I = 0.10M. (B):(BH+) =1:1.
(2,6-lutidine)M pH _25

kk x 10 obsd.
kk _ x 10 calc.

0.050 6.87 if.86 if.89
O.OifO 6.87 4.65 if.71
0.030 6.89 ^.57 +̂•53
' 0.020 6.90 if.32 ^.35
0.010 6.89 if.22 ifd7
0.005 6.92 if.05 if.08

kg = 1.80 x 10“-3 „-1M sec-1 ; . S.D. = 2.33%.
k = if„00 x m t .

-h10 sec 1 ; S.D. = 0.29^.

Table 163
The 2,6-lutidine catalysed mutarotation of 6-0-methyl-cx -D-glucose
at 25° in water, I = 0o10M. (B) :(BH+) =1:1.
(2,6-lutidine)M PH25 ifk . . x 10 obsd.

ifk .. x 10 calc.

0.050 6.87 ^.73 ^.73
O.OifO 6.87 if. 51 if.50

0.030 6.89 if .26 ifo26

0.020 6.90 if.06 if.03

0.010 6.89 3.75 3.79

O0OO5 6.92 3.70 3.67

kg = 2.36 x 10“5 M sec 5 S.D. = 2. & b°/o 0

kint. = 3-55 x 10^  sec'1 5 S.D. = O.if O /o .
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Table 164

The 2,6-lutidine catalysed mutarotation of 6-acetamido-6-deoxy-j/?-D-
g l u c o s e  at  2 5 °  i n  w a t e r , I = 0 .10M. ( B ) :(BH+ ) = 1 :1.

(2,6- l u t i d i n e ) M
pH25

4
k  , . x  10 obsd.

it
k  n x  10c a l c .

0 . 0 5 0 6 . 8 7 5.25 5.25

0.040 6 . 8 7 4.70 4 o72

0 . 0 3 0 6 . 8 9 4.18 4.19

0 . 0 2 0 6 . 9 0 3.70 3.67

0 . 0 1 0 6 . 8 9 5.13 3 .1^

kg  =  5 . 2 7  x  1 0 " 5  M " 1 s e c ■1 5 S .D. =  2 o98%.
-4k. , =  2 . 6 1  x  1 0  s e c  m t .

-1 5 S.D. = 1o56^.

T a b l e  165

The 2 ,6- l u t i d i n e  c a t a l y s e d  m u t a r o t a t i o n  o f  6-0- p h e n y l - oc - D - g l u c o s e
at 25° i n  w a t e r ,  1 = 0 . 10M. (B): (BH+ ) = 1 :1.

(2,6 - l u t i d i n e ) M pH25
4k  . , x  10 obsd.

4
k  .. x  10 c a l c .

0 . 0 5 0 6 . 8 7 8.97 9 .3^

0 o040 6 . 8 7 7.98 8 . 0 9

0 . 0 3 0 6 . 8 9 6.97 6.83

0 . 0 2 0 6.90 5.76 5.58

0 . 0 1 0 6.89 4 . 5 0 4.32

0 . 0 0 5 6.92 3 . 6 9 3.70

kg = 12.55 x  10~ 5 M ” 1 sec -1
? S.D. =  0 .87%.

kint. = 3,07 x 1C"1* sec
-1 S.D. =  O . V $ o
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Table 166

The 2,6-lutidine catalysed mutarotation of 6-chloro-6-deoxy- (X-D-glucose
at 25° in water, I = 0.10M. (B):(BH+) =1:1.

A(2,6-lutidine)M pH2? kk x 10 obsd. k x calc.
0.030 6.8? 5o60 5.59
0.0*10 6.87 3.08 3.03
0.030 6.89 4.*+o k M

0.020 6.90 3.89 3.89
0.010 6.89 3.33 3.33
0.003 6.92 3.03 3.03

kg = 5*8 3 x 1 0 ^ M ^  sec ■1 5 S.D. = 1.12#.
_ii _'Ik = 2.76 x 10 sec int. SeDo = 0.*K$o

Table 167
The 2,6-lutidine catalysed mutarotation of 6-cyano-6-deoxy-^3-D-glucose 

at 25° in water, I = 0.10M. (B):(BH+) =1:1.
(2,6-lutidine)M pH„._ k, , x 10^ x 10^23______ obsd.______ calc.

0.030 6.87 7.83 7.9^
0.0^0 6.87 7.03 6.98
0-.030 6.89 8.13 8.01
0.020 6.90 ^.98 3.03

0.010 6.89 ^.01 ^.08

0.003 8.92 3.62 3»80 

kg = 9.66 x 10 5 M 1 sec  ̂ ; S.D. = 0.

kint. = 5,11 x sec"1 5 SoD° = °*
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Table 168

The 2,6-lutidine catalysed mutarotation of/? -Gentiobiose at 23° in 

water, I = 0o10M. (B):(BH+) = 1 : 1 .

(2,6-lutidine)M pH?I_ kobsd. X ^ ' kcalc, X ^

0.030 6.87 3.13 3.18

o.o*+o 6.87 ^.92 90
0.030 6.89 ^.63 4o61
0 .020 , 6 .9 0 f̂.30 .33

0.010 6.89 ^.03 ^.03

0.003 6.92 3.91 3-91

kg = 2 o81 x 10-5  M -1 sec“ 1 ; S.D. = 1.

kint = 5 ,7 7 x 10 sec ’ S‘Do = j0.
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Table 170
Bronsted Plots for catalysis by ^-substituted pyridines.
(a) 6-deoxy-cx-D-glucose

pKa 6 + log kg(obsd.) 6 + log kg(calc.)

6 .67 if.29 if. 38
5 o98 if.09 if.05
5 .2 2 3.76 3.70

3 .^ 8 2 .86 2 .88

j3= 0A 7 S.Do =. Z A T /o o

(b) oC-D-xylose

6 + log kg (obsd.) 6 + log kg (calc)

6.67 ^.73 if. 82

3.98 if.̂ if if.if9

5 .2 2 18 if.13

3.^8 3 .28 3.30

B 0 .if8 ; S.D. = 2.36%.

.(c) (X —D—glUCOEle

i pKa 6 + log kg (obsd.) 6 + log kg (calc.

6 .67 if.3^ if.if if

5.98 if.15 if. 10

5 .22 3.78 3.72

3.^8 2.82 2 .8if

fi = 0 .5 0 ; S.D. = ZokCP/o.
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Table 170 (cont.) 

(d) 6-0-methyl-cx-D-glucose

pKr a 6 + log kg (obsd.) 6 + log kg (calc.)

6067 4.43 4.37
5.98 if. 26 if.19
5 .2 2 3.87 3.78
3.48 2 .82 2 .8if

fi= 0.34 ; S.D. = 2.36^0
(e) 6-acetamido-6-deoxy-J$ -D-glucose

*Ka 6 + log kg (obsd.) 6 + log kg (calc.)

6.67 4.56 : if. 66

3.98 if .32 if. 26

3 .2 2 3 .86 3.81

3-48 2.78 2 .79

0.38 ; S.D. = 2.30^o

(f) 6-0-phenyl- CX-D-glucose

f a
6 + log kg (obsd.) 6 + log k „ (calc.).D

I 6^67 if.90 4-97

3.98 4.71 if.61

3o22 if. 22 if. 24

3.48 3.33 3-33

0  - 0.51 ; S.D. = 2.5^.



Table 170 (coht.)

fi

d)

6-chloro-6-deoxy-oc -D-glucose

* a 6 + log kg (obsd.) 6 + log kg (calc.)

6.67 4.74 4 084

5.98 4.31 4.43

5 .2 2 4.02 4.00

3.^8 2.93 2 .96

0.39 ; S.D. = 2.33$.

6-cyano-6-deoxy-/3 -D-glucose

PKa 6 + log kg (obsd.) 6 + log kg (calc.)

6.67 4.80 4.92

5.98 4.52 4 044

5 .2 2 3.98 3.92

3*48 2.71 2.73

Oo69 ; S.D. = 2.21^o

$  -Gentiobiose

ts.
6 + log kg (obsd.) 6 + log kg (calc.)

6 -.67 4.39 4.70

3.98 4.41 4.34

5 .22 4.00 3.94

3.48 3.01 3.03

0o323 ; S.D. = 2.42^o



Br
on
st
ed
 

ex
po
ne
nt
s 

and
 
St
er
ic
 
Hi
nd
ra
nc
e 

Fa
ct
or
s 

for
 

the
 

se
ri
es
 

of 
^-
su
bs
ti
tu
te
d 

su
ga

rs

168.

LA|o
Kvo8

OJ

01
ao

OJwoI
rHO

OJWOI
rP
&
OJaoI

X'

■ X

sOJaoI

aI

n

m
OJLA
•o

ONVO
o

ON
LA

LA

o

OOLAoO

-d*
LA

O

O
LA

O

OO-d-
O

A•d*

X |

oo
OJ

VOVO
ON

LAVO
LA

LALA
OJ

AOJ
LA

VOm
OJ

o
00

o-d-

OJIA
OJ

IAO

TdLQPO

CO
LA

AA

VO

OON

VOON
A
A

OO
O 'ON

ON

A

On

A0
ON

A

ON
A

A
ON

,—s
VIo

O
v -  V  1
X o0 0

LQ 05 ♦ CQ
• -P o

r~ o 0  r - WI I— I H  1
s 0 M  S «

O CQ

OOv
•O+

A
O+

O+

AO
O-d- + -porHPi

OO A TiO vo O 0» • • -PON vo O CQ
A + PiO

PiPQ
V" A 0A A O P• • • -pA A OOJ V + SOPi<h
-d~ oA -d* o -0O • • -pAVO

A o 05rHPO
VO A rHO OO O 0• • o O
A O oOJ V 1

'O

OJA
VO
II

aft
P-P•H

IQ
05P

PiO<H
aP

ONOJ

es
ti
ma
te
d 

fro
m 

dat
a 

of 
Ch

ar
to

n



169c

Table 172

The formic acid catalysed mutarotation of 6-deoxy-ex-D-gluco-hepturonic
° in water. I = 'I.o m . (Hacid at 25 i n  w a t e r ,  I = 1 .0M. ( H C 0 oH ) :(HCO ^ ~ )  =  5 :1.

(HC o 2 H ) M pH25 k x 10 obsd. ^ c a l c x 10
•

1o00 2.71 7.55 7.59
o.8o 2.72 6.77 6.71
0.60 2.75 5.94 6.05
0.40 2.76 5.55 5-55
0.20

^slope ~
k = int.

5.40 x 

5-99 x

2o80
-if -'l

10 M  sec
-if10 sec

4.69
; S.D. = 

S.D. =

1.7656.

0.75$.

4.67

Table 175
The formic acid catalysed mutarotation of 6-deoxy-CX -D-gluco-hepturonic 
acid at 25° in water, I = 1.0M. (HCO^H):(HCO^ ).= 2:1.

4
(h c o 2 h )m PH25

ifk . . x 10 obsd.
Jk ._ x 10 calc.

1o00 OO(A 12.56 12.44

0.80 5-12 11.40 11.11

0.60 5.15 9.56 9.79
o.4o 5d5 8.56 8.46

0.20 5.16 7-11 7.15

^slope ~ 6.64 x -4 -1 -110 M sec ; S.D. = 1.49$.

= 5.80 X -4 -110 sec ; S.D. = 0.91$°
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Table 174

The acetic acid catalysed mutarotation of 6-deoxy- o( -D-gluco-hepturonic
: Co H):(CH Co *3 d  3 2acid at 25° in water, I = 1.0M. (CH_Co_H):(CH_Co “) = 5:1n P n P

(CH Co H)M
3 d  —

1.00 

0.80 

o.6o 
0.40

k . = 5.63slope
k. . = 1.38mt.

Table 175

The acetic acid catalysed mutarotation of 6-deoxy-a -D-gluco-hepturonic

acid at 25° in water, I = 1.0M. (CH Go2H):(CH Co2~) =2:1.

(CH Co H)M pH c k , . x 105 k _ x 1053 2 — 25 obsd.___________ calc._

pH25 k , x 10 obsd. ^calc x 10'

3 .85 1.93, 1.96 1.94
3 .8^ 1.86, 1.84 1.83

3 .85 1.75, 1068 1.71

3 .85 1.64, 1.66 I060

-4 -1 -10 M sec 5 S.Do = 3.74^.
-3 -110 sec i S.D. = 1.13

1.00 4.28 3.21, 3.23 3 .22

0.80 4.27 3 .02, 3 .06 3.05

0.60 4.27 2.89, 2.87 2 .88

0.40 4.27 2.72, 2.69 2 .7 0

^slope = 8.61 x 10”^ M  ̂ sec ^ ; S.D. = 4.19^o

k.int. = 2 .3 6 x 10 ^ sec ^ ; S.D. = 1.12#.
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Table 176
The acetic acid catalysed mutarotation of 6-deoxy-cx-D-gluco-hepturonic
acid at 25° in water, I = 1.0M. (CH,Co„H):(CH_Co " ) * 1:1.- 3 2 3 2

(CH3Co2H)M pH25 ^obsd x 1C5
« ^calc x 105

•

1.00 4.63 4.40, 4.33 4.41
0.80 4.63 4.13, 4.16 4.13
0.60 4.61 3.91, 3.90 3.89
0„40 4.39 3.39, 3.63 3.62

^slope = 1.32 X 10" M“1 -1sec ; S.D. = 2.73%o

^int. = 3.09 x 10"■3 sec 1 5 S.D. = Oo78%0

Table 177
The acetic acid catalysed mutarotation of 6-deoxy- oc -D-gluco-hepturonic

acid at 23° in water, I = 1.0M. (CH Co H):(CH Co_”) = — 3 2 3 2_ 1:2.
(CH,Co,3 2H)M PH25 ^obsd< x 105

> ^calc x 105
•

0.50 4.94 4.72, 4.74 4.79
0.40 4.93 4.56, 4.62 4.34
0.30 4.90 4.33, 4.27 4.28
0.20 4.89 4.02, 4.00 4.03

^slope = 2.34 x 10" -1sec ; S.D. = 3.49^o

^int. = 3-52 x: 1C-3) sec-1 5 S.D. = O.79^o
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Table 178
The acetic acid catalysed mutarotation of 6-deoxy- ex. -D-gluco-hepturonic
acid at 25° in water, I = 1.0M. (CH Co2H):(CH Co2" ) = 1:5.
(CH,Co,H)M pH„ k . , x 103 k , x 1033 2 — 25 obsd.__________ calc.__

0.200 5.32 k.8k, if.90 if.89
0.160 5.31 if.71, if.7if if.71

0.120 5.30 if.60, if.60 if.53

0.080 5.29 if.33, if.33 if.35

kslope = x ^  ^ M  ̂ sec  ̂ ; S.D. = if.7$.

kint = X 10~5 sec_1 ’ SeI)* =

Table 179
The pyridine catalysed mutarotation of 6-deoxy- <X -D-gluco-hepturonic 
acid at 25° in water, I = 0o3QM. (PyridineHPyridinium) = ifs 1 •
(Pyridine)M

pH25
k . . x 105 obsd. kcalc x 10•

0.500 5.90 6.71 6.76

O.ifOO 5.91 6.38, 6.29 6.30

0.300 5.92 5 .8if, 5.77 5.83

0,200 5.93 5.58, 5.35 5.37

0.100 5.93 if.88, if.90 if. 90

kslope “ if.67 x -3 -1 -110 M sec ; S.Do = 5 .6# .

k. = int. if.if3 x -3  -110 sec ; S.D. = 1.67%.
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Table 180

The pH rate profile of the spontaneous mutarotation of 6-deoxy- (X -D-
ass

gluco-hepturonic acid at 26° in water, I = 1.0M.

pH25 observed (k± ) calculated *
spontaneous rate ----   spontaneous rate

2.00 2.28 X 0
1 -1sec 2.69 X 0
1 -p- sec

2.73 3.98 u 11 3.66 11 11

3.13 5 .8 0 i t n 3 .2 0 i t 11

3.85 1o38 x 1 0 "5 11 1.37 x 10-5 t i

ko27 2 .36 n 11 2.31 i t n

^.61 3.09 i t 11 3.11 11 t i

*f.91 3.32 11 n : 3.67 i t 11

5.30 3.99 • n i t *f.11 11 11

5.92 11 i t ^.39 11 11

* The pH rate profile was calculated using a program written by

Dr. B. Capon using a generalised least squares procedure according
127 128to the method of Wentworth and Deming to fit the expression

I k = (kQU.10“pH/K + k )/(1 + 10"pH/K )I o SH ' a s  a
j
j

Where k„TT and k are the rate constants for the spontaneous mutarotation SH s
of the unionised and ionised forms of the acid and K is the dissociation3
constant of the acid.
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Table 181

The HC1 catalysed mutarotation of 6-0-(c-hydroxyphenyl)-y$-D-glucose

at 25°
(1,0*)3

in water, I = 0.10M.

pH25
Ifk x 10 obsd.

ifk _ x 10 calc.
OdOO 0.98 12.17 12.59
0.080 1.09 10.82 10.72
0.060 1.21 8.77 8.85
O.OifO 1.if0 7.1^ 6.97
0.020 1.68 5.06 5.10
0.010 1.98 if.17 ifd6

kH 0+ = 9.37 -3 -1x 10 M sec"1 ; S.D. = 1.07^0
3

k.mt. = 3.23 -if -1 x 10 sec ; S.D. = 0o9^ o

Table 182
The pyridine catalysed mutarotation of 6-0-(o-hydroxyphenyl)-y5-D- 
glucose at 25° in water, I = 0o10M. (Pyridine):(Pyridinium) = 1:2.

(Pyrj dine )M p H ^  kobsd. * ^  kcalc. x ^

0.050 96 1̂ .25 'ib.zk
o.oifo ^.99 12.65 12.5^
6.030 ’ if.99 10.71 io.8if
0.020 5.03 9*10 9*15
0o010 5.03 7°5S 7.^3
0.005 5.03 6.50 6.60
kg = 16.97 X 10“5 m"1 sec“1 ; S.D. = 1.36#.

kint = x '10”Zf sec"1 ; SoD‘ = 0,7^ °
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Table 183
The pyridine catalysed mutarotation of 6-0-(o-hydroxyphenyl)-/5-D-

gluccse at 25 in water, I = 0.10M. (Pyridine): (Pyridinium) = k:'].
(Pyridine)M pH25 k ' x 10 obsd. k n x calc.
o . koo 5.89 7.66 7.75
0.300 5.90 60 29 6.37
0.200 5.93 5.01 M 9
0.100 5-93 3.71 3o61
0.050 5.9^ 2.8*f . 2.91
kg = 1.38 x 10"■2 m-1 “1M sec ; S.D. = 1.21#„
k. , = 2.23 x int.

_310 sec ; S.D. = 

Table 184

1.11%.

The if-methylpyridine catalysed mutarotation of 6-0-(o-hydroxyphenyl)-^3

j-D-glucose 25 in water, I = 0.10M. (E):(EH+) = 1:1.
3 3

(̂ -methylpyridine)M P-^ 5  kobsd x ^  kcalc x ^

0.060 6o12 5.92 5.87
0.0^0 6.13 4.98 5.0^

0.030 6.1*f 4.65 4.63

0.020 6.16 4.25 if.21

0.010 6.16 3.78 3.80

kg = if. 15 x 10“2 M~1 sec"1 ; S.D. = 2.13%.

kint. = 3.38 x 10~5 sec”1 ; S.D. = 0.70%o



Table 185 '

The 2,6-lutidine catalysed rr-utarotaticn of 6-0~(o-hydroxyphenyl)-^?~D-
glucose at 25° in water, I = 0o10M. (B):(BH+) =1:1.

(Lutidine)M pH_c k , , x 102 k _ x 102________________________ 25 . obsd.___________  calc.___ ______

OoOJO 6.89 1.18, 1.21
0.020 6.90 1.16, 1o05

0.010 6.89 1.15, 1.1^
0.005 6.92 1.07, 1.16

As can be seen from the above results, general base catalysis

is not readily detectable since the rates of mutarotation are faster

than the maximum rate which the Polarimeter 141 can accurately 
-2measure (k = 10 ). In addition, catalysis by 2,6-lutidine isj

small in comparison with the spontaneous rate and so falls within 

experimental error at this rate.

From the above data we can say that the spontaneous rate of

mutarotation of 6-0-(o-hydroxyphenyl)-y$-D-glucose at pH 6 .90 is
- 2 -1greater than 1 .0 x 10 sec •



Table 186

Comparison of the spontaneous rates of mutarotation of 6-0-phenyl-oc-D- 
glucose and 6-0-(c-hydroxyphenyl)-^-D-glucose at 25° in water.

Spontaneous Rate at 25° of 
pH^^ 6-0-phenyl- -D-glucose 6-0- (_o-hydroxyphenyl)glucose

-12.00 -k3.1 x 10 -1sec -*f3o2 x 10 sec
5.00 2.9 11 i t 5.8 x 10"4 i t

5.92 3.2 " t t 2.2 x 10”-5 t t

6.1^ . 2.8 11 i t 3 A  x 10"^ i t

6.90 3.1 " t t > 1.0 x 10~2 tt

A plot of the spontaneous rates of hydrolysis (excluding the 
last value) for 6-0-(£-hydroxyphenly)-glucose against (OH ) gave 
a straight line of slope 2.28 x 10^ (see discussion section ^.8),
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Table 187
Tests for intermolecular catalysis in the mutarotation of :-

a) 6-deoxy-ex-D-gluco-hepturonic acid.

(Sugar)M Buffer pH^ k , , x 10^______ —   25 obsd.
O0O82 O.^M Pyridine -5«9 6.20

0o115 " M 6.24, 6.25
0.255 " " 5.98
0.264 " " 5.82
0.346 - " 6.09
0.356 . t i  t» 6.01
0.466 it it 6.07

0.500 " . M . 5.89.

(b) 6-0-(o-hydroxyphenyl)-y5 -D-glucose
I (Sugar)M Buffer pH^ kobsd. X

O0O26 0.1M pyridine 5*9 3*59
0.048 " " 3.65
0.074 " " 3»52

0.079 " ■ " 5.30
0.128 " M 3-66, 3.47
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Table 188
The phenclate ion catalysed mutarotation of 6-0-phenyl- cx-D-glucose
at 25° in water, I = 0.10M. (Phenol):(Phenolate) = 10:1.

(Phenolate)M pH k , , x 10* k n x 10^___________Z  O  obsd. calc.______

0o006 9.12 8.78 8.88
0.00k 9.13 6.A3 6.VI
0.005 9.13 5.26 5.18
0.002 9.1A 3.92 3.94
kpho“ = 1.2A M 1 sec  ̂ ; S.D, = 1.83%.
kint = 1.47 x 10-3 gec-1 . s>Do _ 4 ^ 8^.

Table 189

The dissociation constant of 6-0~(o-hydroxyphenyl)-^ -D-glucose

at 25° was determined spectrophotometrically by measurement of

jthe optical density at zero time at 290 nm in 0.1 M HC1, 0.1M NaOH

and at seven pH’s around pH 10

pK = 9 .67.a
Adjusting this spectrophotometrically determined pK by the procedure

cl

1*50recommended by Albert and Sergeant gives a thermodynamic pK of3.

9.78. •
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Table 190
The pyridine catalysed mutarotation of 2-deoxy-Of-D-glucose at 25
in water, I = OdOM. (Pyrd dine): (Pyridiniun) = 1:1.
(Pyridine)M pH 3

25
O 0 O 8 0

0.060
O.Ô fO
0.020
0.010

5.33

5.3^
5.36

3.37
3.38

k ,  ̂ x 10 obsd.

^o07
J>A2

2.70
2.00

1.73
S.D. = 1 A9/o. 
•S o D. — 0 •1

k _ x 10; calc.

^.03

3.37
2.71
2o0^

1o71
kg = 3.32 x 10"2 M"1 sec"1*
k. = 1.38 x 10 ^ sec 1m t .

Table 191

The pyridine catalysed mutarotation of 2-0-methyl-^-D-glucose
iat 25 in water, I = OdOM, I “
(Pyridine)M pH,

(Pyridine):(Pyridinium) = 1:1.

23
O0O8O
0.060
0.0^0
0.020
0.010

kg = 8067 x 10“

3o33

3.3^
5.36

5.37
3.38

3 -1M sec

kint = 5-15 x 10"4 se0_1

k . ' x 10 obsd.
k\ k n x 1 c.alc.

11.96 12.09

10.53 10o35

8.59 8.62

6.83 6088

6.0*+ 6o02

S.D. = 0.89%.
S.D: = 0.39%•

A
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Table 192

The pyridine catalysed mutarotation of 2-acetamido~2-deoxy-(X -D-

gluccse at 25 in water, I * 0.10M. (Pyridine):(Pyridinium) = 1:1*

(Pyridine)M pH k , , x 10^ k n x 10^’“ 25 obsd. calc.

0.080 5 0 3  8.77 8„81
0.060 5.34 7.86 7.84

0.040 5.36 6.87 6.86

0o020 5.37 5.89 5.88
0.010 5.38 5-39 5o39
kg = 4.88 x 10~3 M~1 sec"1 ; S.D. = 0.93$.

—4 —1k. , = 4.91 x  10 sec ; • S.D. = 0.22%.m t . ’

Table 193
The pyridine catalysed mutarotation of 2-airiino-2-deoxy-ctf--D~gluccse 
hydrochloride at 25° in water, I = 0.1 OM. (B):(BH ) = 1:1.

(Pyridine)M p H ^  kobsd, X ^  kcalc. X ^

O0O80 5.33 9*01 8.97
O0O60 5.34 8.01 7*91
o.o4o 5.36 6.76 6.85
0.020 5.37 5*74 5.79
0.010 5.38 5*30 5.26
kg = 5.30 x 10 3 M 1 sec 1 ; S.D. = 0o

-4 -1
^int = x ^  sec ’ S.D. = 0.
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Table 195
The 4-methylpyridine catalysed mutarotation of 2-deoxy-(X-D-glucose
at 23° in water, I = 0 o10M. (E) :(BH+) = 1: 1.
(4-methylpyridine)M pfl25 k , , x 10^ obsd. k _ x 105 calc.

O0O6O 6.12 6086 6.95
o.o4o 6.13 5 o14 5d9
0.030 6.14 4.29 4.30
0.020 6„16 3.53 3o42
0o010 6.18 2.51 2.54

kg = 8.84 x 10"2 M'-1 -1sec ; S.D. = 1o11%o
—^ —1 k. , = 1.63 x 10 sec int. ; ' S.Do = 1.26^o

Table 196
The 4-methylpyridine catalysed mutarotation of 2-0-methyl-y$-D-glucos<
at 23° in water, I = O0IOM0 (B) :(BH+) = 1: 1.
(4-metbylpyridine)M pH25

4k , , x 10 obsd.
4k x 10 calco

O0O6O 6o12 17.72 18.18

o.o4o 6.13 13.81 13.84

9.030 6.14 11.86 ’11.67
0.020 6.16 9.70 9.50

0.010 6018 7.24 7.33

0.005 6.18 6.27 6.24

kg = 2.17 x 10~2 M'-1 -1sec ; S.D. = Qo73%o

kint. = 5*15 x 10’lt seo_1 ; S.D. = 0.42%.
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Table 197
The 4-methylpyridine catalysed mutarotation of 2-acetaraido-2-deoxy- Oi-
D-glucose at 25° in water, I = 0o10M. (B):(EH+) = 1:1.
(4-methylpyridine)M LlpH k x 10 2p obsd.

4.k n x 10 calc.
O0O6O 6.12 12.11 12.45
0o040 6d3 9.78 9.91
OoO^O 6d4 8.74 8065
0.020 6d 6 ' 7o.4-8 7-38
0o010 6.16 6.20 ' 6.11

O0OO5 6d 8 5.^5 5 o48
kg = 1 <,267 x 10“2 M~1 sec-1 ; S.D. = 0o93%<,

—4- —1k. . = 4084 x 10 sec : S.D. = 0'o22°/oa int.

Table 198

The 4-methylpyridine catalysed mutarotation of 2-aminc-2-deoxy-<X-D-

glucose hydrochloride at 25° in water, I = 0o10M. (E) :(BH+) = 1:10

(4-me thylpyridine)M 4-pHoc: k . . x 10 r 25 obsd.
4-k . x 10C9.-LC 0

O0O6O 6d 2 12.49 12.92

0o040 6.13 10.22 iod9

OoOJO 6.14- 8.86 k\CO00

0.020 60I6 7o52 7o46

0.010 6d 6 6d 8 6.10

0o005 6.18 5.35 5*4-1

kg = 1.365 x 10"2 M  ̂sec  ̂ > S.D. = 0.78^0

^ i n t  =  x  s e c  ^  * S * D o  "
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Table 200
The 4-ethoxypyridine catalysed mutarotation of 2-deoxy- oc-D-glucose
at 25° in water, 1 = 0. 
(4-ethoxypyridine)M

1QM (B):(BH 

Ph2?

*■) = 1:1.
k x 103 obsd.

3k _ x 10 calc.
0.040 6.74 8.16, 8.22 8.18
0.030 6.73 6.46, 6.84 • 6.79
0.020 6.73 5.40, 5.40 5.39
0.010 6.75 4.11, 4.15 4.00
0.005 6.75

kg = 13.95 x 10“2 M~1 sec"1 ;
k. , = 2.60 x 10 ^ sec 1 : int. ’

Table

3d4, 3.36 

S.D. = 0.73$. 
S.D. = 0.49$.

201

3o30

The 4-ethoxypyridine catalysed mutarotation of 2-0-methyl-/$-D-glucos< 

at 25° in water, I = OdOM. (B):(EB+) = 1:1.
(4-ethoxypyridine)M Ph25 k v  ̂ x ^  obsd. k _ x 103 calc.

0.050 6.73 2.26 2.29

o.o4o 6.7^ 1.99 1 <>93

O0O3O 6.73 1.52 1 o57

0.020 6.73 1.22 1.2.1

0.010 6.75 0.90 0.86

0.005 
kg = 3.58 x 1C-2 M

= k .98 x 10 sec

6.75
-1sec ; 

-1 5

0.67 
S.Do = 0.78$. 
S.D. = 0.66%.

0.68
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Table 202

The 4-ethoxypyridine catalysed mutarotation of 2-acetamido-2-deoxy- cx
D-glucose at 25° in water, I i= 0„10M. (B):(BH+) =1:1.
(4-ethcxypyridine)M pH25

4 4 k , , x 10 k.. x 10 obsd. calc.
OoO^O 6.73 13.66 14.12
0.040 6,7^ 12.32 12.33
O0O3O 6.73 IO069 10o55
0.020 6.73 8.74 8.76
0.010 6.75 7d3 60 97
0.005 6.75 6 0 04 6 0 08

kg = 1.79 x 10*"2 M“1 -1sec 5 S.D. = 0.7C$o
-4 -1k. = 5.19 x 10 sec int 0 5 S.D. = 0o2.S%o

Table 203 '
The 4-ethoxypyridine catalysed mutarotation of 2-amino-2-deox.y- oc-D-

glucose hydrochloride at 25° in water, I = 0.10K. (B):(BH+) =1:1.

(4-ethoxypyridine)M pH25 k , , x 10 k - ■ 10 obsd. calc.

0.050 6.73 14.30 14.51

I 0.040 6.7^ 12.57 12.57
I
I 0.030 6.73 10.90 IO063

0.020 6.73 9.05 8.69

0.010 6.75 6.58 6.73

0.005 6.75 5.84 5.78

kg = 1.94 x 10~2 M"■1 -1sec j S.D. = 0.8c$o

kint. = h-81 x 10'4 5 S.D. = Oo38$.
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Table 203

The if-acetylpyridine catalysed mutarotation of 2-deoxy-cx-D-glucose
at 25° in water, I = 0o10M. (B):(BH+) = 10:1.
(if-acetylpyridine)M PH25 k x 105 obsd. k _ x 10-5 calc.

0.200 ^•53 2d9 2o20
0o150 if .58 1.93 1.98
0o100 if.61 1.78 1.76
O 0O6O if. 63 1 .62 1o38
0o020 if. 63 1oif0 1.41

kg = kok3 x 10~5 M-1 -1sec ; S.D. = 1„93%o
k. , = 1 .32 x 10" mt.

3 -1sec ; S.Do = Oo37%o

Table 206

The if-acetylpyridine catalysed mutarotation of 2-0-methyl-^ -D-glucose

at 25° in water, I = 0o10M. (B):(BH+) = 10:1.

(if-acetylpyridi ne)M PH23 ifk , , x 10 obsd. k x 10 calc.

0o200 ^ 5 5 7.17 7.21

0 d 50 if .38 6 .67 6 .6 3

0.100I ^ .61 6 .18 6o10
I

•O0O6O •if 063 5.61 3.66

0.020 if.63 5.21 3.21

kg = 1o11 x 10“5 M-1 -1sec ; SoD. = 1o27^o
-ifk. . = if .99 x 10 m t  0

-1sec ; S.D. = 0.23^o
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Table 20?

The if-acetylpyrddine catalysed mutarotation of 2-acetamido-2-deoxy-<X-
D-glucose at 25° in water, I = 0»10M. (B):(BH+) = 10:10
(if-acetylpyri dine)M pH25

if if k x 10 k n x 10 obsd. calc.
0.200 ^•35 6.10 60O3
0d50 ^.38 3.69 3o76
0o1C0 k06l 3.32 3.^7
0.060 boGj) 3 o27 3.23
0e020 if.63 if. 99 5.00

kg = 9.83 x 10“^ M-1 -1sec ; S0D0 = 1.30^0
k. . = if. 88 x 10  ̂into

-1sec ; S.Do 

Table 2.08

= 0o15%o

The if-acetylpyridine catalysed mutarotation of 2-amino-2-deoxy- (X-D-
glucose hydrochloride at 25° in water, I = 0.10M. (B):(BH+) = 10:1.

(if-acetylpyr i dine )M pH25
if if k , , x 10 k.. x 10 obsd. ca-Lc•

0.200 ^•33 6.00 6.0if

0.130 if.38 5.73 ■ .5-70

I 0o100 if.61 3.38 3.37
|
I 0.060 if.63 3.12 3.11

0.020 if 065 if.79 ^*83
_Llkg = 6.61 x 10 M-1 -1sec ; S.Do = 2.63^0

kint. = ^ 71 x 10'^
-1sec ; S.Do = 0oif8%.
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Table 210

The 2,6-lutidine catalysed mutarotation of 2-deoxy-o<-D-glucose at
29° in water, I = 0.10M. (B):(BH+) =1:1.

(2,6-lutidine)M pH k , ,  x 10^ k _ x 10^______________ “ 23 obsd. calc.
0.100 6.84
O0O8O 6.84
O0O6O 6.84

0.040 6 .87

O0O3O 6 .89

0 .0 2 0 6 .9 0

0 .0 1 0 6 .89

kg = 5°65 x 1 0 ^ M ^  sec ^
k. , = 2 o89 x 10 ^ sec ^mt.

Table 211

The 
.023 in water, I = 0o10M. (B):(BH ) = 1:1.

(2,6-lutidine)M ^H25

0 .0 3 0 6 .87

0o040 6 .87

O 0O3O 6 .89

0 .020 6 .9 0

0 .010 6089

0.005 6.92
3 M seckg = 2.94 x 1 0 ^  M

int.k. . = 5*19 x 10 ' sec

3.46, 3 o46 3 .45

3.38, 3.31 3 .3 4

3.20 3 .2 3

3.16, 3o13 3 .1 2

3.06 3 o06

3»02 3 .0 0

2.93 2.93
.Do = 3 .02%,

,Do = 0 o41%.

1 of 2-0~methyl-y5~D-glucose at
1:1.

4k , x 10
4k n x 10obsd. calc.

6.54 6.66

604o 6 .38

6 .02 6.07

5.88 5.78

5 o40 5 o48

5.33 5.34

,D. = 1o48%0

Do = 0ol8^o
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Table 212
The 2,6-lutidine catalysed mutarotation of 2-acetamido~2-deoxy-cx-D~
glucose at 23° in water, I = 0.10M. (B):(BH+ ) = 1:1.

(2,6~lutidine)M pH k , , x 10^ k _ x 10^________________“  23 obsd. calc.

0 o030 6.87 3 063 5-65

0„0^0 6 .87 3.33 5-52

0 o030 6 .89 5.37 5 o38

0o020 6 .9 0 3.23 . 5 o25

0.010 6.89 3 .16 5o12
0.003 6 „92 5-07 5 .05

1 .3^ x 1 0 m " 1 -1sec ; . S.D. = 2.kk%.
_Ll

■ ^ .9 8  x 10 sec-1 5 SoD. = 0o21$ok. 4. mt,

Table 213

The 2,6-lutidine catalysed mutarotation of 2-amino-2-deoxy-a -D- 

glucose hydrochloride at 23° in water, I = 0 o10M. (B):(BH ) - 1:1

(2,6-lutidine)M pH kobBd. X ^  k calc. X ^

k. , m t .

0 o 0 5 0 6.87 8.31 8.23

O.OkO 6 0 8 7 7-53 7 - 6 0

0 . 0 3 0 6 . 8 9 6.95 6-97

0 o 0 2 0 6 o90 60 3 8 6 0 3 ^

0.010 6 . 8 9 5 . 6 0 .5.71

6 . 4 7  x 10“5 M”1 -1sec ; S.D. = 2 o12%o

-k: 5-01 x 10 sec-1 5 S.D. = 0.79/oo
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Table 215

Bronsted Plots for catalysis by ^-substituted pyridines.
(a) 2-deoxy-cx -D-glucose

6 + log kg (obsd.) 6 + log kg (calc.)

- 6.67 5-145 5o217
5.98 4.946 40880 .
5.22 4.321 • 4 0.508
3.48 3.646 3o655

ii 0.49 ; S.D. = 2o65%o

(b) 2-0-rae thyl- -D--glucose

6 + log kg (obsd.) 6 + log kg (calc.)

6.67 4.554 4.624

5.98 4.336 4.284

j 5.22 3o938 3.911

I 3.48
I

3.045 3.055

3  = 0.49 ; S.D. = 2.48#o
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Table 219 (cont.)

(c) 2-acetamido-2~deoxy- oc-D-glucose

PKa 6 + log kg (obsd.) 6 + log kg(calc.)

6.67 4C232 40293
5.98 4.103 3o960
5.22 3.^88 3o593
3»48 2.766 2„733

^  = 0„48 ; SoDc * 2.42%.

(d )  2-amino-2-deoxy-(X -D-glucose hydrochloride

pK^ 6 + log kg (obsd.) 6 + log kg (calc.)

6067 4C288 4.394

3.98 4.135 4.036
5.22 3-724 3.683

/ 3048 2 0820 2.833
fi = 60 49 ; S.D. = 2.42%.



197°

VD
v~(\l
0

rH
rOto
Eh

CQJh
COfac3
CQ

CD-P
pi-P•rH-P
CQ
Pi
CQI

C\J

<Ho
CQ0•H
0
CQ

0
sip

o<H
CQ
UO
-Po0pH
0oPi0Jh
Pi

• H

tn
o

• Hu0
P
CQ

Ti
Pi0
CQ
P30
PiO
P-K0
T30
P
CQ
Pi'O
pq

CAw
=f

KMWOO
ffl

wI

ON-d"

co
-d-

olA

ON
-d*

A--d-
VD

CNJ

VD
OJ

O
VDoo+

4 *
IA OO

O
CM

Lf\
LA

OO
CM

O+

IA j ON -d - OO
M -4 ’ ON VD CM CM
O 0 • . . .
O

1
O CM 4~ A O

4~ r - +

Ooo KN

On
CM

LA
LA
CM

•O+

LA
VD

LA 4 *

OO
•olA

OO•o

IA

><: l
A v~ Td O  V-
O 1 0 V  1
v~ O p o O

0 0 0 X 0 pH
i> K CQ rH cq
P0 P V PSO

•
P  V- W

CQ pi 1 H 2 1
& rH S 0 H  S •
O O C/2

ca
lc
ul
at
ed
 

fro
m 

the
 
Br
on
st
ed
 
plo

t 
i.e

. 
kg 

for
 

a 
bas

e 
wit

h 
pK̂
 

= 
6.
72
.



198o

Table 21?
The HC1 catalysed mutarotation of 2-0-methyl-^-D-glucose at 25°
in water, I = 0.10M.
(H 0+)M pH2^

4 h . k X 10 k _ x 10 obsd. calc.
0.100 0.98 14<,60 14.46
O0O8O 1.09 12.66 12.58
O0O6O 1.21 10.68 10.67
0.040 1.40 8.67 - 8.77
0.020 1068 6082 6.88
0.010 1.98 5o95 • 5.93
k,j 0+ = 9.49 X  • -3 -110 M -1sec S.D. = 0.71^0
3

k. . = 4.98 x 10‘ int.
-4 -1sec ; S.D, = 0.33$°

Table 218

The HC1 catalysed mutarotation of 2-acetamido-2-deoxy-cx -D-glucose

25° in water, I =
(H 0+)M 3 ~

0o10M.

ph25
4 4 k , x 10 k n x 10 obsd. calc.

0.100 C.98 1C.89 11.09

O.O8O 1.09 9.82 9-83
f
0.060 1.21 8.64 8.58

0.040 1.40 7 o 4 3  7 o 3 3

0.020 1.68 6.07 8.07

0o010 1.98 5.44 5.45

^  0+ = 6,27 X
-3  -110 M -1sec ; S.D. = 0.69$.

kint. = x
-410 sec-1 ; S.D. = 0.23%.
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Table 219

The HC1 catalysed mutarotation of 2-amino-2-deoxy- o<-D-glucose 
hydrochloride at 25° in water, I = 0o10M.

(tS ° >  kobsd. X 1°^ kcalo. X 1° 4

0o100 Oo98 9*03 5.03

O0O80 1o09 ^096 ^o96

0.060 1021 ko90 • ^089.
OoO^O lô +O *fo80 ^.81

0o020 1.68 k.75

0.010 1.98 ^f.70 ko?0

kg = 3»85 X  10 ̂ M 1 sec  ̂ ; S.D. = 3°57%°

k = ^ .6 7 x 10 ̂ sec  ̂ ; S.D. = 0.16$omt.
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Table 221'
The Equilibrium Proportions of the Sugars studied

%oc

observedSugar J *  ,°A
literature 

(ref.)

6-deoxy-D-glucose 31 69
D-xylose 37 63 35 (6) 65
D-glucose 37 63 36 (6) 6k

6-0-methyl-D-glucose 35 65
6-acetamido-6-deoxy-D-glucose 32 * 68

D-gentiobiose 31 * * 69
6-0-phenyl-D-glucose 32 # 68
6-chloro-6-deoxy-D-glucose 33 * '67
6-deoxy-D-glucohepturonic acid . 36 ’ 6k

6-cyano-6-deoxy-D-glucose 39 61

D-glucose-6-phosphate 31 (32) 69
2-deoxy-D-glucose 55 k$

2-amino-2-deoxy-D-glucose HC1 61 39 63 (131) 37

2-acetamido-2-deoxy-D-glucose * 66 (131) 3k

2-0-rae tby1-D-glue ose 50 50

* The spinning side bands of the D—OH peak render these results 

less accurate.



Table 222

Vapor Phase Chromatography of substituted pyridines

Instrument:- 

Conditions:-
Pye Argon Chromatograph 
Column A - 10% 20M PEG

Column B - 1 % SE30
temperature - 50 ; argon flow rate - kk ml/min.

Compound

pyridine
^-methylpyridine 
^f-ethoxypyridine 
^-acetylpyridine
2,6-lutidine 
Level of detection

Column

A

A
B
B

A

Retention Time (minutes)

13 
28 
9o5 
7o5 

. /  21

0.'
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Table 223
Mutarotation of 2,3,4,6-tetramethyl-cx' -D-glucose in benzene at 25*

Catalyst

2-pyridone

6-methoxy-2-pyridone

Initial catalyst 
concentration M

0o100
OdCO
0o100

0o010
0o010

0.010 

0.001 

0.0C1
0o001
0o100
0.100
0o1C0
0.010  

0.010

0o010

0,001 
0.001

0o001

blank in benzene

Initial.TMG 
concentration M

0o102
0o101

0d02
00099 
0.102 

0.100 

0.1C0 

0.100  

0.099 
0o1C0 
0 d 0 2  

0,101  

0,100  

0.102  

0.102  

0.097 
O0O98 
OdOO
00100
00101

OdOO

k , , x 10'obsd.
se c “"I

211.3
218.4
230 o 2

79*6
77o8

76.3
13.4
13.6

13.7 
239.3 
24? o 2 
248.8

49o9
51.1
50o1

7.*t

7.9
8.0
105
106 
1o8
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Table 22^

Mutarotation of 2,3,^,6-tetramethyl- oc -D-glucose in dioxan at 25°

Catalyst Initial catalyst 
concentration M

Initial TMG 
concentration M

k , , x 10* obsd •-1sec
2-pyridone 0o100 OdOO 277.3

OdOO .0.098 282 0 9
0o100 0d 01 287o 7
0.010 * OdOO 5oO

0o010 OdOO -̂08
0o010 0d 01

0o001 OdOO 0•V

6-methoxy-2-pyridone OdOO OdOO 39<A
OdOO 0.101 . 3^o 5
0o100 0.100 37.3

1
1 / 0.010 OolOO • 3o8

' 0o010 0.099 f̂o1

0.001 0d 01 1.2

pyridine/phenol 0.100 in 0d 01 
both catalysts

Oo 1

6,7-dimethoxy-
isoquinol-3(2H)-one 0o010 0d 01 75 0 2

0o010 0.100 72.1
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Key for tables 225 - 227 

The following conventions are used in the tables 225, 226 and 

227 which follow

The results show the correlation coefficients of linear plots 

of certain functions - either log k or the difference between twoCel Xf
log k ^’s - against the inductive substituent constant & of the 

various substituents. The catalytic coefficients are denoted by 

"^cat " wkere ^ ie aPPrcP**iate catalyst is subscripted, i.e. q is 
the catalytic coefficient for catalysis by water. The abbreviations

used in the tables are:-

E30+ - hydronium ion d5o+ - hydrated deuteron

H2° - water 5 D2°: - deuterium oxide

o h " - hydroxide ion ; lut. - 2 ,6-lutidine

Py - pyridine ; MePy - Jf-methylpyridine

EtOPy - 4-ethoxypyridine ; AcPy - ^-acetylpyridine

Morph. - morpholine ; Tris. - Tris

Dieth. - diethanolamine 5

The results are tabulated giving in the first row , the correlation

coefficient when the results for all eight sugars are included in the

calculations. Subsequently the appropriate result for each sugar is 

omitted in turn from the linear fit calculations, and the correlation

coefficient listed.
The values given in the final row, are the slopes of the plots wher 

all the compounds are included in the calculations i.e. they correspond to 

the correlation coefficients given in the first row of the tables0
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Table 228

The pyridine catalysed mutarotation of cK-D-mannose at 25° in water,
I = Oo25M, (Pyridine): (Pyridinium) = k:'].

(Pyridine)M pH k , , x 10"5 k _ x 10-5__________ Z 25 . obsd.______  calc.______

0.150 6.02 4.17, koOS V.1*f
OdOO 6.03 2.93, 3.20 -3d4
0.050 6 o05 2 .20, 2.21 2 .13

0.025 6 .06 1.62, 1.61 1 .63  

>ykp = 2.00 x 10~2 M~1 sec" 1 ; S.D. = 1,2($.

kjj 0(H20) = 1.13 x 10” 5 sec" 1 ; S.D. = 1.11#.

Table 229

The pyridine catalysed mutarotation of <X-D-mannose at 25° in water, 

I * Oo25M, (Pyridine):(Pyridinium +) = 2:1.

(Pyridine )M pHOI_ k . ,  x 105 k x 1 p25 obsd.______  calc.

0.150 5 .6 2 3.7^i 3.99 ^ .0 6

0 .100 5 o6^ 3 dO, 3 .1 0 3.06

0 .050 5 .6 6 2 .11, 2o03 2 .06

p . 025 5.67 1°58, 1o5k 1*56

|kpy = 2.00 x 10~2 M“ 1 sec" 1 ; S.D. = 1

^(H^O) = 1.06 x 10 ^ sec 1 ; S.D. = 1
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Table 230
The pyridine catalysed mutarotation of <x-D-mannose at 25° in water,
I = 0o23M, (Pyridine):(Pyridinium) = 1:1.
(Pyridine)M pH-,- ....  “ k , x 10^ obsd. k _ x 105 calc.
0o150 3.28 ^.28, ^.03 ^.01
0.123 3.32 3.51, 3.35 3.53
OdOO 5.3*f 3.03, 2.92 3.0^
0o073 3 o36 2.63, 2o63 2.56
0.030 3.37 2.10, 2.08 2.08

0.023 3.39 ■1.57, 1o60 1o60
0.012 3.39 1.37, 1.32 1.35
kpy = 1.93 x 10”2 M”1 sec”1 ; S.D. =. 1.07S6. .
k d H  0) = 1.11 x 10”5 sec”1 2 ; S.D. = Oo93$0

Table 231
The pyridine catalysed mutarotation of <x-L-rhamnose ;at 25° in wate

I = 0„25M, (Pyridine):(Pyridinium) = ^:1o

j(Pyridine)M pH25 k , . x 105 obsd. k , x 105calc •

0d 30 ‘ 6.02 5.^, 5.3^ 5»^7

0o100 6.03 4.61, ^.65 ko^

0.030 6.05 3.71, 3.66 3o61

0.025 6.06 3.06, 3.11 3d4

kp = 1087 x 10”2 M”1 sec 1 ; S.D. = 2.68%o

K  n(Hp°) = 2.67 x 10“5 sec”1 ; S.D. = 1o29^o
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Table 232
The pyridine catalysed mutarotation of <X-L-rhamnose at 25° in water
I * 0o25, (Pyridine):(Pyridinium) ® 2:1.
(Pyridine )M pH k x 10^ k _ x 10^_______“ 23 obsd.__________ calc.__
0o150 5.62 5 .31, 5.37 3.38
0o100 3.6if if.if5, if.̂ if 4.if8

0.050 5.66 3.56, 3.59 3.57
0.025 3.67 3.05, 3.18 3.12
kpy = 1.81 x 10 2 M 1 sec  ̂

kjj 0(H20) = 2o67 x 10~5 see""1
S.D. = 1. 

S.D. = 0.

Table 233
The pyridine catalysed mutarotation ofo<-L-rhamnose at 25° in water,

I = 0o25, (Pyridine) :(Pyridinium) = 1:1.

(Pyridine)M pH25 k , , x 105 obsd. k -1 x calc.

0.100 3 .3^ if.63, if. 60 if.71

0.075 3 .36 if.18, if.33 if.19

0.050 3 .37 3 .66, 3.67 3.68

0.025 3 .39 3 .18, 3.18 3.17

0o012 5 .39 2.93, 2.90 2.91

kpy = 2 .0 5 x 10~2 M-1 -1M sec ; S.Do = 2 .66$ 0

-1k n(H 0) = 2.66 x 10 sec ; S.D. = 0.96$.



Key to Comparitive Tables

a) ^-substituted sugars (i.e. Series 1)

Catalytic coefficients for H^O catalysis2
h2o »
Tris 11 .........

0H~ ".................
pyridine ”...... ........ .

^-methylpyridine catalysis 

acetylpyridine• ”

^-ethoxypyridine M

2,6-lutidine ”

D^O catalysis

d2o . "
morpholine catalysis 

diethanolamine ”

Isotope Effects ...........................

Bronsted Exponents and Steric Hindrance Factors

b) 2~substituted sugars (i.e. Series 2) 

Catalytic coefficients for H^0+ catalysis ....

h2o
pyridine ”...... .........
4-methylpyridine catalysis 

4-ethoxypyridine M

k-acetylpyridine "

2,6-lutidine M

Table 11
" 11
11 55

" 65
.« 97

ft ^39
n 159 

t i  1 ^ 9

" 169
» 128
" 128
" 10? 
u

" 129
n 171

Table 220 

" 220 
n 19Zf 

n 199 

n 20 -̂ 

,f 209 
" 21*f
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(c) pH-rate profile for 6-deoxy- oc-D-glucohepturonic acid Table 180 
” n ” n 6-0-(£-hydroxyphenyl-D-glucose ” 186

Correlation Coefficients for L.F.E.R.'s ..........  Tables 225-227
Mutarotation of tetraraethylglucose in benzene .... "
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Discussion
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*f. 1 General

It is clear that despite the mass of work which has been 
carried out on the mutarotation of glucose, much doubt still exists 
as to the mechanism of the reaction. In particular the timing of the 
two proton transfers and the ring opening are in doubt. It was there
fore thought that the study of the kinetics of mutarotation of a 
series of sugars of structures 1_ and 2 could perhaps elucidate, at 
least in part, the timing of the various steps in the mechanism.

HO
HO

OH

HO
HO

OH

1 2

In particular one might be able to comment upon the suggestion 
1^5of Schowen et. al. that proton transfer is not concerted with the 

rate determining elimination of the alkoxide ion from the carbonyl group.
The study of the kinetics of mutarotation of sugars of structure 

2 and 2- as X is systematically varied is essentially a structure reactivity 
study in an aliphatic system. Since very few aliphatic reactions, 
outside Taft’s work on the hydrolysis of esters, have been successfully 
correlated with linear free energy relationships, it was thought that 
it would be of interest to investigate what factors required to be 
considered in correlating the structure with the reactivity of the



sugars, and to see what degree of correlation could be achieved.

Furthermore, by suitable choice of the substituent X in series 

1_, it was thought that intramolecular catalysis of mutarotation might 

be demonstrated, confirming the only previously reported case of such 

intramolecular catalysis of mutarotation. 

k.2 Kinetics of Mutarotation

Consider first a simplified representation of the mutarotation 

of <x-D-glucose, where the reaction is regarded as a first order 

reversible reaction between the cx and forms of the sugar.

 ...........  (36)
-1

Initially at time t = o, the concentration of the (X anomer is a ;
if after time t, x moles per litre of the ocanomer have been transformed

into t h e a n o m e r ,  then the differential rate equation is

dx/dt = k ^ ( a - x ) ~ k ^ x

i.e. dx/dt = (k^ + k ^)(c - x) ..................  (37)

where c = k^a/(k^ + k

Integration of (37) yields the equation

In (c/(c - x)) = (k^ + k_^)t

. k + k = ( V  t). ln(k^a/(k^a - (k^k_^x))

i.e. k„ + k „ = 0/t). ln(Ka/(Ka - (1 + K)x)) ...........  (38)
1 -1

where K = k V k  .
T -1

By use of the equations
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= Sc*'(a - x) + . x

r* = S (a - x ■) + S- . x
00 * eq. p eq.

K = k /k = x /(a - x )1 -1 eq. eq.
(where rQ = initial rotation, r^ » rotation at time t, rw  s= rotation

at final equilibrium, Sa  and are the specific rotations of the

OC and /3 anomers respectively, and x is the quantity of the <x anomereq.
which has been transformed into the anomer when the final equilibrium 

has been reached.)

equation (58) becomes

+ k_ f  (Vt). In ((*Q - )/(rt - r ^  )) .........  (39)

which is the expression to which all the observed rate data in this 

thesis have been fitted (see section 3*1 •)•

Thus the observed rate constant is in fact the sum of the rate 

constants for the forward and reverse reactions of equation (36).
As mentioned above, this is a somewhat simplified representation 

of the mutarotation reaction, which is known to proceed through an 

acyclic aldehydo-form (see section 1.2). A more accurate representation 

of the mutarotation is the three component equilibrium:-

ct — ■ A k~ ^  P ......... ..... (to)

k - « .  k/S
where A represents the acyclic aldeliydo-intermediate.

It is known (see section 1.2) that the concentration of this 

acyclic form is very small and so if one applies the steady state 

hypothesis to the reaction one has
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Rate of formation of acyclic aldehyde = Rate of reaction of acyclic 
aldehyde

i.e. ka ( a )  + kg (ft ) = k_^(A) + k (A)

(A) = kot(°t) +   (in)
k + k ^-oc -y3

The rate equation for mutarotation would then be given by 

Rate = dy3/dt = k_^ (A) - kg (yg)

= k fka (ct) + -kg()S)........... . (42)
lk-« + J

= koc(o°  + ke <-P) _ k^(/3) .............  (43)
1 + p

where p = k^/ k  = partition ratio of the acyclic aldehyde

dy3/dt = (k^ (oc ) - p. kg (y8 ) )/(l + p).............. (kk)

= k^ (°0/(l + p) - p. kg (y3)/(l + p) .........  (V?)

In treating the rate data obtained in this work by the simpler

treatment of equations (36) - (39), we ignore the possible effect which 

the partitioning of the acyclic aldehyde (as represented by p) could have 

on the kinetics. Further consideration will be given to these kinetic

analyses when the observed rate data are fitted to linear free energy

relationships (see section ^.7 )*

*f.3 Substituent Effects in Mutarotation

A. substituents in the 3-position of the sugar ring.

(i) substituent effects in acid catalysed mutarotation 

The results for the hydronium ion catalysed mutarotation of the 
series of substituted sugars (1) are given in tables 1 - 10. The



comparitive table, table 11, shows the catalytic coefficient for

hydronium ion catalysis, k +, for each sugar in the series togethern_u
5

with the catalytic coefficient for spontaneous (water catalysed) 

mutarotation, kg q. Also listed in table 11 are the (5 values for 

each substituent X. These <5 values are the inductive substituent 

constants of the substituents, i.e. they represent the polar effect

of each substituent. The values themselves are taken from the work
129 * of Charton whose CT values are used in preference to the CT values

calculated by Taft^^.

From table 11 a quite discernible trend can be seen. As the

substituent X becomes more electron withdrawing (i.e. <5 increases in

value), the value of kg q+ decreases. (See also Fig. 3) « An almost
3

identical trend through the series is observed for q . In both cases

the most notable deviation from this trend occurs in the catalytic

coefficient of C X - D - xylose (X = H). For this sugar both kg Q+ and 
~~ 3

kg 0 are higher (by a factor of approximately 2) than would be expected 

on the sole consideration of the polar effect of the substituent. This 

positive deviation is interpreted as indicating that the polar effect of 

the substituent X is not the only factor which influences the rate of 

mutarotation but that steric effects must also come into consideration. 

(Clearly resonance effects need not be considered for any of the sugars 

studied). Steric effects throughout the series may not be too readily 

discerned since the .rate differences we are dealing with are small and 

the size of many of the substituents is quite similar (e.g. -CH^, -CH^OH,

-CHpCl, -CH?CN). The biggest difference in size is of course on
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■going from a -Ciy group to -H (i„e. tf-D-xylose)^ and it is therefore 

not surprising that an easily discernible deviation in the trend of 

rate constants should occur with CX-D-xylose, since any steric effects 

would be expected to be most noticable with this compound. Indeed it 

will be found that this positive deviation for cx-D-xylose is found in all 

the sets of catalytic coefficients reported in this thesis. The impli

cations of both polar and steric effects influencing the kinetics of 

mutarotation will be discussed further in section ^-.7 with regard to 

linear free energy relationships.

It is interesting to note that the variation in the catalytic

coefficients for water catalysis follows the same trend as the kg
7 ^values as (3T is varied. Pigman and Isbell have calculated that in

neutral solutions, the basic catalytic function of the water molecule

predominates over the acidic catalytic function in the mutarotation of

sugars. Were this the case in the work reported here, it would be

expected that the catalytic coefficients for water catalysis should

parallel the trend observed for the catalytic coefficients observed

for catalysis by bases, which as will be seen is in fact exactly

opposite to that observed for kg q+. Instead the values of kg ^
3 • ^

parallel the trend for kg Q+. The conclusion must be that the water
3

catalysed mutarotation of these sugars must proceed by a mechanism 

which bears more resemblance to the mechanism of acid-catalysed 

mutarotation than to that for base catalysed mutarotation.

(ii) substituent effects in base catalysed mutarotation 

The determination of the catalytic coefficient for catalysis by



hydroxide ion is difficult because mutarotation becomes too fast for
accurate measurement when the concentration of hydroxide ions rises 

-5much above 10 M, due to the extraordinary magnitude of k-^-. ByUii
studying the kinetics of mutarotation of the sugars in Tris buffers at 

five different pH's, it was possible to extract the catalytic coefficients 

for catalysis by Tris and by hydroxide ion.

The rate constant in these conditions may be given by

W  = \ 0̂  + ̂ Tris^r'*'s)+̂ TrisH+^ r̂ sH+̂ +̂ 0H-C°H"̂ +̂ G"(̂ "̂  " "  (k6) 
where G represents the glucosate ion which is also catalytically active,

•j-and TrisH represents the conjugate acid of the Tris molecule.

From subsequent reported data in this thesis (see page233) we can 

say that approaches zero closely and that therefore

kobsd. = ^ O ^ 0  ̂+ ^ r i s ^ 3713̂ + k0H~^°H  ̂+ kG~^G  ̂ ...............
Since the concentration of glucosate ion is proportional to the

hydroxide concentration equation (^7) can be written

k  V, ^ = K  n ( H , ° ) + k m • (Tris)+knII-(OH-)+kr-(GH)(OH-). K / K  ........ (48)obsd. H O  2 T?ris OH G & w
+where Kg refers to the equilibrium GH -—  G + H and is the ionisation 

constant of water.
Thus plotting kQbsd against (Tris) should give a straight line of 

slope kTris and intercept k..^

where kint> = kg Q(H20)+k0H-(0H ) + kG-(GH)(0H )<, Kq/Kw

By carrying out the kinetics at five different buffer ratios and 

hence five different pH's, one obtains five values o .l intercept (see 

for example Fig. 6), which when plotted against the concentration of



hydroxide ion should give a straight line of slope k^TT- +k -(GH).K /KOH G s w
and intercept k^ ^(H^O).

The contributions to the slope are factorised into that due to

catalysis by hydroxide ion and that due to catalysis by the glucosate

ion. Some idea of the importance of this latter quantity can be

obtained by comparing the relative magnitudes of the terms k ^ -  and

k^-CGH). K^/K^. From the work of Smith^ and Wynne-Jones"^ it appears

that k^- is approximately 1/200th the magnitude of k ^ -  for <x -D-glucose;

in all of the studies reported in this thesis,the concentration of sugar

used is approximately 0.02M; at 25°, K = 10 ^  (ref. 135) 5 25°,w
K for , D-glucose = 4.6 x 10 ^  (ref. 31 )• s —

o*o at 25° for glucose,

k ^ - A  -.(GH).(K /K ) = 1/0.005 x 0.02 x (4.6 x 10”15/10“1^)UJti u S W

= 1A .6 x 10"3

i»e. the contribution made to the slope obtained by plotting the values 

of k. against (OH”), by glucosate ion catalysis, is <0.5$ for D-glucose.lXlT/ •
In this work therefore, this contribution has been ignored, and the

plot of k. , (from Tris catalysis) against the concentration of hydroxide int.
ion gives a straight line whose slope has been equated with k^-. It.

must be remembered that there is a very small error in this assumption

due to the catalysis by glucosate ion just described. It does not

appear likely that this error will be greater than the experimental

error for the kAU- values of any of the sugars studied.OH
Tables 12 - 54 give the results for the Tris catalysed mutarotation



for all the sugars in the series 1_. The comparitive table, table

55? lists the values for k^ . for each sugar at the five pH’s studied.ins
As can be seen, there is some slight evidence for a small increase in
km . as the pH increases. However in most cases the error is little i. n s
more than the experimental reproducibility (approx. 3 - ¥/>,) The trend
apparently is more important in 6-chloro-6-deoxy-glucose and 6-cyano-6-deoxy'
glucose,in particular the latter. To minimise any errors resulting from
this increase, the average catalytic coefficient for Tris catalysis has
been obtained by averaging the three values of obtained at the
three lowest pH’s.

As can be seen from table 55, this increase in L  . is most’ ^Tns
significant for 6-cyano-6-deoxy-glucose. The possibility existed 
that at these alkaline pH’s the sugar was not merely mutarotating but 
was undergoing some other change such as hydrolysis of the nitrile group. 
Such hydrolysis was tested for by heating some 6-cyano-6-deoxy-glucose 
at 60° in the most alkaline Tris buffer studied (pH 9*16) for three 
hours. At the end of this time t.l.c. showed that the sugar was still 
unchanged, a fact which was further corroborated by spectroscopic 
evidence (I.E.), which showed the unchanged C=N stretch of the sugar 
and the lack of any carbonyl stretches which would result from hydrolysis 

of the nitrile.
Again, the figures for Tris catalysis show a quite obvious trend.

As the substituent X becomes more electron withdrawing the value of k ^ ^  

increases. This trend is directly opposite to the trend which was
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observed in the acid catalysis of the same series of sugars (see

table 11)o Once more the sugar OC -D-xylose exhibits a large

positive deviation from the trend, a fact which has already been

commented upon in section h.3.A(i).

When the intercepts listed in tables 12 - 3^ are plotted for each

sugar against the concentration of hydroxide ion, the catalytic

coefficient for catalysis by hydroxide ion is given by the slope of

this linear plot (see above). These results for the series of

sugars 1_, are given in tables 56 - 6^ and comparitive table 6 5.

Once more the trend is similar to that observed in the k^ .
T r i s

values, namely k„„- increasing as the substituent X becomes more'On
electron withdrawing.

The catalytic coefficients for catalysis by pyridine, detailed 

in tables 66 - 96 and comparitive table 97, were determined at four 
different buffer ratios to test whether the pyridinium ion was a strong 

enough acid to catalyse the mutarotation reaction. In pyridine buffers 

the observed rate constant is given by the expression
^n_u+'

. c. - j
id k~y

coefficient for catalysis by this ion.

kobsd„ = kH 0(H20) +VP7)+V (Py+)+W +)+k0H-(0fl_> ..2 5
where Py+ represents the pyridinium ion and k p *  ^he catalytic

At pH's between 3 and 6 the terms due to H^0+ and OH catalysis 

are n e g l i g i b l e a n d  so expression (̂ -9) simplifies to

kobsd. = Vo(H20) + V Py) + V  • (Py+)
(50)= kH2Q(H20) + kpy(Py) + kpy+°(Py)(H+)/Ka •

2 . . . .where K = acid dissociation constant of the conjugate acid of pyridine 
a



Hence a plot of ^ against the concentration of pyridine 
should give a linear plot of slope (kp + +.(H+)/K ).

Since, as can be seen from table 97? the slopes of these plots 
are constant at the four pH’s studied, it can be concluded that 
kpy+ is negligibly small and hence that catalysis by the pyridinium 
ion is negligible. The slopes therefore represent the catalytic 
coefficient for pyridine catalysis. Obviously the same situation 

will hold for all bases stronger than pyridine, although as the pK
cl

of the base (and hence the pH of the buffer) rises the catalysis by 
hydroxide ion will become significant, (it is because of these 
observations that in the expressions for factorising the observed 
rate constant for mutarotation into contributions for catalysis by 
the various species in the buffer -e.g. equation (A-7) no term is ever 
included for catalysis by the conjugate acid of a base stronger than 

pyridine.
The trend observed in the catalytic coefficients for catalysis by 

pyridine (table 97) is much the same as for the catalytic coefficients 
for catalysis by Tris and by hydroxide ion already discussed. Indeed 
this general pattern in which the catalytic coefficient for catalysis 
t>y a base increases as the electron withdrawing power of the substituent 
X increases is aquite general one for all base catalysts studied and is 
further explified by catalysis by k-methylpyridine (tables 130 “ 139)?
ethoxypyridine (tables 1̂ +0 - 1^9)? acetylpyridine (tables 150 - 159) 

2,6-lutidine (tables 160 - 169)? morpholine (tables 98 - 107)? and



diethanolamine (tables 108 - 117) (N„B. the last table in each set 
is the comparitive table).

Certain deviations in these results are worth mentioning at this 
stage:-

(a) As already pointed out, the sugar a-D-xylose (X = H) in series 

1 , exhibits a large positive deviation in the comparitive tables for 

all the catalysts studied (both acidic and basic). This is taken to 

indicate that not only does the polar effect of the substituent 

influence the kinetics of mutarotation but also the size of the 

substituent (i.e. steric effect) is important.

(b) the catalysis of the mutarotation of 6-0-phenyl- oc -D-glucose 

by amines reveals an interesting anomaly. When the catalyst is an 

aliphatic amine (e.go morpoline, diethanolamine and tris), the 

magnitude of the catalytic coefficient is in good agreement with that 

expected from the inductive substituent constant of the group X (X = 

-CH^OPh, see tables 107, 117 and 55). However if the catalyst is an 

aromatic amine, the value of the catalytic coefficient is very much 

higher than is anticipated on the basis of the inductive effect of the 

substituent, (cf. tables 97, 139, 1^9, 159 and 169). The•catalytic 
coefficients for catalysis of 6-0-phenyl- (X -D-glucose by aromatic 

amines are normally about tw'ice as large as would have been expected - 

a deviation as big as that observed in cx-D—xylose which was attributed 

to a steric effect. A possible explanation of this unexpected greater 

efficiency of aromatic amine catalysts will be discussed in section



which deals with the significance of substituent effects on 
the mechanism of mutarotation.

(c) examination of the catalytic coefficients for catalyses by
Wcetylpyridine (table 159), while revealing both the deviations (a) 
and (b) outlined above, seems to indicate another deviation in that the

general trend observed in general base catalysed mutarotation. The 
explanation of this apparent deviation will be given in section k,G 
which describes the application and interpretation of the Bronsted 
catalysis law to these mutarotation studies.
(d) the values for 6-0-methyl-O(-D-glucose and 6-0-phenyl-Of-D-

glucose appear to exhibit a negative deviation from the expected values 
(table 65) and the ^ value for 6-acetamido-6-deoxy-y$-D-glucose 
seems much lower than expected (table 11).

4.3«B substituents on the 2-position of the ring.
The kinetics of mutarotation have been summarised in section k.2.

It was pointed out there that the observed catalytic constants were in 
fact composite quantities consisting of the sum of the rate constants of
I
lthe forward and reverse reactions of equation (Jc)

h  for 6-cyano-6-deoxy-y$- D - g l u c o s e  is lower than expected from the

K = k /kn = ( « )/(/5 ) (since
now k , , = k, + k , = k, + k.Kobsd. 1 - 1 1  1

= k_ a 1 = («)/(£) ( since at equilibrium k̂ (cx) = )
k  -o O ~~ cbsd' (51)

Hence by measurement of the equilibrium anomeric proportions of
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each sugar, uhe equilibrium constant K of reaction (36) can be measured 

and the observed catalytic constants can be factorised into k^ and k ^. 

This factorisation is unnecessary for 5~substituted sugars since the - 

equilibrium anomeric proportions of these sugars are nearly constant 

within experimental error. Table 221 shows that the proportions of all 

5-substituted sugars fall in the range:-

oc = 35% ^  W>, = 65% i W>* Thus comparisons may be made

directly on the observed values for the catalytic coefficients of 5- 

substituted sugars.

However, for 2-substituted sugars, the equilibrium anomeric pro

portions vary wildly (see Table 221) and in order to compare a series 

of catalytic constants, the observed catalytic constants must be factorised 

into k^ and k  ̂ using equation (3*0 whence comparison can be made on the 

factorised catalytic coefficients k^. This in the comparitive tables

194, 199, 20 f̂, 209 and 21k the observed catalytic coefficients kg are
1

given and then the factorised catalytic coefficient kg (which is equivalent 

to the k^ used in equation (36)).
i The mutarotation of five 2-substituted sugars catalysed by pyridine
I
(Tables -190 - 19*0, ^f-methylpyridine (tables 195-199)> ^-ethoxypyridine 

(tables 200 - 20^), ^-acetylpyridine (tables 205 - 209) and 2 ,6-lutidine 

(tables 210 - 21*0 was studied. Inspection of the comparitive tables 

19;+, 199, 20 ,̂ 209 and 21 shows that no real discernible trend exists 

in the catalytic coefficients for base catalysis as the electronegativity 

of the substituent is increased. The values of the observed catalytic
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coefficients, kg, appear to vary quite randomly. Factorisation as

described above provides no improvement.

In addition, the hydronium ion catalysed mutarotation of these

five 2-substituted sugars was studied and the results are given in

tables 217 - 220. The mutarotation of 2-deoxy-glucose was too fast

for accurate measurement in the buffers used, but an estimate of the

kg q+ for this sugar is given in the comparitive table 220. Although

the observed kg decreases as the electron withdrawing power of the 
3

substituent increases, this is of doubtful significance since several 

special factors may be in operation. Certainly no trend is observed in 

the k-j values. When the substituent X = H, (2-deoxy glucose) a
2

large increase in k ^ ^  is observed for all catalysts in a similar 

fashion to that described in section -̂.3»A for (X-D-xylose. Presumably 

the cause of this effect is the same also. Apart from this, no 

similarity exists between the two series of results.

The results outlined in section ^.3 .A and 4 .3 .B indicate that the 

mutarotation reaction is more susceptible to substituent effects in 

the 3-position of the sugar ring than in the 2-position. Reasons for 

this are advanced in section ^.6 .

kA. Steric Hindrance to General Base Catalysis of Mutarotation

For any sugar in the series _2, the stronger the catalysing base, 

the larger the value of kg as is to be expected from a general base 

catalysed reaction. ' This is illustrated in fig. 7 for the sugar 

(X-D-glucose. However, it is clear from Fig. 8 that for catalysis



by 2,6-lutidine, diethanolamine and triSjthis simple rule (Bronsted

catalysis law) does not hold. These three bases are much poorer

catalysts than expected on the basis of their pK ’s (see Fig. 8).

This appears to be due to steric hindrance of general base catalysis

- a phenomenon which has been noted several times before ^36? 137

The substituted pyridines have appeared to be particularly susceptible

to steric hindrance, and this is corroborated in that, as can be seen

from Fig. 8 and tables 97 and 169, 2,6-lutidine with a pK of 6.72^ isa
. ij- 9 .a poorer catalyst than pyridine itself (pK = 5.22 ). Further examples

. ct
of such steric hindrance appear to occur in catalysis by the aliphatic

-130amines diethanolamine (pK = 8.88 ) which is a poorer catalyst than

morpholine (pK = 8.33^^) j and tris (pK = 8o05^^) which is a poorer a a
j 168catalyst than ^f-ethoxypyridine (pK = 6.67 )o Since diethanolamine
3.

|and tris are much more sterically hindered bases than morpholine, 

it seems reasonable to equate the decrease in catalytic power with the 

increased steric hindrance.
ijn -J37However, although several authors ’ ’ have described such

steric hindrance to general base catalysis, there is a strange reticence 

when it comes to an explanation of such steric hindrance. The dissociation 

constants of methylpyridines^^ in aqueous solutions do not suggest that 

steric hindrance to ionisation is important, and so the low catalytic 

activity of ex-methyl substituted pyridines must be associated with an 

unusual effect in the transition state of the reaction and cannoo be 

attributed to an anomalous thermodynamic base strength. There are really



two probable sources from which the observed steric hindrance can 

arise. It could arise from an intermolecular steric strain caused 

by interactions between non bonding atoms on the molecules as they 

approach one another. That is to say, that as the substituted pyridine 

approaches the sugar to effect the proton transfer to or from that 

sugar, the (X-alkyl groups interact with the sugar molecule, thus 

destabilising the transition state with respect to the reactants making 

the OC-alkylpyridine a poorer catalyst than expected. This is the 

situation which apparently exists in the catalysis of the iodination of
1 "56ketones by substituted pyridines studied by Feather and Gold . This 

reaction is known to involve a rate determining proton transfer from the 

OC-carbon atom of the ketone to the catalysing base. In studying the 

kinetics of iodination of a series of ketones catalysed by eleven alkyl 

substituted pyridines, Gold found that the degree of steric hindrance of 

abstraction of the proton from the ketone by the pyridine base - caused 

by oc-alkyl substitution on the pyridine base - was readily correlated 

with the "increasing encumbrance" of the ketone. For a particular base 

- say 2-methylpyridine - the degree of steric hindrance of abstraction 

of an ctf-proton from the ketone increased along the series:- acetone < 

isopropyl methyl ketone < pinacolone.

Gold deduced that the explanation for the low catalytic power of 

the (X -alkyl pyridines is that steric interaction occurs between the 

oc- substituents on the base and the groups <x to the carbonyl of the 
ketone as shown overleaf in the illustration for isopropyl methyl 

ketone.



Gold also draws attention to the stereochemistry which he con

siders the existence of such steric interactions imposes on both 

catalytic base and ketone. Firstly the breaking C-H bond and the 

carbonyl group are in a planar trans-conformation in the transition 

state so that the non reacting alkyl group of the ketone may come 

close to the approaching base and interact with the (X-substitutents 

on that base. In any other conformation the base could not interact 

with the non reacting alkyl group of the ketone and so varying steric 

effects would not be anticipated. Furthermore, the heteroaromatic 

ring of the base must lie in the same plane as the carbonyl group and 

the breaking C-H bond of the ketone, since the observed steric 

hindrance by CX -substituents on the base could otherwise be simply 

relieved by rotation of the pyridine ring relative to the plane of the 

carbonyl group. This implies some kind of "conjugative interaction” 

between the carbonyl group and the pyridine ring which is not easily 

explained. It may be related to the postulated conjugative interaction



between the heteroaromatic ring and the adjacent carbonyl group in
1̂ 11-acetylpyridinium ions 

188Hine however calculates that although the steric hindrance 

observed by Gold in these studies is indeed due to intermolecular 

interactions between the a-methyl groups of the pyridine bases and 

the groups <x to the carbonyl of the ketone, it is unnecessary to 
invoke that the breaking C-H bond be planar with the carbonyl and that 

therefore it is unnecessary to postulate that there exists the 

’’conjugative interaction” between the carbonyl group and the pyridine 

ring (described above). His calculations he claims, show that the 

observed steric hindrance is anticipated even when the mechanism of 

hydrogen abstraction is the more commonly accepted one where the 

breaking C-H bond lies roughly parallel to the 7T -orbital of the 

carbonyl carbon atom, i.e. is nearly perpindicular to the plane 

described by the carbonyl group and the atoms attached directly to 

it.
The other possible source of the observed steric hindrance could

1^2 189be ’’steric hindrance of solvation”. ’ This could be envisaged

as arising from the following:-
When the two neutral molecules, for example the ketone and pyridine 

base dealt with above, approach one another and the proton transfer 

between them proceeds, a certain amount of charge develops on the two 

reacting molecules. - Naturally in a polar solvent the solvent molecules 

will solvate these developing charges^thereby stabilising them. It



is possible in 2-substituted pyridines that the CC-substituents prevent 

solvent molecules from solvating the developing ionic charges, thereby 

destabilising the transition state relative to that of a reaction in

this as a possible explanation of the observed steric hindrance, on 

the basis that the ionic charge to be stabilised in the transition state 

of a proton transfer reaction is smaller than that of the pyridinium 

ion, and since no steric hindrance to ionisation (which could have 

arisen from steric hindrance of solvation) has been observed then no 

such explanation can be applied to proton transfer reactions»

The only remaining possible explanation is the rather dubious one

That this should be so is by no means obvious.

Thus the most likely explanation for the observed steric hindrance 

in the general base catalysis of mutarotation is that there exists an 

intermolecular interaction between the 2,6-dimethyl-pyridine and the 

non reacting atoms .of the sugar molecule, analogous to that found by 

Gold-in the iodination of ketones.

136which steric inhibition was impossible. Gold however eliminates

that the steric requirements of ' ‘ ' ' fer reaction.
R

+ HS

are greater than those for the equilibrium



Attempts to prove this and to use the observed steric hindrance 

of general base catalysis as a tool in distinguishing between kinetically 

indistinguishable mechanisms are described in section k,̂ >, (iii).

The cause of the observed steric hindrance of general base catalysis 

by diethanolamine and tris (Fig. 8) must be much the same as that dis

cussed above for the substituted pyridines. The rigidity of the 

pyridine ring allowed the problem of the alkylpyridines to be discussed 

without reference to the change in bond angles of the nitrogen valencies 

which generally occurs when an amine is protonated. But with diethanol

amine the occurrence of this structural change causes the groups bound 

to nitrogen to move closer to one another with the possibility of steric 

strain between these groups. However this is a steric effect which 

will also manifest itself in the ionisation of the amine and be reflected 

in the pK^ of the base. Hence the reason why the order of base 

strength in the following is :-

ammonia < methylamine > dimethylamine > trimethylamine, 

when on a purely electronic basis trimethylamine would have been 

expected to be the strongest base. Similarly the order of base 

strength in the ethanolamine series is :-

ethanolamine > diethanolamine > triethanolamine.

Since therefore this "B-steric strain” ^ is reflected in the pK of the 

base, one is left to conclude that the steric hindrance of general base 

catalysis of mutarotation by diethanolamine is also due to n_nteractions 

between the nitrogen bound groups of the base and the non reacting atoms 

or groups of the substrate sugars.



b.5 (i) Substituent Effects and the' Mechanism of Mutarotation

As was outlined in section 1 .5 there is an unresolved problem in 

the mutarotation reaction, as in many general acid and general base 

catalysed reactions of distinguishing between kinetically indistinguish

able mechanisms. For general acid catalysis of mutarotation the 

problem is to distinguish between the mechanisms depicted in equations 

(7) and (8). In considering the effect of substituents in the series 

it has been assumed throughout that the substituent's effect on the 

kinetics arises because of its influence on the ether oxygen of the 

sugar ring rather than any effect which the substituent might have on 

the acidity of the anomeric hydroxy-group. For convenience equations 

(7) and (8) are reproduced here using the general substituent X rather 

than the specific formula for glucose.

X X X

slow.
H

H fast.
HC HA

X

OH

As outlined in section , these studies have shown that
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as the group X becomes more electronegative, then the catalytic 

coefficient for catalysis by hydronium ion, + decreases (see table
31 1).

This observation unfortunately does not permit us to distinguish 

between mechanisms (7) and (8). The observed trend in with
3increasing electronegativity of X can be explained almost equally well 

on the basis of either mechanism (7) or mechanism (8).

In mechanism (7) the rate determining step is the second step 

shown in which removal of the proton from the anomeric hydroxy-group by 

the conjugate base of the catalysing acid leads to simultaneous ring 

opening to give the open chain aldehydo-form of the sugar. In this 

step, the initial sugar species is the conjugate acid of the sugar 

which carries a full positive charge on the ether oxygen atom. This 

positive charge is neutralised by the ring opening to give the product 

of the rate determining step which is the neutral open chain aldehyde 

shown. Thus the transition state of this rate determining step must 

carry a partial positive charge on the ring oxygen, and one would 

therefore expect that increasing the electronegativity of the substituent 

at C-5 .of the ring would lead to a destabilisation of this transition 

state and hence a decrease in the values of k„ n+ as observed.
3

In mechanism (8) it is by no means evident that such a partial 

positive charge would have developed on the ether oxygen in the tran

sition state of the rate determining step. However, if bond formation 

between the ether (ring) oxygen of the sugar and the proton of the acid



cata3.yst runs ahead of the breaking of the C(l)-ring oxygen bond

(i.e. ring opening), then such a partial positive charge would
develop on the ring oxygen and a decrease in k n+ as the electro-n„U
negativity of X increased would be anticipated on the same grounds 
as before. It is worth noting that such a situation would mean that 
two partial positive charges would be forming in the same molecule in 
the transition state. Although this situation seems intuitively less 
probable than that existing in mechanism (7) which is the mechanism 
favoured by several groups of w o r k e r s , ^  Qgrtainly cannot 
be discounted on the basis of these substituent effects, and so no 
definite and unambiguous choice between mechanisms (7) and (8) is 
possible.

The same mechanistic problem exists in base catalysed mutarotation 
where the choice of mechanisms lies between those depicted in equations
(12) and (13). These mechanisms are again given below for convenience.

X X X
slow.
■v ■■ '■

H(
+

H

BBH

X X + X
slow. HO
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In mechanism (12), the rate determining step involves concerted 

removal of a proton from the anomeric hydroxy-group, formation of the 

aldehydo-carbonyl bond and ring opening, with expulsion of the ring 

oxygen as an alkoxide ion. Clearly then the transition state of 

this rate determining step will carry a partial negative charge on 

the ring oxygen atom, and one would expect electronegative substituents 

X to stabilise such a transition state. This would result in an 

increase in the catalytic coefficients for catalysis by bases as the 

electronegativity of X increased. This is the trend observed for all 

base catalysts (see section ^-.^.A.ii).

It is more difficult to predict what effect the substituent X would 
have on the catalytic coefficients for base catalysis were mechanism
(13) the correct mechanism. Again, using an argument similar to that 
used in trying to distinguish between the acid catalysed mechanisms, 
one can say that if bond formation between the ring oxygen and the 
proton of the conjugate acid of the catalysing base runs behind the bond 
breaking of the C(1)-ring oxygen bond then the ring oxygen will carry 
a partial negative charge in the transition state of the rate determining 
step. -Thus the observed trend for base catalysis would also be explic
able in terms of mechanism (13)- One might however object to such an 
argument by pointing out that were it true, this would necessitate the 
existence of a transition state which contained two partial negative 
charges in the same sugar molecule. Again, however, no unambiguous 
assignation of mechanism is possible since we have no way of



ascertaining whether bond making or bond'breaking is occurring 

ahead of the other.

Owing to the amphoteric nature of water}mechanisms (7), (8), (12) 

and (13) are all possible mechanisms for the water catalysed reaction.

Since the trend in k^ ^ with increasing electronegativity of X is 

identical to that for k + and opposite to that for the catalytic
3

coefficients for base catalysis, it seems likely that the mechanism 

for water catalysed mutarotation bears more resemblance to mechanisms 

(7) or (8) than to mechanisms (12) or (13)* A mechanism such as (12) 

must be eliminated for water catalysis.

Obviously the substituent effects in these studies do not allow 

us to distinguish between the stepwise mechanisms (7)? (8), (12) and (13) 

and the concerted mechanisms such as (16), (17) and (18). These latter 

mechanisms could also accommodate the observed substituent effects'by 

similar arguments as above regarding the relative amounts of bond 

making or bond breaking in the transition state.

k.5(ii) The diffusion controlled limit and the mechanism of 

mutarotation.
As was discussed in section 1«5j °ne the most common ways of {

itrying to distinguish between mechanisms which are kinetically indistinguishj
iI

able, is to inspect the mechanism for thermodynamically unstable reaction

intermediates and to calculate whether or not this intermediate would

react with another reactant at a rate greater than the diffusion con-
70trolled limit. It was pointed out in section 1 that Eigen had



calculated that in the dehydration of acetaldehyde hydrate (a reaction 

which is highly analogous to the mutarotation of glucose) a mechanism 

such as (7) would require that the rate determining step be faster 

than diffusion controlled for catalysis by water. This clearly casts 

some doubt on the validity of mechanism (7) for the mutarotation reaction, 

It would therefore be useful to carry out the detailed calculation for 

mechanism (7) to see if Eigen’s doubts are applicable to mutarotation.

( 7 )

H0 OH

HA
fa s t . HO

HA

If the sugar is denoted by S, and the conjugate acid (protonated

at the ring oxygen) of the sugar is denoted by SH then the rate

determining step of mechanism (7) follows the rate equation:-

Rate = k (SH+) (A~) where k is the rate constant for the rate s s
determining step in the forward direction.

1>e- Hate = ks (S) (H+) . KHA (HA)
k s h + (h + )

where Kcrr+ = dissociation constant of the conjugate acid of the SH
sugar and „ „ „ „ catalytic acid.

•°0 Rate = k o Ks • (s) (HA)   (52)
SH+

Thus the observed rate constant for acid catalysis k ^  is related to



the rate constant for the rate determining step by the expression

ks ° ^HA .................... ....  (53)
KSH+

ks ^  * ksh+ ......................  (54)
KtHA

The value which can be given to Kc + is doubtful but it should0X1
146according to Hammett be somewhat larger than the dissociation con-

2stant of a monohydric alcohol which is 10 . More accurately one 

would think that the ether ring oxygen would be less basic than the
147ether oxygen of diethyl ether (pK = -3.6) and hence have a lower

cl

4 6pK . Thus the value of K^h- should be in the range 10 - 10 0r a SH
To test whether k lies over the diffusion controlled limit we s

can evaluate expression (5*0 for certain catalysts.-

e 0g o1 for ot-D-glucose at 25°, k^ = 1»106 x 10 M sec (see table 11) 

kg = 1.106 x 10 x Ksh+ _ x 1cf \ KnTT+ sec"1„ .      ... ,■ — oil
55.6

H
Thus for catalysis by Hyj , for the expected range of values of ksh+ 

j, c(10— >10), k is well within the diffusion controlled limit, s
I —4 —1 “1e.g.2 for ot-D-glucose at 25°, kjjoAc = x M sec (ref* 29)

' KHOAc = 1 . 7 * 1 0 - 5
, o kg = 1.23 x 10 x KgH+ „ g x ksh+ m"1 sec"1 

1.7 x 10"5
Again, for catalysis by acetic acid, k^ is well within the diffusion 
controlled limit for the expected range of values of KgH+.
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e0g.3 for OC-D-glucose at 25°, K  n = 7*21 x 10" 6 M~1 sec" 1 (see table 11)
2

.°6 k = 7.21 x 10"° x K + s _______________ SH
-lif10

= 7.21 x 108 KgH+ M “ 1 sec" 1

Now for catalysis by water, k would be greater than diffusion controlleds
for the expected range of values of K +, thus corroborating Eigen's

Oil

calculations for the dehydration of acetaldehyde hydrate.

Thus mechanism (7) although apparently quite tenable for normal 

acid catalysts does not appear tenable for water catalysis. Jencks 

suggests that since water may actually be a base catalyst this objection 

to mechanism (7) might be irrelevant. However our studies have shown 

that water catalysis is subject to the same substituent effects as acid 

catalysis not base catalysis, and so mechanism (7) must be considered 

doubtful as atrue representation of the mechanism of acid catalysed 

mutarotation.

Jencks pU .̂s forward a similar objection to mechanism (8) for

the dehydration of acetaldehyde hydrate, by calculating that the reverse 

reaction of the rate determining step must be faster than diffusion 

controlled. The calculation for the mutarotation reaction'is as follows

X
slow . (8)

W - k
™  ("oh r

HO HO
HAfast

S Aid.



Rate of reverse of R.D.S. = kp(AldH+).(A )

= kR (Ald)(H+ ) kha<ha)

KAldH+ (H+)
wh.6376 K  *4"AldH = dissociation constant of conjugate acid of‘acyclic aldehyde 

and = n M ,f catalytic acid.

i.e. Rate of reverse of R.D.S. = 1^. (Ald)(Hft)   (55)

KAldH+
Since the detectable amount of acyclic aldehyde in.a glucose solution 

is of the order of 0.002%”̂ , then (Ald)/(S) = 2 x 10 ^

Rate of reverse R.D.S. = kg.  ̂ 2 x 1Q-5 (S)(HA) ..... (%)

KAldH+
However, the rate constant for acid catalysis, k ^  is not simply 

related to the rate constant, k^, for the' reverse of the rate determining 

step. Instead the expression relating the two is

km (S)(HA) + k (Aid)(HA) = kpo Kha . 2 x  10~5 (S) (HA)+k2(AldH+) (A~)

KAldH+  (57)

which by use of the relationships above becomes

kp = 5 x 10 . k^. KAldH+ + k_2. KAldH+ _ ..................
rr t/*
HA HA

where k2 and k 2 are the rate constants in the forward and reverse

directions of the fast (second) step of mechanism (8 ) 0

The first term of equation (58) can be evaluated from the known values

of kTT., Ktt<1 and an estimated value for K,., JtI+ . The dissociation HA’ HA AldH
constant for the conjugate acid of the open chain aldehydo-form of glucose

is not known, but evaluations of the pK 's of aldehydes are often within ’ a
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the range - 6.0 to -10.0. A recent determination of the pK. ofa
1^6acetaldehyde by Levy gave a value of -10.2. If one therefore uses 

10a value of 10 for (this may be on the low side) one can

evaluate the first term of expression (58) for various catalysts.

eQg.1 for ot-D-glucose, k ~+ = 1.106 x 10~2 M^sec"1 (see table 11)
3

o ° o  =  5  X  10^. 1o106 X  10"2. 1010 , 1010d? --------------------------  + k   - k
53-6 ~2 33.6

= (1011 - k2 + 1.8 X  108. k_2) M‘1 sec “1
9Nov/ k^ must be very close to the diffusion controlled limit i.e. 10 - 10

-1 -1M sec . Thus it can be seen that although we cannot evalueate k 2i
-fits value will have no bearing on the conclusion that for the H^O3

catalysed mutarotation of D-glucose, mechanism (8) requires that the 

reverse of the rate determining step proceeds with an estimated rate 

constant greater than the diffusion controlled limit.

Similar calculations for catalysis by acetic acid and water, using 

the same catalytic coefficients as were used in the calculations for

mechanism (7) give expressions for k^ as follows :-
15 'lb —1 —1for acetic acid catalysis :- kg = (3»6 x 10 - k^ + 6x10 . k_2) M sec
25 2b —1 —1for water catalysis :- k ^ = ( 3 » 8 x 1 0  - k2 + 10 k_2) M sec

Clearly the values of kg will be very much greater than diffusion

controlled no matter what the value of k_2 is. Thus it would appear

that Jencks' objection to mechanism (8) is not only valid for water
catalysis but would eliminate mechanism (8) as a possible mechanism for

all acid catalysts. It would therefore seem that mechanism (?) is the

preferable one for acid catalysed mutarotation, although it too has



some doubt cast upon it, by the calculations herein, for catalysis 

by water. It could well be that some sort of concerted mechanism is 

required to account satisfactorily for water catalysed mutarotation.

It might also help to distinguish between mechanisms (12) and (13) if 

a similar set of calculations were carried out for base catalysed 

mutarotation. Consider first mechanism (12)

slow.

r  **&
^ fast 

HO-T'A--''0 " k2

h 1 b

HO 0  +
U BH

A i d

HO
B

(12)

Aid

Rate of reverse R.D.S. = k^ (Aid )(BH+)

= (Aid) ,
^  w r

K._. (B)(H )A i d -------
kb h h

“ kR* KAld. (Aid)(B)
k bh+

(59)

where , = the dissociation constant of the C(5) hydroxy-group of the Aid

and _ n
aldehyde

»» " ?r f* conjugate acid of the

catalytic base.

As before (Ald)/(S) = 2 x 10 ^

0°o Rate of reverse of R.D.S. = ^R^Ald^BH4"̂ ^ x ^  ^(S)(B) ....(59a) 
As in the previous discussion of mechanism (8) the expression relating 

to the observed rate constant (for base catalysis), kg, is a complex
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For a steady state approximation of the species ’’Aid ” we have:- 

kgCB)(S) + k_2 (Aid)(B) = kR K̂Ald/KBH+)o 2 x 10~5 (S)(B)+k2(Ald“)(BH+)

(60)
By the usual calculations this gives

= 5 x 10 „ kg. +  ̂ ^  ..................(61)

KAld KAld
where k2 and k 2 are the rate constants of the forward and reverse

reactions of the fast (second) step of mechanism (12).

Since the macroscopic dissociation constant of D-mannitol has been
148 — 14reported as 4.38 x 10 , one may say with a fair degree of accuracy

(certainly to well within an order of magnitude) that .. will beAid
-13approximately 10 .

Thus using this value of K and the catalytic coefficients for 

the mutarotation of glucose obtained in this work one can evaluate the

first term of expression (61) for catalysis by several bases :-
o —3 —1 —1e..g. 1. for ot-g-glucose at 25 , kg for pyridine catalysis = 6 x 10 M sec

and K._T + = 6.03 x 10
rSii

o°o For the pyridine catalysed reaction:-

k_ = 5 x 1o\ 6 X  10"3o 6.03 X  10~6 + k o 6.03 x 10.^ - k?
■ 1 0 -15 1 0 -13

= (1.8 X  101° + 6 .0 3 X  107. k _2 - k 2 )  M_1 sec” 1

10 -1Again k2 will be very close to the diffusion controlled limit, 10 M

sec”1, and so whether or not kg is greater than the diffusion controlled

limit may well depend on the size of k _2 which is unknown.

This may be seen more clearly for catalysis by morpholine:-
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e.g.2. For a-D-glucose at 25°, k^ for morpholine catalysis
=1.1 x 10" 1 M” 1 sec” 1 and K + = 4.7 x 10”9.BH

kp = 5 X  10 , 1.1 X  10 . 4.7 X  10 7 + k _ g .  4.7 X  10 7 - k

10” 13 1Cf13

= (2.6 x 108 + 4.7 x 1o\ k_2 - k ) M~1 sec”1. 

e.g. 3 » For of-D-glucose at 25°, kg for acetylpyr.idine catalysis

= 6.55 x 10" 4 M" 1 sec” 1
-4 4 -4 -4o°o kg = 6 .55 x 10 . 5 x 10 . 3*3 x 10 + k . 3 .3 x 10 - k2

10” 13 1013

kg = (1o1 x 1011 + 3.3 x 109. k_2 - k ) M” 1 sec”1.
10Since kg sw 10 it can be seen that kg will be close to or over the 

diffusion controlled limit for pyridine and acetylpyridine catalysis 

no matter what the value of k 2 is. But for stronger bases such as 

morpholine the value of kg is dependent on the value of k g. Since 

the value of kg is greater than the diffusion controlled limit for some 

bases, (and perhaps also for others), this must raise some doubts about 

the validity of mechanism (12) for general base catalysed mutarotation.

Consider now mechanism (13)

ht b \
fast . slow.(kg-) ^3)

hT ^ ,  B
B

S" Aid.
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Rate of R.D.So = k (S“) (HB+)s
= V  Ks lil - (B) (H+) 

(H+) Kbh+

= ks° Ks . (S) (B) ...........  (62)

*BH+
where = dissociation constant of the sugar (for QC-D-glucose = **»6 x 10-13

at 25°)
and Kgjj+ = ” n 11 " conjugate acid of the catalytic

base.

Thus the observed catalytic coefficient for base catalysis of mutarotation, 

kg, is related to k^ by the following expression

*B = V  h  .................. (63)
*hh+

j / ks = V  S h I  ..................  (6k)

!- KS
We can now evaluate expression (6*0 for several base catalysts:-

eg. 1. For a-D-glucose at 25 , kpyri(jine = 6 x 10 M sec (see table 97)

k6 = 6 X  10 t  6.05 X  10,. _ y g g  10^ M “1 sec“1
k.6 x  1 0

eg. 2 . For oi-D-glucoee at 25°, V-Acetylpyridine = 6 ,5 5 x 10 M ”'sec 1

(see table 159)
j j [— y\ /j

k = 6.55 x 10 3.3 x 10" = ^.7 x 10 M sec
s -'1V*u6 x 10 ;

eg. 3 For ot-D-glucose at 25°, = 1'1 x  10-1 M’ 1 Beo (see table 1°7)
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Thus as can be seen from these calculations mechanism (13) is quite 

compatible with the diffusion controlled limit.

To summarise what these calculations on the diffusion controlled 

limit with respect to mutarotation indicate

a) It appears that mechanism (7) is a more acceptable stepwise 

mechanism for acid catalysed mutarotation than mechanism (8). However 

some doubts also exist about mechanism (7) due to its inability to 

describe the water catalysed reaction satisfactorily.

b) For the water catalysed mutarotation of sugars, substituent' 

effects indicate the mechanism is similar to that for acid catalysed 

mutarotation, but calculations show that neither equation (7) nor (8) 

is tenable for water catalysis since they both involve a step (either 

in the forward or reverse direction) which would require to be faster 

than diffusion controlled. This would imply that a concerted mechanism 

must exist for water catalysed mutarotation.

c) For base catalysed mutarotation mechanism (12) appears 

doubtful on the basis that the reverse of the rate determining step 

would be very close to and by the calculations herein often greater
j
| than the diffusion controlled limit. Mechanism (13) appears to be
I

quite compatible with the observed data for general base catalysis.

*+•5.(iii) steric hindrance of general base catalysis and the mechanism 

of mutarotation

The mechanisms (12) and (13) differ principally in the site of 

the catalyst and the type of catalysis occurring in the rate determining 

step. In mechanism (12) the catalytic base functions as such in the
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rate determining step and is situated beside the C(l)-anomeric

hydroxy-group. In mechanism (13) the conjugate acid of the base 

functions as a general acid in the rate determining step and is

situated beside the ring oxygen of the sugar. It has already been 

pointed out (section *f.*0 that 2,6-lutidine is a much poorer catalyst 

than is expected on the basis of its basicity and that this has been 

widely ascribed to steric hindrance, by the (X-methyl groups of the 

aromatic base, of the general base catalysis. The most likely cause 

of this steric hindrance as was discussed in section k.k is an inter- 

molecular interaction between the methyl groups of the lutidine and 

non reacting atoms or groups of the sugar.

It might therefore appear possible that mechanisms (12) and (13) 

could be distinguished if one could correlate the degree of steric 

hindrance with the size of the group X either in series or in series 

2.
Clearly if the catalytic base is acting as in mechanism (12) it is 

conceivable that it will interact with substituents in the 2-position of 

the sugar ring. Not only is it conceivable, it seems highly likely
i
jsince one would expect the removal of the proton from the anomeric

hydroxy-group to occur in a trans—fashion as in rather than in a cis 

fashion as in



This would surely place the catalytic base closer to the substituent 

on the 2-position. Similarly if the catalyst is sited near the ether 

oxygen, one might justifiably postulate that the observed steric 

hindrance to lutidine catalysis occurred because of interactions 

between the catalyst and the substituent on the ^-position of the 

ring.

Accordingly an attempt to correlate the degree of steric hindrance 

to general base catalysis of mutarotation with the. size of the sub

stituents on the 2- and 5-positions of the ring was made.

Studies of the kinetics of mutarotation of series sugars catalysed 

by pyridine (tables 66 - 97)> *f-acetylpyridine (tables 150 - 159)» 

*t-methylpyridine (tables 130 - 159) and *t-ethoxypyridine (tables 1*1-0 - 

1^9) yielded the catalytic coefficients for catalysis by these bases, 

for each sugar in the series. This enabled Bronsted plots for 

catalysis by ^-substituted pyridine bases to be made (table 170) 

from which could be calculated the catalytic coefficient which a 

pyridine base with the pK of 2,6-lutidine would be expected to have.d.
Dividing this calculated catalytic coefficient for "lutidine catalysis" 

by the observed catalytic coefficient for lutidine catalysis (table 169)
I
yielded a steric hindrance factor (S.H.Fo - see table 171)» If the 

source of the steric hindrance were interaction between the lutidine 

molecule and the group X 011 the 5_Posi'tion of the ring, then one would 

expect this S.H.F. to increase with increasing size of X.

Similar studies with 2-substituted sugars (tables 190 - 21*0 led 

to similar Bronsted plots (table 215) and identically calculated steric



hindrance factors (table 216).
As can be seen from tables 171 and 216 the correlation between

the degree of steric hindrance and the size of the substituents is

very disappointing and inconclusive. With the 2-substituted sugars

(table 216) there is no correlation with substituent size whatsoever,

the smallest substituent (H) having the largest S.H.F. and the

remaining substituents showing no correlation with size at all.

With the ^-substituted sugars, the correlation with size is poor

but considerably better than with 2-substituted sugars. For example

small substituents like H and CEL have S.H.F.'s at the low end of the5
scale, while the largest substituent X = CrH ..CL(Gentiobiose) has theb 1 I p
largest S.H.F. But the range of these steric hindrance factors is

covered by a factor of about 2 .5 which is rather small, and there are

several deviations from the expected trend of values (eg. cf. values

of S.H.F. obtained for X = -NHCOCH, and X = CH.OPh).5 ^
It is obvious that the simple idea of molecular interactions 

between these substituents and the catalyst is too naive for this 

situation. It is conceivable that factors such as the solvation of 

the group X or differences in the conformation around the C(5) — C(6) 

bond could combine to make the original model too simple.

For example let us consider briefly the steric implications of 

steric hindrance to general base catalysis in mechanism (15)* It 

would appear, from modei.s, that the existence of such steric hindrance 

would require that the plane of the lutidine base be approximately the



same as that of the sugar. Otherwise steric hindrance (assuming that 
this arises from interactions of the methyl groups with the sugar) 
could be relieved by rotating the lutidine ring through 90°. In this 
situation the maximum interaction between the substituent X and the 
catalyst would occur when the conformation of the C(3)-C(6) bond was 
as shown in j? rather than the other two most stable, staggered con- 
formers 6 and 7. This has been illustrated for the general substituent 
X = ch2y

C(4)

6

Since there is no information available on the conformation around 

the C(5)-C(6) bond for the sugars in series 1 in aqueous solution, 
it can only be surmised that differences in this conformation from 
sugar to sugar could render the test for steric hindrance factors too 

simplifiedo
If anything can be drawn from the observed steric hindrance factors 

regarding the mechanisms (12) and (13)» it is that there exists a bit 

more evidence to suggest mechanism (13) is correct than there is for 

mechanism (12)o However a definite distinction between the mechanism^
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on the basis of these steric hindrance factors is out of the question.

If the mechanism of base catalysed mutarotation is a concerted one 

such as (16) with the catalyst sitting outside a chain of water molecules, 

triggering off the reaction, it is harder to rationalise the observed 

steric hindrance of general base catalysis. The existence of such 

steric hindrance certainly seems to suggest a close interaction of sugar 
and catalyst.

A further piece of evidence which might suggest that the site of the 

catalyst is that depicted in mechanism (13) is the already mentioned 

observation (see section k,J> A(ii) ) in this' work, that aromatic amines 

are much better catalysts relatively speaking for the base catalysis 

of the mutarotation of 6-0-phenyl- <x-D-glucose than are aliphatic 

amines (see tables 97 s 139» 1^91 139.? 169? 107? 117 and 33)° It seems 
unlikely to be coincidence that the catalysis by aromatic amine catalysts 

should be enhanced in the only sugar containing an aromatic residue.

Such an enhancement of catalytic effect is similar to that observed by 

Schneider"1̂  for the hydrolysis of ja-nitrophenyl acetate catalysed by 

amine bases. He found that aromatic amines were up to twice as 

;effective catalysts as aliphatic amines of the same and ho

ascribed this to intermolecular forces between the aromatic residues 

of the substrate and the catalyst. One might visualise such an 

interaction occurring more readily if catalysis by bases occurred by 

mechanism (13) where the catalyst is situated near the ring oxygen. A 

hydrophobic substituent such as -CH^OPh might be envisaged as destroying



26'4.

the solvation sheath of the sugar in that vicinity, perhaps creating 

a "pocket” or region where another hydrophobic molecule such as the 

aromatic amine catalyst might be more easily accommodated. Such 

considerations are largely speculation, but the enhanced catalytic 

activity of aromatic amines when X contains an aromatic residue is 

indeed interesting. Hydrophobic interactions between substrates and 

catalysts in aqueous solution are not unknown, and have been recently
169postulated as a means of endowing catalytic specificity in the 

hydrolysis of long chain alkyl-p-nitrophenyl esters catalysed by 

long chain alkyl amines and long chain N-alkyl imidazoles.

Af°6 . The Bronsted Catalysis Law and Mutarotation

Mutarotation, being one of the classic examples of a general acid- 

general base catalysed reaction, obeys the Bronsted catalysis law.
26Indeed mutarotation was one of the first reactions to which Bronsted 

applied his law, and found it to hold successfully. It is well known 

that the Bronsted relation is very often found to correlate successfully 

the catalytic coefficients for catalysis by acids or bases and the

pK 's of these acids or bases, provided that the acids or bases fall
. 150,188 . ..

I into a -series of closely similar structure. Thus m  the

reaction for which the Bronsted relation was first proposed, namely
151the decomposition of nitramide, the Bronsted law is well correlated 

within several different groups of bases sucn as bases with one 

negative charge, bases with two negative charges, neutral amine bases 

and bases with two positive charges. Within each group the value of
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the Bronsted exponent, P  , was constant but appreciably different 

for each group. Such differences are detectable because the decom

position of nitramide obeys the Bronsted relationship with a high 

degree of accuracy. Other reactions where such accuracy within 

groups of bases is not observed, include mutarotation, and in these 

reactions it is possible to give a single equation which is approximately 

valid for all classes of catalyst.

In the studies reported in this work however,' the Bronsted 

relationship was only derived for a single class of bases - the 

^-substituted pyridines. The Bronsted exponents , for all the 

sugars studied can be found in table 171 (for ^-substituted sugars) 

and table 216 (for 2-substituted sugars). These are of course obtained 

by linear plots least squares treatment) of the catalytic coefficients 

for catalysis by the substituted pyridines against the pK 1s of the 

bases. The values themselves are accurate to - 0.01. The 

results in tables 171 and 216 are interesting. For sugars with 

substituents in the 2-position, the Bronsted exponent^ remains 

constant at 0 ^ 9  - 0„01, while for sugars with substituents in the

5-position the yS value ranges from O 0V 7 to O.69 as the electronegativity 

of the substituent increases.

Such findings are interesting for several reasons. If one assumes 

for the moment, that such changes in the Bronsted exponent occur because 

of a change in the pK of the sugar molecule, then it is surprisingcl
that the values for the 2-substituted sugars are constant since



surely substituents in the 2-position with<5 values ranging from 

0 * 0*6 would affect the acidity of the anomeric hydroxy-group to

a considerably greater extent than substituents in the ^-position

(one bond further away) with 6 values ranging from -0 *0 5--- *0 o18.

Indeed one would think that the effect of the substituents in either 

position on the pK of the sugar would not be sufficient to cause a
cl

131change in Bronsted exponents. Neuberger and Fletcher estimate the 

pK 's of 2-acetamido-2-deoxy-glucose and 2-amino-2-deoxy-glucose
3.

hydrochloride to be 11065 and 10.5 respectively. This is much the

same size of pK change (glucose pK = 12.^ approx.) as was present a a
113in the substrates in Bordwell's study of arylnitroethanes where 

almost no variation of the Bronsted exponent was found as the sub

strate was changed. Indeed Bordwell further indicates that over a 

ApK range of almost 20 units the value for deprotonation of 

nitroalkanes andketones shows little variation and no consistent 

trend.
It seems most unlikely then, that the very small changes in the

,pK of the sugar caused by substituents in the 5-position of the ring, a
could account for the increase, i n v a l u e s  shown in table 171 • Indeed 

one can actually reason as follows that any trend due to this factor 

would be expected to be in an opposite sense to that actually observed 

A proton being transferred from one base to another will (as 

discussed in section 1.9 ) i*1 the transition state lie closer to the 

weaker base. The effect of putting increasingly electronegative
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substituents in the 5-position will, if anything, cause the sugar 

pK to fall, i.e. the glucosate anion will become a weaker base.d
Thus if we consider mechanism (12), the effect of increasingly 

electronegative substituents in the sugar on the degree of transfer 

of the anomeric hydroxy-proton to the catalytic base will be to make the 

proton lie relatively nearer to the sugar.in the transition state - 

thereby decreasing . This is of course exactly the opposite of the 

observed results. Precisely the same conclusion is reached in 

applying the same considerations to the alternative mechanism (13) 

for general base catalysis, where the proton transfer is actually the 

transfer of a proton from the conjugate acid of the catalytic base to the 

ring oxygen of the sugar.

It is therefore quite obvious that in the mutarotation reaction, a
152reaction which involves "heavy atom reorganisation" as well as proton 

transfer in the rate determining step, the value of the Bronsted exponent 

cannot be regarded as a measure of the degree of proton transfer in 

the transition state.

For the mutarotation reaction, the Bronsted^ measures the suscep

tibility of the reaction to base catalysis, and by far the .most important 

factor in determining this susceptibility is the ease with which tne 

sugar ring can break to form the open chain aldehydo—form. The

basicity of the proton involved in the accompanying proton transfer 

has apparently little or no effect in determining this susceptibility 

to base catalysis. This is of course why the reaction is also much



more susceptible to substituents in the ^-position of the ring than 

in the 2-position (cf. 4.3.B).

Since a very large proportion of acid-base catalysed processes 

consist of such proton transfers combined in the overall transformation 

with the reorganisation of a heavy atom framework, caution is urged 

in interpreting Bronsted exponents as measures of the degree of proton 

transfer in the transition state of such reactionso

In the list of Bronsted exponents in table 171} there are two 

sugars whose ylS values deviate from the observed trend. 6-acetamido-

6-deoxy glucose and 6-0-phenyl glucose appear to have Bronsted^values 

which are higher and lower respectively than expected from their positions 

in the series.
153 'Recently Kresge has postulated that deviant Bronsted relations

( > 1,0 or ( zero) can be explained by an intermolecular effect

between the substituent in the substrate and the catalyst. Such an

effect would only be present in the transition state of the reaction,

not in the initial or final states, and as such would explain the

situation whereby a reaction can show greater sensitivity to structural

change • in its rate than in the position of equilibrium of the reaction.

Kresge points out that Bronsted values greater than 1 o0 will be

expected when the intermolecular effect between catalyst and substituent

is greater than the intramolecular effect of the substituent within

the substrate. This sort of situation he maintains, will exist in

pseudoacids like the nitroalkanes studied by Bordwell ’ . With
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more conventional catalysts, the intermolecular effect will be small

but not totally absent. Its presence according to Kresge may still
significantly affect the Bronsted exponent.

Whether considerations such as these could account for the

deviations in noted for 6-acetamido-6-deoxy-glucose and 6-0-phenyl

glucose is doubtful, but it is interesting to note that certain inter-
molecular interactions between the -CH^OPh substituent and aromatic
amines may exist on the basis of the enhanced catalytic activity of
the latter (see section (iii)) and it is not unreasonable to point

out that a substituent such as -CH„NHCOCH , containing as it does a
dipolar carbonyl group, might also interact with a catalyst molecule
more readily than the substituents in the other sugars studied.

It must however be pointed out that the anomalous Bronsted
exponents ( > 1.0 and < zero) have also been explained on a totally

15^different basis by Marcus.
k.7 Linear Free Energy Relationships and Mutarotation

As was outlined in section A-.1, the study of the mutarotation of 
the sugars in series _1 and 2 is a structure - reactivity study in an 
aliphatic system. This section discusses the fit of the observed 
data to linear free energy relationships, which is of interest due to 
the relatively few aliphatic reactions which have been so correlated.

Inspection of the data for the kinetics of mutarotation of 
2-substituted sugars showed no trends and since only five such compounds 
were studied no attempts were made to fit the data to free energy
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relationships (other than the Bronsted law for each individual sugar). 

The work of this section was restricted to the ^-substituted sugars 
(series 1_).

One of the assumptions implicit in searching for linear free

energy relationships in reactions of a series of compounds is that

the mechanism of a reaction throughout the series is the same. One

way of checking this is to observe a constancy of kinetic isotope

effects throughout the series. Thus in order to determine these,

the mutarotation of all the sugars of series 1 catalysed by D^0+ in“ 3
deuterium oxide was studied (tables 118 - 128). This enabled the

isotope effects Q+/kp q+ anc* kjj qA ^  q to be calculated (see table 
3 3 2 2 

129)• The near constancy of both these isotope effects was taken

as an indication that the mechanism of mutarotation is constant through

out the series. The observed values are in close agreement with those 

previously observed (see section 1 .̂0 .

The first linear free energy relationship to which attempts were 

made to fit the observed kinetic data was equation (30) (see section 

1.8).
log (k/kQ) = a* . p* .................  (30)

where k = rate constant for the substituted compound and
k _ 11 it » " standard of comparison,
o 129In these studies the values of Charton have been used instead 

of the <5* values of Taft and equation (30) becomes

log k = <5“p - log kQ ............   (65)



where d  =  Cf^, k - the catalytic coefficient for catalysis by a 

particular catalyst on the substituted sugar, kQ = the catalytic 

coefficient for catalysis by the same catalyst on the standard of 

comparison which is (X-D-xylose, p  is the susceptibility of the 

reaction to changes in <5”
Table 225 illustrates the result of fitting the observed rate 

constants for catalysis by most of the catalysts studied, to equation 

(65). The results are quoted in the form of a correlation coefficient 

"r" which can be taken as a measure of the degree to which the observed

kcat values fit a linear relationship when plotted against & . The

table quotes the correlation coefficient obtained for these linear plots, 

firstly when the k values for all the eight sugars studied areCS't/ •
included in the plot and then when one k  ̂ value is successively 

155 85I omitted. Wells ^ and Jaffe ^ describe those relationships with a 

correlation coefficient > 0.99 as excellent, y 0.95 as satisfactory 

and y 0 .9 0 as fair.
As can readily be seen from the first row of table 225, only one of 

the plots give correlation coefficients y 0 .90, the majority of them 

giving such low correlation coefficients as to make nonsense of a 

suggested linear relationship. In every case the correlation

coefficients are most improved by omission of the kcato value for

OC -D-xylose (X = H). Inspection of row 5 of Table 225 shows that 

the correlation coefficient increases, often dramatically, by omitting 

this point from the plotso



This suggested that equation (65), which assumes that only the 
polar effect of the substituent influences the free energy of activation 
of mutarotation, is not adequate to explain the effect of structure on 
the mutarotation reaction. The most obvious refinement of equation 
(65) is to not only consider the polar effect of the substituent but 
also to allow for the steric effect of the substituent.

It is interesting to note that the best fits to equation (6f>) is 
obtained for the catalysts H^O, D^O, H^0+, D^0+ . ■ These catalysts
have the least steric requirements.

Thus the equation (66) which contains terms for both polar and 
steric effects was the next equation tried :~

log (k/k ) = ^  P + 6 E ...................  (66)o ' s
where k = catalytic coefficient for.mutarotation of the substituted

sugar

k = M ” M M M standard ofo
comparison

C  - inductive substituent constant
E = steric substituent constant (see section 1.8) s

Taft, by assuming that the inductive effect of the substituents
in acid catalysed ester hydrolysis was negligible was able to evaluate
E for his substituents. Such an assumption for the mutarotation is s
patently false (see table 11) and so no evaluation of the steric
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substituent constants is possible. Instead consider the relationship 

for two catalysts A and B

Then for catalyst A log (kA/kA) = Q kO + <$A E .......... (6?)o V s
and for catalyst B log (kB/kB) = pB cS + ^  Eg............ (68)

Combination of (67( and (68) gives

log (kA/k*) - log (kB/k®) = ( pA - y w  + ( 5* - <$B) Es .....  (69)
If we now make the assumption that the susceptibilities of the two

reactions (differing only in the type of catalyst) to the steric effects
A Bof the substituent are the same, i.e. & = <$ , then equation (69)

becomes

log (kA/k^) - log (kB/kB ) = ( p A ~ p B)<5-  (70)

i.e. log (kA/kB) = ( p A - pB)<5 + log (kA/kB) ...............   .(71)

Thus by plotting the differences in the logarithms of the k ^ ^

I values for two different catalysts we should eliminate the steric
' A Beffect of the substituent provided S  = S  . This is of course the

most important assumption in Taft’s analysis of this problem (see

section 1.8). The success which he had in correlating structure and

reactivity in ester hydrolysis in his opinion justifies this assumption.

Table 226 shows the results obtained from fitting the function

log (kA , /kB , ) to a linear relationship with (5* . cato cat.
As can be seen by comparing Row 1 of table 226 with the relevant 

values in Row 1 of table 225, a substantial improvement in the correlation 

coefficients indicates that equation (71) is a better representation 

of the factors which require to be taken into account in explaining
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the relationship between the structure of the sugar and its rate 

of mutarotation. For example the correlation coefficients of plots 

of the catalytic coefficients for catalysis by pyridine and ^-methyl- 

pyridine are O .317 and 0*391 respectively. When the data for these 

two catalysts is plotted in the form of equation (71) the correlation 

coefficient rises to 0 .9^3 .

However the correlation coefficients are still not particularly 

good, only a few of them falling into the category of a "fair" 

correlation described by Wells and Jaffe (see earlier). As would 

be expected after refinement of equation (63) to equation (71) to try 

to allow for substituent steric effects, the correlation coefficients 

are not consistently improved by the omission of any one sugar from 

the calculations and are not significantly improved by the emission 

of any of the sugars from the calculations.

Furthermore the functions used in table 22o have been selected 

from the possible combinations of catalysts, as those which give 

the best linear relationships with <5 . There are other functions 

log (kA/kB ) which when plotted against <5 give exceedingly poor 

linear, correlations. A selection of these are shown in Table 227°

So clearly although equation (71) brings about an improvement in 

the correlation of some of the catalytic coefficients with C$ (table 226), 

there are others for which little improvement is achieved (table 2d7)•

It is not easy to see why this is so. If for example the reason was

that for some catalysts the assumption of constant steric effects
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A B( S = 6 ) was true, but that for other catalysts it was not, then
c A c Bsurely it would be expected that o would equal o when A and B

were catalysts of the same family. e.g. pyridine, ^f-methylpyridine, 

ethoxypyridine etc. But table 226 shows that for example, the 

correlation of log ̂ epyApy) with <5 is poorer than that of 

log q+) with <5 (where MePy is an abbreviation for ^-methylpyridine
3

and Py for pyridine). Similarly log (k̂ . Q+/kp q+) gives an extremely poor
3 3

linear correlation (see table 227)* Thus this explanation seems an 

unlikely one.

What seems more likely is that equation (71) is in need of further 

refinement to take into account some of the other factors which may be 

influencing free energy relationships. A few possible factors are 

as follows

(a) The rate constants which are being used in the correlations 

are composite quantities. On the simplified basis of equation (36)

(see section Ac2) 

k„
a /3 (36)

k -1
k , , = k  + kobsd. 1 -1
Only if K = k ^/k^ is constant throughout the series of sugars

it valid to use k . , values in the linear free energy plots (seeo bsu o
section ^.3 . B). That this is so for ^-substituted sugars within 

a small error has been verified in this thesis. However it is 

possible that such a kinetic treatment is too simplified and that as

is
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detailed in section +̂.2, the rate equation describing the equilibrium 
(*f0)

koc k
«   * A 'P    (40)

k-« k/5
is Rate = ka .(ei) ^ P* kg ■ ) ............

1 + p 1 + p
where p = partitioning ratio of the open chain aldehyde i.e. p = k  /k“OC -p
In the more simplified treatment (equilibrium (36)) the rate equation 
is:-

Rate = k^Of) - k_1 (fi)................... (451)
'IIf we compare equations (V?) and (V? ) at zero time in an

experiment in which the mutarotation of a pure <X anomer is being
studied, then we have

(Rate) = k.(OC) = ka ( < X  ) /(1 + p)O I o a o
.°. k = ka /(l+p)

and similarly k  ̂ = P»kg /(1 + p)
It is possible that one should in fact be using k ^  (or )

values instead of k , n values in these structure - reactivity studies.obsd.
Since no information exists on the partitioning ratios of all the 
sugars in series 1_, the rate constants k^ , kg etc. cannot be
extracted from the observed rate data. The use of the observed
rate constants will only be equivalent to the use of k^ constants 
if p is constant throughout the series of sugars. By assuming that 
this is so, a source of error in the linear free-energy relationships 

may have been introduced.



(b) The assumption that <5̂  = <5̂  may not be at all valid.
This will patently mean that linear free-energy relationships based 
on equation (71) will have errors built into them due to this invalid 
assumption. Although the assumption of constant steric effects in 
acid and base catalysed hydrolysis of esters was one of the pillars 
of Taft's treatment, it may not be true for the mutarotation of glucose. 

(Section 1.8 gives some of the objections to this assumption)0 
Certainly one of Taft's other assumptions - namely that the polar 
effect of substituents can be ignored in acid catalysed hydrolysis of 
esters (see section 1.8 - equation (28)) - 'is not true for acid catalysed 
mutarotation (see table 11).

(c) An assumption implicit in our treatment (and Taft's) of
free energy relationships is that the relative free energy of activation 
may be treated as the sum of independent contributions from polar, 
steric and resonance effects of the substituent. This of course may 
not be true if there was also a contribution to the relative free energy 
of activation from differences in the solvation energies of the sugars.

This may be illustrated by the following thermodynamic cycle:-

AGV

V
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where I.S. and T.S. represent the initial and the transition states

respectively. A G  the free energy of activation in solution differs
♦ + 

from that in the gas phase A G  (g), by the sum of AG (s) the free energy

of solution of the transition state and A  G° the free energy of

vaporisation of the initial state from the solvent. Now for the

linear free energy relationships being studied one is concerned with

the changes in the free energy of activation along the series of

sugars. These changes can then be factorised as follows:--
 ̂ *(*

d A G  = dAG, v + dAG, . + dAG° .........  (72)(g) (s) v *
It is quite possible that the contributions to d A G  from the

solvation of the transition state and the vapourisation of the

initial state from the solvent, will vary with-the substituent on

the sugar. Any analysis of the solvation of a solute in aqueous

solution must include solvent-solvent interactions, solute-solvent

interactions and perhaps solute-solute interactions.

Information on such interactions is scant, since even the

solvent-solvent interactions are unknown. Several theories of the
157structure of water exist and these have been reviewed by Wicke. 

Basically these theories are of two types. One which regards 

liquid water as a homogeneous extensively hydrogen bonded system, 

and the other which regards water as consisting of different molecular
158aggregates ranging from "clusters" , of perhaps up to 100 water 

molecules extensively hydrogen bonded with a resultant fairly rigid 

structure, through smaller entities of two to six molecules ("the third



279.

, , ,,197, 1 6 0 s . . n ^state ; to single free, non-hydr.ogen bonded water molecules
in between the other molecular aggregates.

Opinion is just as divided on the nature of solute-solvent
158interactions. Some authors prefer a model where the solute sits

inside a solvent shell - a clathrate type model where the solute

wears the solvent "like a suit of armour" while others”̂ ^  prefer a

model where the small water molecules pack closely round the solute

- "more like a tight fitting sweater" - with a resultant deformation
165of the normal hydrogen bonded structure of the solvent. Grunwald

concludes from some of his studies "that the interaction energy to

be gained by the close approach of water molecules to the solute

molecule is very substantial and that the necessary deformation of the

normal v/ater structure does take place. ’ .

Unfortunately, little or no information is available on the

sugar-water interactions which can be expected to occur in the aqueous
1 5 6studies reported in this thesis. Kabayama and Patterson discussed 

the solvation of sugars in aqueous solution on the assumption of the 

"continuum" model of the structure of water. However it is doubtful 

whether the tridymite structure which they assume is a true representation 

of the structure of liquid water at room temperature, and therefore 

their conclusions as to the mode of hydration of sugars are doubtful.

What seems possible is that if the solute-solvent interactions
163are of the form envisaged by Grunwald, then in the series of sugars 

studied, where the substituent varies considerably in its polarity,



the differences in the free energy of solvation may have a con

siderable effect on the relative free energies of activation and 

hence lead to unpredictable deviations from linearity when rate data 

are fitted to free energy relationships such as equation (71).

One could argue that such solute-solvent interactions might 

lead to no net free energy change due to a concomitant decrease 

(due to the solute-solvent interactions) in the enthalpy and the 

entropy. That such changes in entropy and enthalpy should be of the

same order of magnitude or linearly related is by no means obvious.

(d) The free energy change of a reaction at temperatures above

absolute zero is related to the heat capacity changes by the equation
T T

A G °  = AH° + fAC dT - T f A C  dlnT .............  (73)
J p J po * o

where A H °  = enthalpy change at 0°K and the two integral terms

represent the excess enthalpy and excess entropy at the temperature 

T. Then the change in the free energy brought about by varying the 

structure of the substrate is related to the heat capacity changes by
ip

dAG° = d A H  + J  d A C pdT - T d A C  dlnT .......  (7*0P

A linear free energy relationship would require that the heat capacity
changes in a series of compounds to be zero, constants or to vary

systematically. These heat capacity changes have often been assumed 
l6*fto be negligible or constant in a series of similar, related 

compounds.
Recent studies'1̂ ’ have shown that the heat capacities of



some organic compounds in solution are not zero or constant in

series of similar compounds. Significantly, one of the classes of
165compounds studied was the low molecular weight alcohols which 

would be expected to be highly solvated in aqueous solution. Previous 

examples of significant heat capacities were restricted to cases where 

solvation is known to be particularly strong - namely the creation or 

neutralisation of ionic charge, i.e. the reactions of ions (e.g. the 

ionisation of cyanoacetic acid in water^^a) One might reasonably 

conclude therefore that the heat capacities of sugars in aqueous 

solutions, (where presumably the importance of solvation is inter

mediate to that of monohydric alcohols and ions) will not be zero 

or constant, and that in a series of sugars such as where substitutents 

are both hydrophobic and hydrophilic, the heat capacities of solution 

may well vary erratically. This will in turn lead to unpredictable 

and possibly significant variations in the free energy of activation 

of the dbudied mutarotation reactions, which could also lead to deviations 

from linearity in free energy relationships.

Summary The studies reported in this thesis have amongst other 

things’ shown that the changes in free energy of activation for the 

mutarotation of a series of sugars cannot be factorised simply into 

polar and steric potential energy terms. Several possible reasons 

for this have been discussed in this section and perhaps the most 

likely explanations of the failure of linear free energy relationships 

are those outlined in (c) and (d) above. After the studies carried 

out in this thesis one tends to have sympathy with Arnett’s view that



it is hazardous to draw conclusions from small differences in rate

or equilibrium constants as to the inductive, steric and resonance

contributions to these rate differences. Had the free energy

relationships studied in this work proved to be rigorously linear,

one might we11 have overlooked the pitfalls in dividing small

reactivity differences into stereoelectronic factors whose theoretical

development applies to the gas phase at absolute zero.

h.8 . Intramolecular Catalysis and Mutarotation

The field of intramolecular catalysis is a widely studied one,

because of the large rate enhancements which are very often found

in intramolecularly catalysed reactions and the analogy which is

often drawn between such rate enhancements and the much larger rate

enhancements observed in enzymic catalysis. As with intermolecular

catalysis, nucleophilic, electrophilic and basic catalysis are

possible, the most frequently encountered mode of catalysis being

the first named. Much of the earlier work on intramolecular catalysis
170has been reviewed by Capon

Many reactions have been shown to be intramolecularly catalysed.
171 171 172 173 17̂ -The hydrolysis of glycosides , acetals ’ ., esters ’ and

amides"*^, substitution reactions at saturated carbon1^ 0 and many

solvolysis reactions^^ are among the examples of such reactions.

X J i  1 recently there was no reported case of intramolecular catalysis

of mutarotation.
17SHowever the observation of Salas et. al that glucose-6-phosphate 

undergoes spontaneous mutarotation over 100 times faster than glucose
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32itself, prompted Bailey et. al. to investigate the mutarotation 

of glucose-6-phosphate more closely. They confirmed the earlier 

observation by finding that the mutarotation of glucose-6-phosphate 

was 2^0 times faster than that of glucose under the same conditions.

Further studies led them to postulate that this rate enhancement 

was due to intramolecular general base catalysis of the mutarotation 

reaction by the phosphate group on C-6 . Although the most common 

form of intramolecular catalysis is nucleophilic catalysis some
A rpfl A nn

examples of intramolecular general base catalysis have been reported. \

In the studies reported in this thesis the catalytic groups partici

pating in intramolecular general.base catalysis are the carboxy-group 

and a phenolic hydroxy-group0

It was therefore considered that by suitable choice of substituent 

in the 3 position of the sugars of series I, one might be able to 

confirm or reject the postulate of intramolecular general base 

catalysis in the mutarotation reaction. The compounds 8 and 9 were

synthesised and the kinetics of their mutarotation studied.

HOHO'
HOOH

OH

10
Tables 172 - 179 give the results for the mutarotation of 8 

in a series of formate, acetate and pyridine buffers in the pH range



2 - 6 .  The results were extrapolated to zero buffer concentration

and the resultant rate constants for spontaneous mutarotation were

plotted against the pH of the buffer. The result as can be seen

from Fig. 9 is a sigmoidal pH rate profile (data in table 180).

Now it is to be expected on purely inductive grounds that the

spontaneous rate of mutarotation of the ionised form of 8 (i.e.

compound 10) would be greater than that of the unionised form

(i.ec compound 8) since the inductive substituent constant of the

substituent - CH^Co^ is + 0.01 while the corresponding value for

the unionised substituent -CH^CO^H must' be approximately 0 o17 (see 
129Ndata of Charton ). This decrease in the electronegativity of the 

substituent as the acid becomes ionised would lead us to expect (by 

interpolation in table 11) an approximate rate constant for spontaneous
-kmutarotation of 6 x 10 , for the fully ionised acid. The observed

_ 3value of about x 10 suggests that there may be a moderate 

contribution to ihe spontaneous rate from intramolecular general base 

catalysis of the reaction by the carboxylate group.

The kinetics of the spontaneous mutarotation of 8 can be expressed 

by •
k . (S. ) = k (SH) + k (S)   (75)ohs. t SH s

where the rate constant k . refers to the observed rate of spontaneousobs.
mutarotation of the sugar, k̂ .̂ = rate constant for spontaneous mutarotation

o n

of the unionised form of the sugar which is denoted by SH, and k =O
rate constant, for the spontaneous mutarotation of the ionised form of



the sugar which is denoted by S, and S =•total sugar concentration.
Now (S ) = (SH) + (S) ....... ...........  (76)

Combining (75) and (76) gives

k . ( (SH) + (S) ) = kcu (SH) + k (S)obs* SH s

’ 0 kobs. = £kSH° + k J  / j>1 +  ̂ ..........  (77)
K Ka a

where K = dissociation constant of the acid SH. a
i.e. k , = ( (kc o 10~P /K. ) + k ) / (1 + 10~P /K ) ......  (78)obs. SH a s ar pH/K. ) + k ) / (1 + 10"pH/a s
The observed rate data were fitted to equation (78) by a generalised 

least squares procedure whence the best fit of the data was given when

SH = 2.^8 x 10 ^ sec  ̂ and k = koky x 10 ^ sec ^
—5 —5K = 5«08 x 10 (approximate experimentally determined K = ^-.0x10 a a

Hence the solid line shown in Fig. 9 represents the' equation •

k . = ((2.48 X  1o”\  10“pH/5.08 X  10"^) + 4 .^ 9 x 10“5)/(1+10“pH/5.o8 x 10~obs
(79)

The value of the k,,IT is just under twice the rate constant for the 
o n

spontaneous mutarotation of 6-cyano-6-deoxy-D-glucose (6 = 0 o18, see
-ktable 11 where k^ ^(H^O) for 6-cyano-6-deoxy~D-glucose = 1.3^ x 10 ).

The value of k is about eleven times greater than the rate constant s
for the spontaneous mutarotation of glucose (<5 = 0o05, table 11 shows 

k^ q (H20) = ^.00 x 10 ) and five times greater than the same figure

for the spontaneous mutarotation of 6-deoxy-D-glucose ( ^ =  0o05* 

kjj q(H20) = 9*09 x 10 ^ sec  ̂ (from table 11) ).

It is often difficult to calculate the magnitude of the intra

molecular catalysis, i.e. to compare the rate of the intramolecular



reaction with the rate of the equivalent intermolecular reaction.

One of the most common ways of comparing the inter and intramolecular 

reactions is to compare the first-order rate constant for the intra

molecular reaction (say k^), with the second-order rate constant (say 

k^) for the intermolecular reaction catalysed by the equivalent catalys 

to that acting in the intramolecular reaction.

Then k^/k^ gives the hypothetical concentration of catalyst which 

would be required in the intermolecular reaction to give a pseudo first 

order rate constant equal to the measured first-order rate constant 

of the intramolecular reaction. These hypothetical concentrations 

(or "effective molarities") are often very high and in practice 

unattainable.

To try to calculate the extent of the intramolecular catalysis

occurring in both the unionised and ionised forms of 6-deoxy-D-gluco-

hepturonic acid we require the second order rate constant for the

mutarotation of the species 8 catalysed by an acid (closely akin to
“•5acetic acid) with a pK of f̂.3 (K = 3*08 x 10 ), and the seconda a

order rate constant for the mutarotation of the species _10 by the 

conjugate base of such an acid. We can only estimate these, but the 

estimates are of reasonable accuracy and will give a good approximation 

to the '^effective molarity" of the carboxy-group in the intramolecular 

catalysis observed in 6-deoxy-D-glucohepturonic acid.

From Schmid's work2^ we have that the second order rate constants 

for the acetic acid and formic acid catalysed mutarotation of glucose
j j | /j —

at 25° are 1.23 x 10 and 2.96 x 10" M~ sec“ respectivelyo Thus
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-kthe corresponding figure for an acid of pK = k.J would be 2.0 x 10a
—1 -1M sec . Due to the increased electronegativity of the -0^ 002^ 

group compared with the -CH OH group of glucose and the observed 

trend for the catalytic coefficients for acid catalysis as the electro

negativity of the 5-substituent changes (see table 11), a second order 

rate constant of approximately 0.75 x 10 M sec for the catalysis

of the mutarotation of 8 by an acid of pK b.J> is reasonable.— a
o *. The effective molarity of the unionised- carboxy-group in

_ _2j. _ii _l±
8 is given by kSH/0o75 x 10 -M = 2.^8 x 10 /0„75 x 10 M

«  -3M.

Similarly the data of Schmid give the second order rate constants

for the acetate and formate ion catalysed mutarotation of glucose at
o -3 • -k -1 -125 as 1.^8 x 10 and 8 .63 x 10 M sec respectively. ' Thus the

corresponding rate constant for catalysis by the conjugate base of an
-3 -1 -1acid with pK = f̂03 is 1.2 x 10 M sec . Since the electronegativityQ.

of the -CH2OH group and the -CH^CO^ group of the ionised acid are 

similar this rate constant will be in fairly close agreement with the 

required rate constant for the catalysis of the mutarotation of the 

ionised form of 6-deoxy-D-glucohepturonic acid (i.e. 10) by the 

conjugate base of an acid of pK^ = k.J>»
The effective molarity of the ionised carboxy-group in the

_3
mutarotation of 10 is given by k /102 x 10 MO

ice. effective molarity = -̂0^9 x 10 ^/102 x 10 M 

Thus in both species 8 and 22 the degree of intramolecular catalysis



is represented by an "effective molarity" of the catalyst of about 
3-^M.

Similar considerations by Bailey e_t. al.*^ gave a figure of 2.2M
for the intramolecular catalysis observed in glucose-6-phosphate. These
"effective molarities" are very much smaller than those often observed

*1 82in intramolecular reactions, and is indicative of fairly moderate
intramolecular catalysis. That the mutarotation of glucose-6-phosphate
is too fast for polarimetric measurement whereas that of 6-deoxy-D-
glucohepturonic acid is not, is a result of the relative base strengths
of the phosphate ion and-the carboxylate ion.

Thus it would appear there is evidence of intramolecular general
acid and general base catalysis in the mutarotation of 6-deoxy-D-gluco~

32hepturonic acid to support that postulated by Bailey et. al. in the 
mutarotation of glucose-6-phosphate. However some doubt must exist as 
to the detailed mechanism of such catalysis.

Bailey and coworkers claim that in a scale model of glucose-6- 
phosphate, "the freely rotating esterified primary hydroxy-group at C-6 
allows ready contact between the oxygen of the phosphate group and the 
anomeric hydroxy-group of the glucose molecule whether this be in the 
0< or configuration". One must have reservations about this
statement, particularly if one considers that, if base catalysis occuis 
by removal of the anomeric hydroxy-group1s proton by the base with 
simultaneous ring opening (i.e. mechanism 0 2 )), then the proton should 
be removed in a traps-fashion as in 3 (see section +̂<>5 (iii)) not in 
a cis-fashion as in k. Such trans-removal would make it exceedingly
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unlikely that the phosphate group on C-^ of glucose-6-phosphate could 
be in a position to act directly on the anomeric hydroxy-group as a 
general base. What is absolutely certain is that the ionised carboxy- 
group in 10, by no stretch of the imagination could be in a position 
to act as a base directly on the proton of the anomeric hydroxy- group. 
It is conceivable that if the above remarks regarding the trans-fashion 
of proton removal are erroneous, then one could visualise the ionised 
carboxy-group acting as a general base catalyst via a water molecule 
as in equation (79) in a manner somewhat analogous to the mechanism

177of aspirin hydrolysis.

Another, possibly more probable, explanation is that the observed 
intramolecular general base catalysis of the mutarotation of _10 by the 
ionised carboxy—group, may in fact be intramolecular general acid catalysis 
of the mutarotation of the anion 11_ by the unionised carboxy-group as 

depicted in equation (80).

11



This is equivalent of course to mechanism (13) for general

base catalysis. Clearly it may also be invoked in the case of 
glucose-6-phosphate, thereby overcoming any reservations about t! 
ability of the phosphate group to act as a general base direct!; 
the anomeric hydroxy-group.

Such a mechanism may also explain the rather moderate value 
obtained for the "effective molarities" by the following cons ids 

If the mechanism of intramolecular base catalysis of the rnv 
of 6-deoxy-D-glucohepturonic acid is as depicted in equation (80 
it would be expected that the carboxy-group’s proton (i0e. in st: 
11) would sit as close as possible to the ring oxygen of the su 
since bond formation will occur between these two atoms in the i 
determining step. The approach of this proton to the ring oxyr 
closest when the sugar is in probably the least favoured confer. 
This is true for three reasons.

(a) when the carboxy-group1s proton is closest to the rir. 

oxygen of the sugar, the conformation around the C(3) ” C(6) bon..! 

the sugar, is fully eclipsed (see structure 12)

eclipsed conformation and form a more stable (staggered) confon: 
results in moving,the 0 - H of the carboxy-group further away i: 

ring oxygen atom.

H

12

Any rotational movemem around C(5) - C(6) to relieve this



(b) In order that the proton of#the carboxy-group may sit 

anywhere near the ring oxygen at all the conformation around the 

C(6) - C(7) bond is the least stable fully eclipsed conformation 13
CJ5) /" "x *A\

HO'
13:0

Although there is not h* great deal of information concerning the
8oconformation of carboxylic acids, X-ray studies and circular 

181dichroism spectra seem to indicate that the most energetically
3 2favourable conformation about the C(sp ) - C(sp ) bond of carboxylic 

acids is that in which the carbonyl group is eclipsed with the carbon 

atom as in 1*f.

14

If one accepts Pauling’s conception of the ’’banana” bond for a

double bond, then Ik 3̂ equivalent to the fully staggered conformation
3 3about a C(sp ) - C(sp ) bond.

(c) the conformation within the carboxy-group itself is of
si Q si Pi1"?

necessity the cis-form rather than the more stable trans-form 16 ’

o  o»  II
Thus when one considers these three factors, it is not surprising 

that the intramolecular catalysis observed is only moderate. It would 

be most interesting to study the kinetics of spontaneous mutarotation 

of the compound 17 to see if any increased intramolecular catalysis

OH



could be observed.

HO
HO

HO OH

Certainly, inspection of a model of T7 shows that the unfavourable 

interactions (a) and (b) detailed above, would be eliminated and sub

stantially relieved respectively in compound T7 and hence one might 

expect greater intramolecular catalysis to exist in the spontaneous 

mutarotation of 1_7.

As has already been indicated, the mutarotation of glucose 6-phosphat

is too fast for polarimetric measurement due to the strength of the base-
• 2-  - phosphate ion HPO^ . Thus when the kinetics of mutarotation of

6-0-(o-hydroxyphenyl)-D-glucosey9  ̂were studied, it came as no surprise
that only a small fraction of the pH rate profile could be observed

polarimetrically, since the potential intramolecular base catalyst was
2-a phenoxide ion - a much stronger base than even the ion HPO^

Tables 181 - 185 give the results for the HC1, pyridine, A-methylpyridine 

and 2,6-lutidine catalysed mutarotation of 9* Extrapolation to zero 

buffer concentration for each buffer gave the rate constant for the 

spontaneous mutarotation of _9 at the pH of that buffer. These rate 

constants for spontaneous mutarotation are listed in table 186 and Fig. 10 

shows the pH rate profile of 9 (so far as can be studied) and that of 

glucose and 6-deoxy-D-glucohepturonic acid (8) for coraparison0

Clearly, if the rate enhancement is due to rapid mutarotation of
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the ionised form of 9 then the pH-rate ppofile of will be of the

same type as that for 8 with the kinetic expression (73) also describing

the kinetics of the spontaneous mutarotation of However due to the

strong intramolecular catalysis observed in compound we are only

able to study a very small faction of the pH rate profile when the

following expression holds (S^) .ss (SH) where S^ = total

concentration of substrate in solution, SH = unionised substrate and

S = ionised substrate.

From (73) k , (SH) = kCIJ(SH) + k (S) ..........  (81)obs SH s
+Now for the sugar equilibrium SH ■=?==*■ S + H

“f"K = (S)(H ) where K = dissociation constant of the sugar,a a
(SH)

•*. (81) becomes ■

k . (SH) = kQTJ(SH) + k (SH) . K ......................(82)obs SH (eF)~ a

k v (SH) = kOXI(SH) + k (SH). K (OH")obs SH s _a o
Kw

1,e* kobs = kSH + k . K (OH") .  (83)s a •
Kw

Thus the observed data for the spontaneous mutarotation of

6-0—(o—hydroxyphenyl)-D-glucose should obey the rate equation (83).

When the data of table ”186 are plotted against the concentration of

hydroxide ion a linear plot of slope 2.28 x 1CT is obtained. This is

2,700 times the value of kQH- for 6-0-phenyl-D-glucose and is presumably

due to the rapid rate of mutarotation of the ionised form of 9̂ .

Therefore k <> K = 2.28 x 10^s _a
Kw



Nov; the pK^ of 6-0-(o~hydroxyphenyl)-D-glucose was measured
1^0spectrophotometrically by the method of Albert and Sergeant and

= 9.78 (see table 189) o'. K = 1.66 x 10" 10a
o°. k = 2.28 x 10~9 -1 1 ^ .0 sec" 1s  sec

1.66 x 10

This is the first-order rate constant for the mutarotation of the 

ionised form of 6-0-(o-hydroxyphenyl)-D-glucose C^).

To calculate the effective molarity of the phenolate group in this 

intramolecular catalysis we require the second-order rate constant 

for the mutarotation of 9 catalysed by a phenolate base of pK 9»78.
3.

The closest which we can obtain to this figure is the second-order rate

constant for the mutarotation of 6-0-phenyl-D-glucose catalysed by the
-1 -1phenolate ion itself (see table 188) which is 1.2^ M sec . Since 

the catalytic coefficients for base catalysis of the mutarotation of 

6-0-(o-hydroxyphenyl)-D-glucose are slightly lower than those for the 

mutarotation of 6-0-phenylglucose (cf. tables 182 - 185 with relevant 

tables for 6-0-phenylglucose) due presumably to the difference in the 

electronegativity of the groups, and since the phenolate ion is a 

slightly stronger base than the phenolate ion acting as the catalyst in 

the intramolecular reaction, then a more accurate second-order rate

constant for comparison with the first-order intramolecular rate constant
-1 -1would be 1o0 M sec .

Hence the effective molarity of the phenolate group in the 

mutarotation of the ionised form of 9 is approximately equal to k /1.0MO
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m  1̂ -M. (It should be repeated that all the "effective molarities" 
calculated in this section are approximate, owing to the need to 
estimate the second-order rate constants for the corresponding inteimolec- 
ular reaction. However the studies reported in this thesis enable these 
estimates to be made with a fair degree of confidence, and so the effective 
molarities calculated for the mutarotation reactions herein reported 
give a good idea of the effectiveness of the intramolecular catalysis 
occurring.).

Again, the mechanism for intramolecular general base catalysis 
can be discussed in terms of analogies to the intermolecular mechanisms 

(12) and (13) (see sections 1.5 and
Equations (8 f̂) and (85) illustrate the two;types of mechanism 

(analogous to (12). and (13) ) which may describe the intramolecularly
catalysed mutarotation of 6-0-(o-hydroxyphenyl)-D-glucose

p/ t^hsIq&ho 
' ^ hA h  " O '
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Whereas with the compound 6-deoxy-D-glucohepturonic acid it 

was necessary if true general base catalysis were the mechanism (i.e. 

equation (79) ) to invoke the presence of a water molecule in the 

mechanism, with 6-0-(o-hydroxyphenyl)-D-glucose (_9) an inspection of 

models shows that a mechanism such as that depicted in equation (8^) 

may not require a water molecule in the mechanism although it has been 

included in the illustration, i.e. it may be geometrically possible 

for the phenolate ion to remove a proton directrly from the anomeric 

hydroxy-group. However the same objection as before still remains - 

namely that the intramolecular base (whether via a water molecule or 

not) cannot be in a position to effect trans-removal of the proton0 

Therefore again one might prefer mechanism (89) where the rate 
determining step is- in fact general acid catalysis of the sugar anion 

18 by the phenolo
The increase in the degree of intramolecular catalysis (as 

measured by the effective molarities) is significant but disappointing 

in view of the fact that the unfavourable conformational interactions 

(a), (b) and (c) outlined previously for 6-deoxy-D-glucohepturonic acid 

are not present in 6-0-(o-hydroxyphenyl)-D-glucose0

Certainly, from table 187, it can be seen that the observed rate 
enhancements in the spontaneous mutarotation of 6—deoxy—D—glucohepturonic 

acid (8) and 6-0-(o-hydroxyphenyl)-D-glucose are not due to inter- 

molecular catalysis by the sugar but appear to be examples of intra

molecular general base catalysis in mutarotation thus confirming the
.32first reported example of such catalysis — namely the mutarotation of
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glucose-6-phosphate.

^.9o "Tautomeric Catalysis11 and Mutarotation

In section 1.3 the controversy over whether concerted

general acid - general base catalysis existed in mutarotation reactions

was discussed. It was pointed out that the most convincing examples

of such catalysis appeared to exist in non-aqueous solution, in
Lq Zmparticular in the classical work of Swain and Brown 5 . Their

work on the catalysis of the mutarotation of 2,3}^j6~tetramethyl-oc-D- 

glucose by 2-pyridone in dry benzene first established the theory of

concerted general acid-base catalysis which continues to enjoy con-
.. .  , 18^-186 siderable popularity

However as outlined in section 1.3 several authors have disagreed 

with the concept of'concerted general acid-base catalysis and recently 

Rony^ has proposed that catalysts which exhibit bifunctional catalysis 

do so not because they can act as concerted general acid-base catalysts 

but because they are all tautomeric catalysts which derive their 

catalytic power from their ability to exchange two protons without 

forming high-energy dipolar ions. If this concept of tautomeric 

catalysis is valid, then one should be able to correlate the effective

ness of a catalyst with the free energy of activation of tautomerism of 

the molecule. Unfortunately little is known about the free energies 

of activation of tautomerism. Nearly all the data in the literature 

pertains to the equilibrium proportions of tautomeric mixtures in 

solutions i„e. the known data relate to the relative standard free 

energies of the tautomers.



Consider a tautomeric catalyst A, where at equilibrium both 

tautomers are present in equal proportions in solution. Thus the 

energy profile for the tautomerisation of A is

U)
ocLU

Reaction Coordinate

Now consider a closely related tautomeric catalyst B, where at 

equilibrium the tautomeric composition in solution is 99*1 • For the. 

sake of simpler illustration let the less stable isomer have the same 

free energy as the tautomers of compound A. Then there will exist 

three relative free energy profiles for tautomeric catalysts A and B.

A

B

Reaction Coordinate



In Fig. 11 (i) AG* > A G *■D A
n " 11 (ii) AG *  s AG*B A

" " 11 (iii) AG* < AG*
. *

whereAG = free energy of activation for relevant catalyst. If Fig.

11(i) represents the truesituation then catalyst B will b© a poorer

catalyst than catalyst A, if Fig. 11(ii) were correct catalyst B would

have the same catalytic power as A, and if Fig. 11(iii) were correct

catalyst B would be expected to be a better catalyst than catalyst A.

On the assumption that Fig. 11(i) represented the most likely

situation and that a favourable change in the free energy difference in

the tautomeric forms of a catalyst would reflect itself also -in a

favourable change in the free energies of activation of the tautomerism,

a search was made to find catalysts as similar as possible to 2-pyridone

which had a lower Ag° in a suitable non aqueous solution. 2-pyridone

is well known to exist premominantly as the "keto-tautomern under
190nearly all conditions. ' In terms of figure 11, we were looking , 

for a catalyst which qpprcached catalyst .A, rather than B which might

I well represent the molecule 2-pyridone ̂ ===:2-hydroxypyridine.
' 191A recent paper of Spinner and Yeoh on pyridone-pyridol

tautomerism in substituted 2-hydroxypyridines, suggested that the

compound 2-hydroxy-6-methoxypyridine although existing predominantly

as the pyridone in aqueous solution, existed very much more as both

tautomers in non aqueous solvents. As the polarity of the solvent

decreased the percentage of the pyridol form increased dramatically„
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This does not occur with the compound 2-pyridone itself. Molecular
192orbital calculations of Dewar have also indicated that the free 

energy difference between the tautomers of isoquinol-3(2H)-one is 

considerably less than that between the tautomers of 2-pyridone.

Thus if the assumption regarding Fig. 11 (i) is correct and 

Rony's theory as to the mode of catalysis being tautomeric catalysis 

is correct, then one would expect 2-hydroxy-6-methoxypyridine and 

isoquinol-3-ones to be better catalysts than 2-pyridone in the 

mutarotation of 2,354,6-tetramethylglucose in non aqueous solventso 

2-hydroxy~6-methoxypyridine was prepared from commercially 

obtained 2,6-dihydroxypyridinium hydrogen sulphate by Spinner's
1Q1 /lQ7procedure , and a sample of 6 ,7-dimethoxy-isoquinol~3(2H)-one was

kindly donated to us by Dr. N.J. McCorkindale of.this department.

Unfortunately, the solubility of this latter compound is poor,

and studies with it were thus very restricted. The results listed

in tables 223 and 224 show the observed rate constants for-the

mutarotation of 2 ,3 ,4 ,6-tetramethylglucose in dry benzene and dioxan

respectively, catalysed by 2-pyridone and 6-methoxy-2-pyridone. The

concentration of the sugar was kept constant throughout since it has

been shown1^  that k . , varies with sugar concentration.,obsd
Dioxan was used as a solvent for these studies (in addition to

191the more commonly used benzene) since Spinner had determined the 

tautomeric proportions of 6-methoxy-2-pyridone in this solvent but 

had not done so for benzene. Of all the solvents used in Spinner's 

work the solvent with the closest dielectric constant to benzene was
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dioxan. Indeed in dioxan, 6-methoxy-2-pyridone, according to 
Spinner, exists in the pyridol form to the extent of about No
attempt has been made, with such scanty data, to analyse the kinetics 
of the systems, kinetics which are fairly c o m p l e x . A  mere 
comparison of the effectiveness of the two catalysts was all that could 
be obtained in the studies reported here.

As can be seen from tables 223 224, there is very little
evidence indeed to suggest that 6-methoxy-2-pyridone is any more 
effective a catalyst for the mutarotation of tetramethylglucose either 
in benzene or in dioxan. In general the observed rates for the 

mutarotations catalysed by 6-methoxy-2-pyridone are lower than the 
corresponding mutarotations catalysed by 2-pyridone.

This could be due to the fact that Rony’s theory, iQe. that it is 
the ability to tautomerise which gives catalysts such as 2-pyridone 
and 6-methoxy-2-pyridone their large catalytic activity, may be 
erroneous, or because the assumption that a favourable change in the 
free energy differences of the tautomers of such a molecule will reflect 
itself in a favourable change in the free energies of activation of 
tautomerism (i.e. Fig 11(i)) may be erroneous.

Clearly there is scope for future study here. A much more 
definitive test of the hypothesis of tautomeric catalysis could be 
made if evidence as to the relative free energies of activation of 
tautomerism of 2—pyridone and 6—methoxy—2—pyridone could be obtained — 
perhaps by N.M.R. or relaxation spectrometry studies. Indeed one 
can also regard the pyridone catalysed mutarotation of tetramethylglucose
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as the tetramethylglucose catalysed tautomerism of 2-pyridone, and if one 

could find a method for following the kinetics of tautomerism of such 

molecules, then the kinetic results obtained should exactly parallel 

those obtained for the relevant mutarotation studies.

One interesting fact which emerges from the data of Tables 223 

and 22*f is that the rate enhancement in the 2-pyridone catalysed 

mutarotation of tetramethylglucose in dioxan over the corresponding 

pyridine/phenol catalysed reaction is considerably greater than that 

observed by Swain and Brown in benzene solution. These authors 

found that 2-pyridone in 0 o100M concentration gave an observed rate 

of mutarotation of tetramethylglucose more than twenty-two times the 

total rate with a mixture of 0 o100M pyridine arid 0 o100M phenol. At 

concentrations of 0.05M for the catalyst's, this rate enhancement rose 

to fifty while at concentrations of 0 o001M, the observed rate enhance

ment is seven thousand.

From table 22̂ - we can see that 2-pyridone in 0.100M concentration 

in dioxan gives an observed rate of mutarotation of tetramethylglucose 

of between 2000 and 3000 times more than the total rate with a mixture 

of 0.100M pyridine and 0 o100M phenol. This is about two orders of 

magnitude greater than the corresponding rate enhancement in benzene 

solution. Due to the exceedingly low rate of mutarotation in pyridine/ 

phenol catalysed reactions in dioxan it is not possible to calculate 

the rate enhancement at lower concentrations (e.g. 0 o001M ) , when the 

enhancement would be expected to be much greater.

(NoB. - It should perhaps be pointed out that although the foregoing



observations, such as they are, do not provide any evidence to
support Rony's theory of tautomeric catalysis, they also do not
support the more accepted postulate of general acid-base catalysis.
The effect of substitution of the 6-methoxy-group into 2-pyridine
is to make it a three hundred fold stronger acid and a three fold
stronger base (6-methoxy-2-pyridone pK^ = 1.1 ,̂ pK^ = 9-^7 (ref.

195); 2-pyridone pK^ = 1.29? pK^ = 11.99 (ref. *f1))and one might
therefore expect on this basis that 6-methoxy-2-pyridone should be
a slightly better catalyst than 2-pyridone. This might indicate
that the ability of the catalyst to form a .catalyst-substrate complex

19^which is thought to occur with 2-pyridone and tetramethylglucose 
also plays an important part in determining the1 relative Catalytic 
activity of two catalysts). ■ •
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Appendix

5.1 The understanding of enzyme action is as yet an unclimbed 

peak in the range of ’’biochemical mountains” currently under assault 

by biochemists and chemists alike. A tremendous amount of effort 

and activity is currently being directed towards the elucidation of 

the mechanism of enzyme action, principally because of the importance 

attached to enzymes as catalysts of biochemical reactions in vivo, 

and also because of the great efficiency with which they do catalyse 

chemical and biochemical reactions. Typically, enzymically catalysed 

reactions are often nine or ten powers of ten more efficient than the 

corresponding acid or base catalysed reactions. : Of almost equal 

interest is the extraordinary specificity which many enzymes .exhibit.

Several theories of enzyme action have been proposed. Theories 

* such as the proximity e f f e c t " * g e n e r a l  acid or general base
2 3catalysis , concerted general acid-base catalysis , orientation of

A 5 1 1catalytic groups , rack and strain effects ’ and' others have all

been suggested as possible explanations of enzymic catalytic efficiency.
1Hov/ever as Koshland has pointed out, none of these theories alone, 

nor even when the effects are summed together, can account for the 

efficiency of enzymic catalysis. More recently concepts such as
6 7orbital steering and stereopopulation control have been proposed 

to account for the phenomenon but these have been criticised b^ 

various authors?’ Interestingly, Page has recently



pointed out that standard physical organic principles can explain

a. large fraction of enzymic rate accelerations "by virtue of an

enzyme’s ability to utilise substrate binding forces to act as an

'entropy trap'” . It will indeed be encouraging for physical organic

chemists, if, as seems more and more likely,- the catalytic power of

enzymes - often termed "miraculous” - can eventually be completely

defined within the classical principles of physical organic chemistry.

3-2 Ribonuclease

One of the most extensively studied enzymes is bovine pancreatic

ribonuclease A, and several reviews have described much of the work 
9-1 "5on it . Ribonuclease (RNase) A is a phosphotransferase of a much 

larger class of enzymes - the RNA depolymerases - which have recently
1Abeen reviewed by Barnard . Its unusually low molecular weight, easy

(availability and the lack of cofactor requirements have led to the
15-17 . 'determination of its amino-acid sequence, the accumulation of

yj g
evidence converning the active site, and most significantly

the elucidation of the complete three dimensional conformation of 

the enzyme by X-ray structural studies?^’ 2^ ’ Ribonuclease has thus 

provided one of the first examples of an enzyme where the indirect 

methods of determining the active site structure and protein structure 

have been corroborated fully by the direct determination of the enzyme 

structure by X-ray analysis. Obviously if enzyme kinetics are to be 

really meaningful, it is most desirable to have the three dimensional 

structure of the enzyme. Ribonuclease is also a landmark in the field



of enzyme chemistry since it was the first, and at the time of 

writing the only, enzyme to be fully synthesised by chemists^’

During the course of the very large amount of work on
■5'I —̂57ribonuclease several mechanisms have been proposed. A

brief summary of the proposals so far will serve as a useful back

ground to consider some of the objectives of this piece of work:- 

3»3 Mechanism of Ribonuclease

Certain features were universally accepted regarding the 

broader aspects of the mechanism. The hydrolysis of the 3 *15’“ 

phosphodiester linkage of ENA was recognised to proceed in two 

stages, the first being a transphosphorylation tp give an 

oligonucleotide terminating in a 2,,3'-cyclic phosphate. The 

second stage was the hydrolysis of this cyclic phosphate to give 

jthe product - a terminal 3*-phosphate. Also recognised were the 

enzyme’s specificity in only hydrolysing 3 '-pyrimidine nucleoside 

phosphodiester linkages and the implication of histidine-12, histidine- 

119 and lysine-41 as groups involved in the catalytic step at the 

active site. However considerable differences arose in the proposals 

for how this two stage reaction was actually accomplished by the
•31 • 32enzyme. The two early proposals by Eabin and Witzel differ 

radically and are depicted schematically in Fig.1. As can be 

seen, these mechanisms differ on several points. In Eabin s 

mechanism the imidazole moieties of histidine-12 and histidine-119 

are used as catalytic species in a concerted general acid — general
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base mechanism, while in Witzel’s mechanism the imidazole groups 
are utilised only for binding the substrate to the enzyme. Rabin 
postulates that there are binding sites for the bases on either side 
of the phosphodiester grouping while Witzel maintains that the 
function of the pyrimidine base is to act specifically as a basic 
catalyst.

Subsequent mechanisms have tended to be modifications of
33either of these two' or hybrids of them. Laidler’s mechanism is 

really a hybrid of Witzel’s and Rabin's original suggestions, in 

which the imidazole groups of histidine-12 act to bind the substrate 

and not to act as a catalytic species. The carbonyl group of the 

pyrimidine ring is again held to take part in the catalytic step 

in conjunction with the imidazole group of histidine-119»
! xifi Hammes1 mechanism is a modification of Rabin's mechanism,
in which he proposes that one of the imidazole groups is used only 
for binding the substrate, while the other imidazole group performs 
all the catalytic functions - acting first as a general base in 
removal of the proton from the 2'-OH and also as a general acid in 
protonating the leaving group. It will also act as a general base 
to water in the second stage. The pyrimidine base plays no part in

the catalytic step.
Later workers^ ’̂  have tried to rationalise the original 

mechanisms with the additional geometrical restrictions imposed by
38the mechanism for phosphate ester hydrolysis proposed by Westheimer .



The mechanism of Roberts et al. is really a modification of Rabin’s 
mechanism, the main difference being that Roberts postulates that 

the imidazole of histidine-119 acts principally to bind the phosphate 
group of the substrate rather than solely acting as a general acid 
catalyst as Rabin suggests. Roberts postulates a possible dual 
role for the histidine-119, since he maintains that it can simultan
eously act as a general acid catalyst protonating the alkoxy-leaving 
group.

Whether this proton transfer is concerted with the departure 
of the -OR group is doubtful, and in my opinion unlikely to be so.
This infers that the leaving group would be expelled from the 
pentavalent intermediate as the anion RO . Roberts also points out 
that two mechanisms are possible; one in which attack by the 2f~ 
hydroxy-group is linear with expulsion of the leaving group (Fig.2A) 
and one in which pseudorotation of the pentacovalent intermediate 
is necessary before expulsion of the leaving group takes place

38(Fig. 2B). This latter mechanism according to Westheimer’s "rules” 
will be unfavoured and this is the type of mechanism necessary to 
rationalise Hammes' suggestion that one histidine group carried out 
all the catalytic functions. Indeed most of the current theories 
on the mechanism of ribonuclease require this pseudorotation mechanismo 
Usher^ calls this an ’’adjacent" mechanism whereas he uses the term 
"in line" in place of the "linear" mechanism of Roberts. Clearly any 
mechanism involving an intermediate in which pseudorotation must occur
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before the leaving group is expelled must be considered doubtful 
until evidence has been found that the rate of pseudorotation of a 
pentaoxyphosphorane is high enough to satisfy the observed enzymic 
rate. There is only a little information available on this subject

picture of the mechanism of ribonuclease action is becoming more 
complete.

■ Objectives
Peculiarly enough amongst all the work on ribonuclease A,

no detailed kinetic investigation of the effect of substrate
structure on the enzymic reaction has been studied. Indeed only

39one model reaction has been analysed in detail. In this
paper Usher draws attention to the importance of knowing whether 
the leaving group of a phosphodiester such as (1) is protonated 
or not in the reaction in which attack by the alkoxide ion takes 
place to fbrm the cyclic phosphate product.

37at the moment, but it is clear that slowly, bit by bit, the

Uracil

H (1)



Much of the current controversy about the mechanism of 
rubonuclease action centres on the possible existence of a 
pentacoordinate intermediate which can form, pseudorotate if 
necessary and breakdown fast enough to satisfy the overall rate 
of enzyme action.

It seemed therefore that if one could synthesise a series 
of compounds of structure (2), a considerable amount of information 
could be derived from the acid catalysed, base catalysed and enzyme 
catalysed hydrolysis of these substrates - information which might 
shed some light on the possibilities of pseudorotation in ribonuclease 
action.

It should certainly shed some light on the ‘state of protonation of 

the leaving group.
5.5 Nucleotide Synthesis
(a) General Considerations.

One of the principal reasons why so few investigations of this



type have been undertaken is the difficulty in the synthesis of

model substrates for ribonucleic acid - the natural substrate for
ribonuclease. Clearly dinucleotides which are commercially
available now are good substrates, but lack the chromophoric
group necessary for spectrophotometric measurement of the reactions.
There have been many examples in the literature of the synthesis of

1̂0 b']alkyl-aryl phosphodiesters, ’ but very few examples indeed of
36 b2synthesis of aryl esters of cis-1,2-diol phosphates. ’ The

problem caused by the neighbouring hydroxy-group is one which has
b3-b5received a lot of attention in the synthesis of oligonucleotides -

a field which has received a considerable impetus from the work of 
Khorana. Clearly one of the critical factors in planning the 
synthesis of compounds such as (2), is the choice of a protecting 
group for the 2*-OH and 5'-OH functions. This protecting group 
must be stable under the reaction conditions of each stage of the 
synthesis, and must also be removable under conditions which are mild 
enough to avoid isomerisation or degradation of the desired phosphodiester. 
In the course of this study several protecting groups were used to 

protect the hydroxy-functions.
One of the generally recognised methods of synthesis of phosphate 

diesters is the condensation between an alcohol and a phosphate monoester.
b3The most efficient condensing agents have been found to be the carbo- 

diimides, and in the majority of the present work the reagent of choice 
was N,N1-dicyclohexylcarbodiimide(DCCl). This is the reagent which



k6 ■is used extensively in the preparation of oligonucleotides 

and nucleotide aryl esters . Two general approaches are 

availablec A suitably protected nucleoside can be condensed 

with an aryl phosphate or a protected nucleotide could be con

densed with the corresponding phenol. In this study both 

these methods were attempted. In addition, attempts were made 

to phosphorylate a suitably protected nucleoside with various 

phosphorylating agents.

A useful survey of some of the synthetic developments in 

this field of chemistry can be found in Khorana’s book.

(b) Discussion

The first approach employed was the condensation between a 

suitably protected nucleotide and a phenol. It has long been knovui 

that in the preparation of phenolic esters of carboxylic acids using 

DCCI, the presence of a £-nitro group in the aromatic nucleus
A8promotes the formation of the ester. Whether this is due to the

jg-nitrophenol being a stronger acid than other phenols or to there

being a higher concentration of the more nucleophic phenolate species
1+9present depends on the mechanism of ester formation. It seemed

therefore that the best phenol to use in the condensation reactions 

would be jd—nitrophenol. One of the most widely used protecting 

groups in oligonucleotide synthesis has been the tetrahydropyranyl 

group which fulfils the requirements previously listed. Thus the 

nucleotide 2 ',9 ’-di-0-tetrahydropyranyluridine-3 '-phosphate (3a) was



prepared by a method similar to a procedure used by Smrt.^

roh2 racil

(a) R = X)
OC2H5(3)

The problem was to ensure that the phosphate functional

group is exclusively attached to the 3'-position, of the ring since 

ribonuclease will hydrolyse only 3'-phosphodiesters of pyrimidine 

bases. The customary method of ensuring this is to treat the 

mixed uridine-21(3')-phosphate isomers with DCCI to obtain the 

cyclic phosphate which can then be digested with RNase to give 

quantitative conversion to the 3'-phosphate. The resulting 

uridine-3 1-phosphate was then treated with dihydropyran in the 

’presence of a catalyst to yield the desired protected nucleotide 

(3a). It had already been shown that during the pyranylation 

stage no detectable isomerisation of the 31-phosphate to the 

21-phosphate had occurred.
It had been noted from previous studies that the 

p-nitrophenyl esters of nucleotides, as well as showing a X 

at approximately 260 nm in their U 0V. spectrum, due to the
max



pyrimidine base, also show an inflexion at about 290 nm. This 

provided a criterion for judging whether in any particular reaction 

any of the desired jD-nitrophenyl esters had been formed.

Condensation of the protected nucleotide (3a) with jD-nitrophenol 

using DCCI in anhydrous pyridine yielded very small quantities of the 

desired esters, as judged from the U.V. criterion described above.

A typical U.V. spectrum of the crude worked up product is 

shown in Fig.3 . This shows the very small absorption at approx

imately 300 nm which corresponds to the jD-nitrophenyl ester. Clearly 

the yield of the desired product is very low’. Despite many variations
bom  the reaction conditions such as change of solvent, addition of

ifOanhydrous cation exchanger, carrying out the reaction in the dark, 

variations in relative reactant concentrations, change in reacting 

phenol, and variation of the reaction time, no improvement■upon the 

yield could be obtained and in many cases no p-nitrophenyl ester at 

all was formed.
To check that the low absorption at 3CO nm was indeed due to 

the formation of a small amount of the desired _£-nitrophenyl ester,

I some hydrolysis studies were carried out on the crude reaction mixture. 

Fig. b represents the observed behaviour of the mixture. It can be 

seen that on addition of base to the reaction mixture a small amount 

of j3—nitrophenoxide is released (absorption at bOO nm). This most 

probably arises from traces of jo-nitrophenol remaining in the reaction 

mixture. However if, before base is added, the reaction mixtuie is
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acidified to pH 1.0 with concentrated hydrochloric acid and
allowed to sit for ten minutes, then when the reaction mixture is

made alkaline with sodium hydroxide there is a large release of
jo-nitrophenoxide and a disappearance of the absorption at 300 nm
which was ascribed to the desired jo-nitrophenyl ester. This
is precisely what would be expected from a compound of structure
(*o since the alkaline hydrolysis of a phosphodiester of such a

39 -structure would be expected to be slow, while after removal of the
acid labile protecting group R to give a phosphodiester of structure
, » , 39
{2), the alkaline hydrolysis would be expected to be very rapid, due
to anchimeric assistance from the 2f-hydroxy-group.

racilOHJC

V ./ \

NO.

Although the best yield (estimated spectrophotometrically) 
was about 1C#, the crude reaction mixture was chromatographed on a 
column of diethylaminoethyl cellulose (̂ -0 x 3 cm diameter), twice, 
to yield the desired 2’,3'-di-0-tetrahydropyranyl-uridine--3' 
nitrophenyl phosphate (4) as the triethylammonium salt contaminated 

with some triethylammonium jo-nitrophenoxide. The contaminating



jd-nitrophenoxide was removed by ether extraction after acidification 

to pH 5°5» The U.V. spectrum of the required 2*,5f“di-0~ 

tetrahydropyranyl-uridine-3’ -jo-nitrophenyl phosphate is shown in 

Figo3»
The remaining problem was the removal of the tetrahydropyranyl

50protecting groups which are acid labile. A previous study of the 

hydrolysis of tetrahydropyranyl derivatives found that 2-methoxy- 

tetrahydropyran hydrolysed at pH 3»^0 with a half life of approximately 

50 minutes. When a solution of (b) in water was acidified to approx0 

pH 2o0 either with hydrochloric acid or by addition of Dowex 50W-X8 

ion exchanger, the hydrolysis of the tetrahydropyranyl protecting 

groups proceeded and was apparently complete after 2.5 hours. The 

removal of the 2 *-tetrahydropyranyl group could be followed by taking 

aliquots of the reaction mixture at various time intervals, adjusting 

the pH to 10 with sodium hydroxide and following the release of jd~ 

nitrophenoxide at 405 nm and the disappearance of the absorption at 

300 nm corresponding to the £-nitrophenyl phosphate ester. However, 

under the conditions used to remove the protecting groups the resulting 

product. - the ester (2a) - was degraded to uridine-2*(3*) phosphate 

and £-nitrophenol. Evidence for this is shown in Fig . 6 where an 

aliquot removed after J>0 minutes at pH 2.0 had its U.V. spectrum 

measured (a) after extraction with ether and (b) after adjustment to 

pH 10 subsequent to ether extraction. The significance of these 

measurements can be seen if one measures the ratio of the absorbance



at A. max to that at J)00 run. Fig. 5 shows that in the pure 2!,5,-,di~ 

O-tetrahydropyranyl uridine-3’-phosphate the ratio is approx. 1.5* 

whereas in Fig. 6(a) the ratio is 3»0» The change in this ratio 

could be due to changes in the extinction coefficients of the two 

absorptions on removal of the protecting groups, but in the author’s 

opinion is almost certainly due to the hydrolysis of the desired 

product under the reaction conditions to form jo-nitrophenol (removed 

by ether extraction) and uridine-2’(3')-phosphate.- Clearly this 

would increase the ratio as found. Fig„6(b) demonstrates the 

existence of some of the desired ]3-nitrophenyl ester of type (2) - i.eQ 

the product is not hydrolysing quite as fast as it is being formed.

The addition of base (Fig. 6(b) ) results in the release of a quantity 

of jo-nitrophenoxide corresponding to the concentration of thb desired 

product (2a) present in the solution at that time.

The removal of the protecting groups was carried out under 

varying conditions but the same situation resulted, the only difference 

being in the time scales which depend on the pH used to remove the 

tetrahydropyranyl groups... Some very crude kinetics were carried out on

;the substrate (2a) in the following way
/

If a solution of 2’,5'-d:L-0-tetrahydropyranyl-uridine-3! 

nitrophenyl phosphate is acidified to pH 0.8 with hydrochloric acid 

and allowed to sit for 10 minutes, the tetrahydropyranyl groups are 

completely removedo* A considerable amount of the desired substrate

* checked by addition of potassium hydroxide and subsequent complete 
disappearance of the absorption at 3^0 nm.



(2a) which results will also be hydrolysed in this time, but as 
noted above this hydrolysis appears to be slower in acid media 
than the removal of the protecting groups. Thus some of the desired 
substrate (2a) will remain. If after ether extraction, a few 
microlitres of this solution (pH 1.0) are injected into buffers of 
various pH’s then the kinetics of hydrolysis of substrate (2a) in 
these buffers can be followed spectrophotometrically.,

It was found that at all pH’s studied, the substrate hydrolysed 
in the buffer spontaneously. The results, which are not of high 
accuracy owing to the method of obtaining the substrate, are shown 
in Table 1•

The approximate nature of the results in table 1 must be 
stressed. Several factors combine to lower the accuracy of the 
results.

Firstly as has been indicated, the uridine~3,“.£“ttitrophenyl 
phosphate as prepared in situ will be contaminated with uridine 3’“ 
phosphate resulting from the degradation of the diester. Secondly, 
the results given in table 1 have not been extrapolated to zero buffer 
/concentration and so the observed rates will depend on the varying 
concentrations of buffering species which themselves will vary greatly 
in catalytic strength. Clearly then the quoted half lives can only 
give an approximate idea of the stability of the uridine—3* 
nitrophenyl phosphate at the respective pH’s.

However the results will give an indication of the extent of



Table T
The Rates of Hydrolysis of Uridine 3'-p-nitrophenyl Phosphate*

at 30°

Buffer pH I half life

0o2M HC1 O081 1.0 30 minutes

1.0M chloroacetic 2.02 1.0 160. 11

1.0M formic 3.10 1.0 240 if

1 .OM acetic 4.28 1.0 300 tt

1.0M acetic 4.65 1.0 400 »i

0o2M acetic 5.32 1.0 230 if

0o4M Na2HP0^ 

0.8M NaH P0̂ _

)
) • 6 .03 2o0 .33 it

0o5M Na HPO^ 
0o5M NaJByPO^

)
) , 6.40 2.0 17 it

0o5M NagHPO^ 
0.25M NaH PO^

)
) 6080 
)

2.0 i i 9,5 11

0o2M tris
I

7.50 1.0. 100 seconds

0.4M tris
i

7.90 1.0 30 11

* prepared in situ as detailed in the text.



hydrolysis of the desired substrate which'will occur during the 

removal of the protecting groups from the 2*,5’-di-O-tetrahydropyranyl- 

uridine-31 -jo-nitrophenyl phosphate.
50For example, the hydrolysis of tetrahydro-2-methoxypyran has 

a half life of 50 minutes atpH3»^0 and 30°. Thus hydrolysis will be 

99°/° complete after 6 hours. Reference to table 1 shows that in 1.0M 

formic acid buffer at pH 3*% the required substrate would be 65% 

hydrolysed in six hours.

Tetrahydro-2methoxypyran is not an ideal model for the present 

system though, and it is interesting to note that the hydrolysis of 

2f-O-tetrahydropyranyluridine in 0o01M hydrochloric acid and temperature 

20 , has a half life of 80 minutes. (This seems larger than might 

have been anticipated in the light of our observation (see pc 329) that 

ithe hydrolysis of the tetrahydropyranyl protecting groups of (A) are
I

apparently completely removed at pH 2.0 in 2.3 hours).

Thus the protecting group would be removed completely in about 9 

hours. Again reference to table 1 shows that at pH 2 in 1.0M chloro- 

acetate buffer the desired product would have hydrolysed to an extent 

of about 90^. As stated above, our experience is that the tetrahydro

pyranyl groups are removed from (A) more easily than this but even 

after 2 .3 hours 5<# hydrolysis of the desired product would have

occurred at pH 2.0.
Thus these studies show how difficult it will be to remove 

tetrahydropyranyl groups from compound (A-) without appreciable hydrolyois



of the resulting desired product.

Table 1 also shows that the compound (4) is susceptible to both 
acid and base catalysis. From pH 0.8 - pH 4.3 the rate of hydrolysis 
falls as the concentration of H^O falls. At pH’s above approximately 
4.4 the concentration of hydroxide ion becomes significant and the 
rate of hydrolysis rises rapidly. The hydrolysis of (A) is of course 
expected to be highly sensitive to base catalysis due to participation 
of the 2*-hydroxy group.

Throughout the discussion of this first approach, it has been 
assumed that the compounds isolated have been the required 31-phosphate 
diesters which act as substrates for RNase A. It is therefore pleasing 
to note that when RNase A is added to a solution of substrate (2a) in 
acetate buffer at pH 4.85, very rapid hydrolysis of the substrate 
occurs compared with the spontaneous hydrolysis of the substrate in
I
acetate buffer alone. This clearly indicates that our structure assignment 
to date has been correct and that uridine-3* -p-nitrophenyl-phosphate has 
been prepared in situ, although the problem of its isolation has not 
been overcome. That none of the corresponding 2*-isomer was present was 
shown by carrying out a RNase catalysed hydrolysis at pH 4.85 (acetate 
buffer). The jj-nitrophenol released was extracted thoroughly with 
ether and the residual aqueous solution made alkaline with potassium 
hydroxode. No p—nitrophenoxide was released, thus showing that the 

substrate consisted purely of uridine-3'-£-nitrophenyl phosphate.
Clearly the removal of tetrahydropyranyl protecting groups is



going to lead to some degree of hydrolysis of the desired product, 

no matter what conditions are used to remove the groups. This will 

therefore lead to the need of a subsequent purification step to 

separate the desired phosphate diester from uridine-2 f(3 1)-phosphate. 

Such techniques as are available for the separation of phosphates - 

e.g. paper chromatography, DEAE cellulose chromatography, ion exchange 

chromatography - all involve a lengthy procedure and solvents in which 

the desired uridine-3’-_p-nitrophenyl phosphate is not stable. It 

would appear therefore that for this particular substrate the tetra

hydropyranyl group is not suitable as a protecting group.

Two alternative remedies can be attempted. Either a phenol with 

poorer leaving group characteristics (e.g. phenol or 1-napthol) could 

be used, or a protecting group which is much more acid labile should be 

used. Both these remedies were attempted„ When phenol or 1-napthol 

were used in condensations with (3a) no detectable phosphate diester 

was formed (determined as before using U.V. spectra and hydrolytic 

behaviour). This is perhaps not so surprising in the light of the 

very low yield obtained with jg-nitrophenol. Many changes in reaction 

conditions (see before) were attempted but proved fruitless.

In their studies Srort and Chladek found the need of a protecting 

group which was more easily removed than the tetrahydropyranyl group. 

They found that the 1-ethoxyethyl group (derived from ethyl vinyl ether 

was about three times more labile than the tetrahydropyranyl group. 

Accordingly 2’,5'-di-0~(1-ethoxyethyl) uridine-3 '-phosphate (3b) was



synthesised and used in condensations as before with jD-nitrophenol. 

However, using nucleotide 3(b) the yields of desired diester were 

very much poorer than the poor 1Cf/o maximum yield obtained using 

nucleotide 3(a). In many instances the yield was zero. This may 

well be due to the lability of the 1-ethoxyethyl protecting groups 

which tended to hydrolyse more easily than was desired. (See 

experimental). Again many variations of reaction conditions proved 

fruitless and because of the very low yields of phosphate diesters 

formed ( ̂  1 - 2%) and the difficulty experienced in obtaining 

nucleotide (3b) pure this synthetic approach was abandoned.

An alternative mode of synthesis would be the reaction of a 

suitably protected nucleoside and an aryl phosphate. Since 

tetrahydropyranyl protecting groups had not proved labile enough 

in the previous approach, it was decided to seek a more labile 

protecting group. The preparation of 2’,3’-di-0-(1-ethoxyethyl) 

uridine by Snort's method of enzymatic dephosphorylation of the 

corresponding nucleotide was not successful, presumably due to

impurities in the nucleotide inactivating the enzyme.
51 52However Reese et al. have described 1 the use of a

methoxytetrahydropyrany1 protecting group which is two to three

times more labile than the tetrahydropyranyl group. Thus the

protected nucleoside 2',5*-di-0-methoxytetrahydropyranyluridine(5)
51 52.was prepared by Reese's method. ’
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racil

(5)

Condensations with (5 ) and j>-nitrophenyl phosphate were
^ 0carried out using methods of both Borden and Smith and Tigerstrom

3 3and Smith. The only products isolated in all these condensations
1 2were unchanged nucleoside and P ,P -di-jr-nitrophenyl pyrophosphate.

The problem here is to have the nucleoside in sufficient excess to

make it compete effectively against the more nucleophilic phosphate

group in the carbodiimide mechanism. Clearly this difficulty has

not been overcome. A change of condensing agent to trichloroacet-

onitrile and change of phosphate to phenyl di-hydrogen phosphate as in 
39Usher's method gave no improvement, probably for the same reason,,

The remaining synthetic approach was to attempt to phosphorylate

the 3*-hydroxy-group of (5) with other phosphorvlating agents. Among
5 kthose tried were diphenylphosphorochloridate , tetra-jc-nitrophenyl

59 33pyrophosphate ^ and o-phenylene phosphorochloridate. All these

reagents when reacted with (3 ) gave very complex reaction mixtures



on tic, and even after extensive chromatography no compounds with

the characteristics of a nucleotide aryl diester could be detected.

The difficulty experienced in forming a phosphodiester bond

in condensations between nucleotides of type (3) and phenols, and

also in phosphorylating nucleosides of type (3 ) was not expected on

the basis of previous synthetic studies on oligonucleotides. There

is no immediately apparent explanation for the difficulty experienced.

In addition these studies have shown that even were condensation

successfully achieved, the removal of the protecting groups from

compounds of type (^), and the subsequent isolation of the required

substrates of type (2) in a pure state, is a procedure which will not

readily be achieved.

3 .6  Experimental

All U.V. spectra were recorded on a Unicam SP800 spectrophotometer.

NoM.R. spectra were measured at 60 MHz with a Vai'ian A-60. Thin

layer cellulose chromatography was used routinely as a check on

reactions and product homogeneity, and was carried out on 0 .23 mm

plates using Whatman CĈ -1 microgranular cellulose powder, using

solvent A (isopropyl alcohol: ammonia: water - 7 :1:2) as eluant.

Ion exchange cellulose chromatography was carried out using Whatman

microgranular preswollen DE52 diethylaminoethyl cellulose eluted

with a linear gradient of water and 0.1M triethyl-ammonium bicarbonate.
37Tetrahydro-^-pyrone was prepared from butane-1,3”diol

58Uridine 3'-acetate was prepared by the method of Reese et al. using



triethyl orthoacetate instead of the trimethyl analogue.

Ribonuclease A was obtained as a lyophilized dry powder of approx

imate activity - kO Kunitz units/mg from the Boebringer Corporation 

(London) Ltd. Uridine-3'(2')-monophosphate was also obtained as 

the crystalline free acid from Boehringer Ltd. Uridine was obtained 

from Koch Light Laboratories Ltd.;' p)-nitrophenyl phosphate was 

obtained from B.D.H. Ltd. as the disodium salt. All these 

commercially obtained chemicals were used without further purification. 

Anhydrous pyridine was prepared by refluxing Analar pyridine over 

potassium hydroxide and fractionally distilling through a Fenskii 

column.

Preparation of 2*,3'-di-Q-tetrahydropyranyluridine 31 --phosphate (3&)

Uridine-3*(2’)-menophosphate (972 mg, 3*0 mmol) wasdissolved in 

aqueous ammonia (2N; 7°5 ml), the solution diluted with dimethyl 

formamide (13 ml) and DCCI (*t.3g, 22 mmol) in tertiary butanol (18ml) 

added. After refluxing for 2.5 hours, quantitative conversion to 

uridine-2 *,3 * cyclic phosphate has occurred. (Rf of monophosphate =

0.08; R of cyclic phosphate = O.kO). The butanol is then evaporated 

in vacuo, (temperature 35°)» the residue diluted with water (60ml) 

and extracted with ether (k x 60ml). The aqueous solution is reduced 

in vacuo to 50 ml, the pH of the solution adjusted to 8.0 with dilute 

ammonia and the solution filtered clear by filtering through a plug 

of cotton wool. A solution of RNase A (12 mg in 5 ml water) was 

added and the reaction mixture incubated 15 hours at 37°. The



cyclic phosphate was quantitatively cleaved to uridine-31-phosphate 

in this time (check by chromatography). The pH of the solution was 

adjusted to 7<>5 by triethylamine, and then concentrated to small volume 

(10 ml) in vacuo. Ethanol (50 ml) was added, the solution left to 

stand for 30 minutes and any resultant turbidity filtered off. A 

solution of calcium chloride (3g) in ethanol (100 ml) was added, and 

after 15 hours at 0° the resulting precipitate of the calcium salt 

of uridine-3'-phosphate was filtered off, washed with ethanol 

(3 x 100 ml) and ether (3 x 100 ml) and dried in air. (0 .89g, 82^).

Uridine-3 1-phosphate (calcium salt, 2 mmol) was suspended in a 

mixture of dimethylformamide (20 ml) and redistilled dihydropyran (5 ml), 

the mixture cooled to -30° and a solution of hydrogen chloride (*+<>5 mmol) 

in dioxan (20 ml) was added dropwise with vigorous stirring over 30 

minutes. The resulting clear solution was allowed to stand at room 

temperature whence quantitative conversion into (3a) occurred after 

approximately 90 hours (R^ of (3a) = O.38). Triethylamine (1*5 ml) 

was added and the reaction mixture diluted by dropping into anhydrous 

ether (250 ml). After 30 minutes at 0°, the resultant precipitate is 

filtered off by suction and washed with dry ether and repeatedly with 

chloroform. The remaining dried precipitate is the calcium salt of 
2 r,5 '-di-O-tetrahydropyranyluridine-31-phosphate (0.91g, 85%).

For all condensations the calcium salt required to be converted 

into the pyridinium salt. This was done by dissolving the calcium 

salt in 5($ aqueous pyridine, filtering through a column of Dowex 50W X8



cation exchanger (pyridinium form) and evaporating in vacuo. Many

coevaporations with anhydrous pyridine were effected to entrain out 

any remaining traces of water. The remaining gum was the required 

pyridinium salt, and was homogeneous on t.I.e. (Rf = 0ok0)0 

Preparation of 2 *,5*-di-0-tetrahydropyranyluridine-3f-,E-nitrophenyl- 
phosphate (k)

2 ',5 '-di-0-tetrahydropyranyluridine-3 f-phosphate (1 mmol of 

the pyridinium salt) was dissolved in dry pyridine (10 ml) and p- 

nitrophenol (ICmmol) and dicyclohexylcarbodiimide (10 mmol) were 

added. Anhydrous Dowex 50W X8 cation exchanger (pyridinium form,

200 mg) was- added and the whole mixture stirred in a stoppered 

flask for 5 days. The pyridine v/as then removed under reduced 

pressure, the residue suspended in water (25 ml) and ether (20 ml),

(and the insoluble dicyclohexylurea and Dowex filtered off. The
I ;
aqueous layer was extracted with ether (3 x 50 ml), concentrated 

under reduced pressure and chromatographed on a column of 

diethylaminoethylcellulose (^0 x 3 cm diameter) in the carbonate 

form. Products were eluted using a linear gradient system with 

water (3-£) in the mixing chamber and 0.1M triethylammonium bicarbonate 

(3£) in the reservoir. Fractions (12 ml) were collected at 7 minute 

intervals. The desired product (k) was eluted in fractions 211 - 310 

as the triethylammonium salt, together with some other contaminating 

nucleotidic material and some triethylammonium _p—nitrophenoxide. 

Fractions 211 - 310 were pooled, concentrated under reduced pressure
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and rechromatograpbed on a similar column giving the product (A)

free of other nucleotides but still contaminated with the ]D-nitropb.enoxide.

Acidification of a solution of this material to pH 5*5 and extraction

with ether leaves an aqueous solution of the triethylammonium salt

of (4). This is the material used in all the hydrolytic studies

described in the discussion. (Yield is approx. 0o06 m mol).

Preparation of 2 ',3 '-di-0-(1-ethoxyethyl) uridine-3 1-phosphate (3b)

The barium salt of (3b) was prepared by the method of Smr-t^.

However it was found that even at -70°, using redistilled ethyl 

vinyl ether and pure reagents that a large amount of high colored 

polymeric material was formed as well as the desired nucleotide.

This polymeric material coprecipitated with the protected nucleotide 

and could not be removed in the way recommended by Smrt. Only washing 

with methanol would remove the impurity completely and this also 

dissolved away a considerable quantity of the nucleotide. However 

even impure nucleotide v;as t.l.c. homogeneous with an R^ of O063.

The yield of pure (3b) obtainable was approximately 2C$ (cf. Smrt:-8($), 

which was very wasteful of expensive nucleotide reagents.

As with (3a) all condensations with (3b) were carried out with 

the pyridinium salt which was obtained by dissolving the barium salt 

in pyridine at 0°, shaking with Dowex exchanger (pyridinium form) at 0°, 

and after filtering, removing the pyridine in vacuo (at low temperature). 

Thus chromatographically homogeneous pyridinium 2?,3 l-di-0-(1-ethoxyethyl) 

uridine-3'-phosphate was obtained (R = 0.70). If the procedure used



for converting (3a) to its pyridinium salt were used, the nucleotide 

partially decomposed to a mono-1-ethoxyethyl derivative and uridine- 

2’(3')-phosphate. This shows the increased lability of the 

ethoxyethyl protecting group.

Attempted preparation of 2 ',3 *-di-fl-(1-ethoxyethyl)uridine-3 '- 

j)-nitrophenyl phosphate

Many attempts at this synthesis were made along the same lines 

as the preparation-of (^). Variations in the procedure such as 

change of solvent, absence of Dowex exchanger, different reaction 

times, different reactant ratios and carrying out the reaction in 

the dark, were attempted but in all attempts no desired phosphate 

anyl diester was formed (as determined spectrophotometrically). 

Products included the starting nucleotide, monoethoxyethyl nucleotides 

and uridine-3 '(2 ')-phosphate as well as probably various pyrophosphate 

Preparation of 21,3’-di-O-methoxytetrahydropyranyluridine (3)

The enol ether from which the methoxytetrahydropyranyl 

protecting group is derived, A-methoxy-3?6-dihydro-2H-pyran, vas 
prepared by the method of Reese5 ,55 The protected nucleoside (3) 

was prepared by reacting uridine-3*-acetate with this enol ether to 

form 3 1-O-acetyl-21,3’-di-O-methoxytetrahydropyranyluridine as 

prepared by Reese. 52 ’ 60 Removal of the acetate group gave pure 

the desired nucleoside (3) as a colorless glass.
Attempted preparation of 2',3 '-di-O-methoxytetrahydropyranyluridine- 

3 ' -j>-nitrophenyl phosphate.
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]D-Nitrophenyl phosphate, as the anhydrous pyridinium* salt (2 mmol) 

was dissolved in dimethylformamide (10 ml) and pyridine (3 ml) contain

ing dry Dowex 50W-X8 (pyridinium form), followed by 2',3’-di-0- 

methoxytetrahydropyranyluridine (1 mmol) and dicyclohexylcarbodiimide 

(3 mmol). The mixture v/as stirred for 3 days, more dicyclohexylcarbo

diimide added (2 mmol) and the mixture stirred for 3 more days.

Water (1 ml) was then added. After a further 24 hours, the solution 

was concentrated by evaporation to remove pyridine. T.l.c. showed 

that no jo-nitrophenylphosphate (R = 0.4) remained. However the 

normal spectrophotometric and hydrolytic studies (see discussion) 

showed no indication of formation of the desired n-nitrophenyl diester. 

Water was added to the residue and the aqueous solution extracted 

with chloroform (3 x 10 ml). T.l.c. and U.V. studies revealved that 

all the nucleosidic material was found in chloroform layer as the 

starting nucleoside. The water soluble product was identified as 

di-]D-nitrophenyl pyrophosphate by comparison with the products of 

a "blank” reaction carried out identically but without inclusion 

of the nucleoside (3)0

Several variations of this attempted synthesis were tried.

The phosphate was added slowly to the nucleoside over a period of 

several hours to minimise pyrophosphate formation. The nucleoside/ 

phosphate ratio was changed from 1:2 to 2 :1, despite the waste of

* see earlier experimental for general method for conversion to 
pyridinium salts.



valuable nucleosidic material which this involved, in an effort 

to get the nucleoside to act more competitively as a nucleophile 

against the phosphate. In addition solvent changes, absence of

Dowex etc. were tried. In no case was any of the desired product

detected.

Attempted phosphorylations of 2'j^'-di-O-methoxytetrahydropyranyluridine.

The details of these attempts will not be listed here. The 

required experimental details may be found in the references for 

each phosphorylating reagent. The reagents used were diphenyl-
54 55phosphorochloridate, tetra-£-nitrophenyl pyrophosphate and

56 -o-phenylene phosphorochloridate. Suffice to say highly complex 

mixtures of products were obtained which gave no indication (by 

usual studies on crude reaction mixture) of containing desired 

products. These procedures were not pursued further.
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