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SUMMARY

Previous studies of para-substituted phenyl D-glucosides have shown the Panomer reacts by a process involving participation of the neighboring C2 alkoxyl
anion.

A stereochemical requirement for operation of this process, trans di-axial

disposition of the C2 anion and C1 phenoxyl, may be fulfilled in the P-D-glucoside
structure but not in the a.
a-D-mannosides

The structures of phenyl b-D-galactosides and phenyl

also meet this stereochemical requirement.

However, the informa-

tion available concerning the B-D-galactosides and a-D-mannosides is too limited
to show whether or not the neighboring C2 alkoxyl anion process is important for
their reactions as well.

The purpose of this study, therefore, was to ascertain whether or not the
neighboring group process found to be important in the phenyl B-D-glucoside
reactions

extended to the reactions of other phenyl D-glycosides.

To accomplish

this the rate and the products formed in the reaction of the p-nitrophenyl-Dglycosides and p-nitrophenyl-2-0-methyl-D-glycosides of P-galactose and a-mannose
in methanolic and aqueous base solution were studied.

Reaction products were isolated and identified by their melting points,
mixed melting points, specific rotations, and infrared spectra (KBr).

The amount

of major reaction product formed was determined by a quantitative gas chromatographic procedure previously calibrated with an internal standard.

Pseudo first-order rate constants for reaction of the glycosides and 2-0methyl glycosides were obtained from the spectrophotometric measured initial rate
of p-nitrophenol anion formation.

The p-nitrophenol anion was found to obey the

Lambert-Beer law in both methanolic sodium methoxide and aqueous sodium hydroxide..
Moreover, the glycoside and 2-0-methyl glycoside reactants did not interfere with
determination of the anion concentration at 401 mu in water and at 393 mu in
methanol.

Initial second-order rate constants were obtained from a regression of

-2-

pseudo first-order rate constant on base concentration for the glycoside reactions
at 35, 45, and 55 ° and for the 2-0-methyl glycoside reactions at 50 and 55° in
aqueous sodium hydroxide.

The effect on reaction rate of different nucleophiles,

hydroxide, hydroperoxide, deuteroxide, and methoxide anions on the glycoside
reactions, and hydroxide and hydroperoxide anions on the 2-0-methyl glycoside
reactions was also studied.

Reaction of the glycosides in methanolic sodium methoxide gave nearly quantitative yields of products with the same configuration as the reactants.

One of

the two primary products of the reaction of the 2-0-methyl glycosides in methanolic sodium methoxide, p-nitroanisole,

was reduced by the other primary product,

2-0-methyl sugar, to p-azoxyanisole, p-methoxyaniline, and four unidentified
products.

Since products arising from reaction of the glycosides and 2-0-methyl

glycosides in aqueous base solution may form by several different reaction
processes, they were considered of little consequence as regards mechanism.

The glycoside and 2-0-methyl glycoside reactions both exhibited good secondorder kinetics.

The magnitude of the hydrogen kinetic isotope effect found for

the glycoside reactions indicated specific base catalysis.

Although changes in

ionic strength appeared to be without effect on the glycoside reactions, the rate
of the 2-0-methyl glycoside reactions was reduced by ionic strength increases.

The enormous difference in the reactivity (almost a thousandfold) of the
glycosides and 2-0-methyl glycosides was reflected in both activation enthalpy
and entropy functions.

The activation enthalpies for the glycoside reactions

ranged from 20 to 22 kcal. per mole, the entropies from -7 to -8 e.u.

There was

no difference in the activation functions for reaction of each of the 2-0-methyl
glycosides; the activation enthalpies were 23 kcal. per mole, the entropies
-13 e.u.

.__________________________

ii~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-3The glycoside and 2-0-methyl glycoside reactions in aqueous base solution
were affected in opposite ways by addition of hydrogen peroxide.

The 2-0-methyl

glycoside reaction rates were increased by a factor of nearly 100 in going from
1M aqueous sodium hydroxide to 1M aqueous sodium hydroperoxide.

On the other

hand, replacement of the hydroxide anion by the hydroperoxide anion diminished
the reactivity of the glycosides.

The rate reduction was more pronounced for the

mannoside reaction than for the galactoside.

Evidence for participation by the C2 alkoxyl anion in the p-nitrophenyl
glycoside reactions is provided first, by the difference in the character of the
glycoside and 2-0-methyl glycoside reaction processes, and second, by consideration of the nature of the glycoside reaction products, effect of reaction medium
composition changes on rate, and the kinetic reaction order.

Analysis of the

results obtained for the behavior of p-nitrophenyl 2-0-methyl glycosides in basic
solution indicates their reaction proceeds by nucleophilic substitution on
aromatic carbon.

-4-

II
INTRODUCTION

REACTION OF PHENYL GLYCOSIDES IN BASIC SOLUTION

The sensitivity of phenyl glycosides to aqueous alkali had been recognized
for a century (1) before McCloskey and Coleman (2) presented an analysis of the
steric factors involved in the reaction.

They suggested that the reaction of

phenyl P-D-glucoside in alkaline solution involves intramolecular displacement
of the phenoxyl group by the C2 hydroxyl function to produce a 1,2-anhydro sugar
intermediate.

This intermediate, in turn, is attacked intramolecularly by the C6

hydroxyl or intermolecularly by the solvent (or solvent conjugate base).

Lemieux

(3) and Ballou (4) pointed out, however, that a reaction to form the glycoside
conjugate base, C2 alkoxyl anion, probably precedes intramolecular displacement
by the C2 hydroxyl function.

This formation of the glycoside conjugate base is

probably a reversible reaction.

If the C2 hydroxyl function, rather than the C2 alkoxyl anion, were involved,
the reaction rate for the phenyl B-glucosides should not be dependent on the concentration of base.

A dependence of reaction rate on base concentration has been

observed
for p-chlorophenyl P-D-glucosi ide (5).
The hypothetical
mechanism of McCloskey and Coleman is a three-step process
which
isin
shown
Fig. 1 for phenyl 8-D-glucoside.
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Reaction of Phenyl B-D-Glucoside in Basic Solution

-6The principal sources of experimental support for the mechanism are studies
of products formed, effect of changes in the structure of the reactant, and
behavior of a derivative of the proposed intermediate.
I
The resistance of phenyl-2-O-methyl B-D-glucoside to reaction in basic
solution appears to be significantly greater than that of phenyl B-D-glucoside.
Bardolph and Coleman (6) report that when phenyl-2-0-methyl B-D-glucoside was
treated 48 hours with 2.6N aqueous alkali at 100 ° , the original compound was
recovered in 92% yield.

On the other hand, phenyl-B-D-glucoside has been found

to be completely converted by 1.3N aqueous alkali at 100 ° to 1,6-anhydro B-Dglucopyranose and unidentified products in 9 hours (7).

Under the proper conditions, the reaction has been found to yield products
which indicate retention of configuration was almost complete.
Hudson (8)

Koehler and

obtained 1,6-anhydro B-D-glucopyranose (75% yield) and methyl B-D-

glucoside (21% yield) when 2,4 ,6-tribromophenyl B-D-glucoside was treated with
1.3N methanolic sodium methoxide under reflux conditions.

Methyl-p-D-xylopyrano-

side was obtained in 98% yield from 2,4,6-tribromophenyl-p-D-xyloside under the
same conditions.

Although the 1,2-anhydro intermediate has never been isolated, the triacetyl
derivative of the intermediate has been prepared and shown to yield the products
expected on the basis of the McCloskey and Coleman mechanism.

3,4,6-Tri-O-acetyl-

1,2-anhydro-a-D-glucopyranose reacts with alcohols to give alkyl-B-D-glucoside
triacetate (9),

and with sodium hydroxide in alcohol (6)

aqueous dioxane (5)

or potassium hydroxide in

to give 1,6-anhydro|B-D-glucopyranose.

The evidence for operation of the McCloskey and Coleman mechanism in the
phenyl-B-D-glucoside reaction is extensive, and is not limited to the information

-7just presented.

The case for the mechanism provided by the foregoing information

is convincing, and is not much improved by considering additional evidence (4).

NEIGHBORING GROUP PARTICIPATION

The McCloskey and Coleman reaction mechanism for phenyl-B-D-glucoside in
aqueous alkali is an example of a class of reactions involving participation of a
neighboring group in nucleophilic substitution.

Here the role of the attacking

nucleophile of SN1 and SN2 reactions is assumed by a nucleophilic function which
is attached to the organic molecule undergoing attack.

In particular, the phenyl-

5-D-glucoside reaction is an example of participation by neighboring oxygen.
This reaction bears a striking resemblance to the base-catalyzed cyclization of
alkene chlorohydrins, e.g., ethylene chlorohydrin and especially cyclohexene
chlorohydrin.

Two of the principal types of evidence listed by Gould (10) that point to
neighboring group participation are:

(1)

If participation occurs during the rate-determining step, the reaction

is certain to be more rapid than other similar reactions which do not involve
such participation.

For example, trans-cyclohexene chlorohydrin reacts one

hundred times more rapidly than the cis isomer in aqueous alkali.

Reaction of

the trans compound yields cyclohexene oxide, whereas the cis reacts under more
vigorous conditions to give cyclohexanone (11).

Although three-membered rings

are strained, the ethylene oxide ring is formed here with comparative ease since
the attacking neighboring group lies so close to the reaction center.

The intra-

molecular reaction mode has a greater driving force than the intermolecular mode
because of this proximity of the neighboring group to the reaction center, and
because far less restriction in motion is involved in closing small rings than

-8in bringing two molecules together into an activated complex (entropy effect).
This driving force provided by neighboring group participation is referred to as
"anchimeric assistance" (12).

(2)

The stereochemical outcome of a reaction may suggest neighboring group

participation.

One such outcome, retention of configuration*, is frequently

observed because inverting displacements by neighboring groups often result in
the formation of unstable cyclic intermediates which subsequently open with
nullifying second inversions.

For convenience, the neighboring group participation mechanism will be
referred to in subsequent discussion as Mechanism I..

AROMATIC NUCLEOPHILIC BIMOLECULAR SUBSTITUTION

In the familiar SN2 mechanism for aliphatic nucleophilic substitution, the
processes of bond making and bond breaking are simultaneous.

The aromatic nucleo-

philic bimolecular substitution mechanism presents a sharp contrast to the SN2
mechanism, in that the reaction proceeds through a true intermediate, in which a
new bond has formed before the old bond has broken (10).
this intermediate has actually been isolated (13).

For some reactions,

Step one for the mechanism,

shown in Fig. 2, appears to be rate determining since in most cases it is found
that the reaction rate is not affected by the nature of the leaving group.

*Neighboring group reactions are not the only class of nucleophilic displacement
reactions in which retention of configuration is observed. The formation of a
bromide with retained configuration in the reaction of hydrogen bromide with
phenylalkyl carbinols is an example of an S 1 (substitution nucleophilic internal)
reaction (14). The SN1 reaction requires that the attacking nucleophile be
connected to the carbon atom attacked only through the group which is displaced.
Neighboring group and S 1 reaction processes may usually be distinguished between
by reaction rate measurements. For example, if a neighboring group process is
involved, changes in the nature of the suspected neighboring group should result
in changes in reaction rate which are much larger than would be expected for
reaction by an SN 1 process.
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Bimolecular Nucleophilic Displacement on Aromatic Carbon

Electron withdrawing substituents greatly facilitate this type of nucleophilic substitution by dispersing, through resonance stabilization of the transition state, the negative charge brought by the attacking group before the leaving
group has departed.

Among the electron withdrawing substituents which facilitate

this class of nucleophilic substitutions the nitro group is by far the most
effective.

The following relative rate constants for reaction of some para

substituted bromobenzenes with piperidine (in benzene at 99° ) (Table I) illustrate
the singular effectiveness of the nitro group as an activator (15).

TABLE I
EFFECT OF SUBSTITUENT ELECTRON WITHDRAWING CHARACTER ON REACTION RATE

0
CH0SI

Substituent

N

C -

C. 13C

1.0
k
1.0

rBrC6 H4NO2

0.053

0.031

0.015
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The differences between the aliphatic and aromatic bimolecular nucleophilic
substitution mechanisms have been emphasized up to the present.

However, the

mechanisms have some mutual characteristics that make it difficult, on the basis
of reaction kinetics alone, to distinguish between them when both are possible for
a given reaction.

For example, reaction by either would be facilitated by strong

nucleophiles and media of low dielectric constant and ionic strength (16).

For convenience, the aromatic substitution mechanism will be denoted in
later discussion by Mechanism II.
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STATEMENT OF THE PROBLEM

Ballou (4 ) has pointed out that "although the McCloskey and Coleman mechanism
can be applied, without inconsistency, only to the phenyl-D-glucopyranosides, the
mechanism probably has general significance, since from it one may usually predict
which member of an anomeric pair of phenyl glycosides will be more susceptible to
alkaline degradation."

The inconsistencies alluded to arise when an attempt is

made to account for the products formed in the reaction and the sensitivities of
the reaction of the anomeric phenyl-D-galactopyranosides and the phenyl-D-mannopyranosides in terms of the McCloskey and Coleman mechanism.

For example, although

one would predict from the mechanism that phenyl-a-D-mannoside would be more
susceptible to alkaline degradation than the P-anomer, polarimetric estimates of
time required for each reaction to go to completion indicate that reaction of the
B-anomer is roughly three times more rapid than the a-anomer (7).*

The yield of

1,6-anhydro-B-D-galactopyranose from reaction of the phenyl-D-galactosides is
approximately the same for each anomer (7).

One would predict from the mechanism

that the 1,6-B-anhydride would be formed from the B but not from the a-phenyl
galactoside.

The problem is

that conclusions have been drawn from experiments which were

not originally intended by design to test the hypothesis that the reactions of
phenyl-B-D-galactoside and phenyl-a-D-mannoside do proceed by the McCloskey and
Coleman mechanism.

Moreover, no data specifically designed to test this hypothesis

is available for reaction of the phenyl-D-galactosides and mannosides.

Thus,

although it is probable that the mechanism has general significance for reaction
of the phenyl-D-glycopyranosides in basic solutions, further experimental contributions are needed.

The present study is one such contribution.

*Rotational changes would result not only from the glycoside reactions, but also
from the subsequent reaction of the sugar formed from the glycosides.

-12-

Although products of P-configuration have been isolated from reactions of
phenyl-B-glycosides (retention of configuration) which could proceed by the
McCloskey and Coleman mechanism, the reactions of phenyl-a-glycosides have never
been studied under conditions where it would be possible to isolate a stable
primary product.

A study of the reaction of phenyl-a-D-mannoside in methanolic

sodium methoxide would therefore be a 'valuable contribution.

Previous investigators (2,4) in considering reaction of para-substituted
phenyl-B-D-glucosides have noted what

appeared to be a trend toward an S1
I
mechanism as the electron-withdrawing character of the substituent increased.
The basis for this observation is the downward trend in yield of 1,6-anhydro-B-Dglucopyranose toward 50% (suggesting the anomeric carbon could be attacked equally
well from either side of the ring) as the electron-withdrawing character of the
para-substituent increases.

To determine whether or not incursion of an ionic mechanism is significant,
the p-nitrophenyl group was chosen as the aglycon.

The glycons galactose and

mannose were selected to test the hypothesis that the reactions of phenyl-P-Dgalactosides and phenyl-a-D-mannosides as well as phenyl-p-D-glucosides do proceed
by intramolecular attack of the C2 alkoxyl anion on the anomeric carbon to produce
a cyclic intermediate (Mechanism I).

If participation by the C2 alkoxyl ,anion is involved, then prevention of
formation of the anion by methylation of the C2 hydroxyl should either result in
a significant increase in the activation energy for the reaction or possibly a
change in reaction mechanism.

McCloskey and Coleman (2) suggested the reaction

of p-nitrophenyl-2-0-methyl-P-glucosides' may proceed by participation of the

-13C2 methoxyl group through a resonance stabilized intermediate methoxonium ion

CH3
+
-C-c-

I

CH3

CH 3

I
C---CC

leading to products with retained configuration.

-

C

If the 2-0-methyl glycoside

reaction proceeds by this mechanism, the increase in activation energy (or
reduction in reaction rate) for this reaction will be evidence for participation
by the C2 (hydroxyl or methoxyl) function in the glycoside reaction.

Alterna-

tively, the 2-0-methyl glycoside reaction may proceed by another mechanism,
possibly an SN2 or an SN1 mechanism as suggested by Ballou (4).

The change in

mechanism per se would then constitute evidence for participation of the C
hydroxyl function in the glycoside reaction.

-14EXPERIMENTAL PROCEDURES AND RESULTS
I4
PURIFICATION OF SOLVENTS

METHANOL

Methanol was dried by distillation from magnesium methoxide following the
procedure of Lund and Bjerrum (17).

Magnesium (5 g.),

iodine (0.5 g.) , and reagent-grade methanol (60 ml.) were

placed in a 2-liter flask.

The mixture was warmed until the iodine disappeared.

If a significant evolution of hydrogen did not occur, 0.5 g. more of iodine was
added and the mixture was heated until all the magnesium had been converted to
the methoxide.

An additional 900 ml. of methanol was then added, and the mixture

was heated under reflux for 45 minutes.

The product was distilled with the

exclusion of moisture through a 40-cm. Vigreux column.

Only the middle distillate

fraction was retained.

The water content of all methanol samples to be used in preparing sodium
methoxide solutions for product analysis and rate measurement reactions was
determined by the Karl Fischer method.

The samples were titrated until the end

point, determined electrometrically, persisted for 30 seconds.

The purified methanol was stored in 1-liter glass bottles with stoppers
sealed in

place with polyethylene film.

ACETONE

Acetone was purified according to the method of Riddick (18).

Acetone C.P.

(1 liter) and Drierite (100 g.) were placed in a 1-liter filtering flask.

After

sealing the flask, the mixture was agitated for 24 hours on a mechanical shaker.

-15-

The Drierite was removed by filtration, and the product was distilled through a
40-cm. Vigreux column with the exclusion of moisture.

Only the middle distillate

fraction was retained.

PREPARATION OF COMPOUNDS

The p-nitrophenyl 2-0-methyl glycosides were synthesized from their respective
2-0-methyl sugars following procedures used for the successful preparation of the
p-nitrophenyl glycosides.

Since this study was to include product analysis as

well as reaction rate measurements, it was necessary to prepare or otherwise
obtain pure samples of possible reaction products to calibrate qualitative and
quantitative chromatographic analytical methods.

2-0-METHYL ETHERS OF GALACTOSE AND MANNOSE

Flow diagrams for the preparation of the 2-0-methyl ethers and desired
derivatives are presented in Fig. 3 and 4.

Detailed procedures for preparation of

the ethers and intermediates are given elsewhere (Appendices I, II).

The blocking

sequences for preparing 2-0-methyl D-galactose involved formation of a linkage
between C1 and C6 on the galactose molecule.

This was obtained by reaction of the

anomeric phenyl galactoside acetates in boiling aqueous potassium hydroxide solution to produce 1,6-anhydro-P-D-galactopyranose.

The C1 ,C6

linkage locks the

pyranose ring in a conformation where acetal formation at C3 and C4 is favored.
The C3,C 4 acetal was prepared by treating the C 1 ,C 6 -linked sugar with dry ethanolacetone at room temperature in the presence of copper sulfate and sulfuric acid
catalysts.

Once the ether had been formed,

the C3,C 4 acetal linkage was broken

without affecting the C1 ,C6 linkage by mild acid hydrolysis (.01NO aqueous sulfuric acid, 3 hours, 100 ° ) to give 1,6-anhydro 2-0-methyl-B-D-galactopyranose.
Greater acid concentration and longer hydrolysis time (0.5N aqueous sulfuric acid,
24 hours, 100 ° ) results in breaking both linkages to give the 2-0-methyl sugar.

-

0I

17

-

A derivative of mannose suitable
was obtained in two steps.
acid.

for the preparation of the 2-0-methyl ether

Mannose was mercaptolated in cold concentrated aqueous

Treatment of the resulting mannose dithioacetal with dry acetone at room

temperature in the presence of copper sulfate and sulfuric acid catalysts yields
I

3,4 -5,6 -di-0-isopropylidene mannose dithioacetal.

After forming the methyl ether, careful control of the intensity of the acid
hydrolysis permits breaking the acetal linkages without affecting the thioacetal
linkages.

Purification of the resulting 2-0-methyl mannose dithioacetal and

subsequent acid hydrolysis gave a 2-0-methyl mannose sample which crystallized.
The diisopropylidene derivative of the dithioacetal, on the other hand, was also
hydrolyzed directly to 2-0-methyl mannose, which was isolated as a sirup.

METHYL D-GLYCOSIDES

The methyl glycopyranosides were prepared by a modification of the Fischer
glycosidation procedures described by Haworth, et al. (19) and Dale and Hudson
(20).

Sugar (galactose, mannose, or their 2-0-methyl ethers, 0.15 mole) was added
to dry methanol (250 ml.) containing 0.5-0.8% dry hydrogen chloride.
mixture was warmed a little, the sugar dissolved.

When the

The reaction of galactose or

2-0-methyl galactose at 50° was allowed to continue in a water bath with constant
stirring for 24 hours.

However, the reaction of mannose or 2-0-methyl mannose at

35 ° was removed after 8 hours.

Methanol was removed in vacuo to yield a thick

sirup which contained the anomeric methyl glycopyranosides.

Methyl glycopyranosides when prepared by the Fischer glycosidation procedure
are invariably contaminated with the starting sugar and methyl glycofuranosides.

-19Removal of the sugars was accomplished by refluxing a solution of glycoside sirup
in normal aqueous sodium hydroxide for 30 minutes.

This treatment converted the

sugars to saccharinic acids.

The 2-0-methyl sugars, which are stable in hot aqueous sodium hydroxide,
may be oxidized to acidic products in alkaline copper tartrate solution.

The

methyl glycoside sirup was dissolved in 100 ml. of an aqueous solution consisting
of sodium potassium tartrate (17.3 g,), sodium hydroxide (5 g.), and copper
sulfate pentahydrate (3.47 g.).

The resulting solution was heated under reflux

for 45 minutes, cooled, and filtered to remove the precipitated cuprous oxide.

Methyl glycopyranosides are little affected by either of the foregoing treatments, but the more reactive methyl glycofuranosides are readily degraded to
acidic products (21).

The alkaline solution from either of the two foregoing processes was passed
through a strong cation exchange resin, Amberlite IR-120,* column.

The acidic

products were then removed by passing the eluates from the cation exchange column

through a weak anion exchange resin, Amberlite IR-45,* column.

After concentrating

the eluates from the anion exchange column to dryness in vacuo, the resulting
sirup was taken up in absolute ethanol, and the ethanol solution was refrigerated.
Although the yield of pure methyl a-mannoside was at least 20% of theory, the
yield of each of the pure anomeric galactosides was less than lO%.
Characteristic constants for the glycosides are reported in Table II.

*Trade name for resins manufactured by the Rohm and Haas Company, Philadelphia,
Pa.
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TABLE II
CHARACTERISTIC PHYSICAL CONSTANTS OF GLYCOSIDES
I
Observed Values
I
p25
m.p.,
[a] D
C'
H
°Hi0

side
Glycoside

Literature Values
m.p.,
°C.

[a]
H2O

Ref.

111

178.70

(20)

Methyl a-D-galactoside

111-112

Methyl P-D-galactoside

176-177

Methyl a-D-mannoside

195-194

79.6 °

p-Nitrophenyl B-D-galactoside

177-178

-84.0°

181-18l182

-86.0

p-Nitrophenyl a-D-mannoside

181-182

155.0 °

183 -184

145.0

1,6-Anhydro B-D-galactopyranose

221-222

-24.80

221

METHYL D-GLYCOSIDE ACETATES

178.0°
0.99 °

178-17'9
190

79.0°

(20)
(19)
(22)

°

-22.0°

(23)
(24)

r

Fernez and Stoffyn (25)

have described a procedure for preparing simple

carbohydrate acetates and glycosyl halides in high yield.
only two operations:

0.61°

(1) shaking the

This procedure involves

arbohydrate with the acetylation or

halogenation reagents, and (2) removal of acetylation or halogenation reagents
in vacuo (0.5-1.0 mm. Hg).

Their procedure has been used extensively in the

compound preparation and product analysis phases of this work to prepare acetylated glycosides, sugars, and galactosyl bromides.

Methyl glycoside (0.1 mole) was added to a solution of acetic anhydride (90
ml.) in pyridine (130 ml.), and the resulting mixture was shaken 48 hours at room
temperature.

The acetylation reagents were then eliminated from the mixture by

evaporation in vacuo* (0.5-1.0 mm. Hg, bath temperature 50-55 ° ) and repeated
evaporation with dry toluene.

After drying the remaining mixture of sirupy

Pressures as low as 0.05 mm. Hg were obtained with a system consisting of a
rotary evaporator connected to a vacuum pump through a series of traps which
included an acetone-dry ice solvent trap. Evaporator rings were easily swollen
by pyridine and had to be replaced frequently.
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acetylated methyl glycoside at 0.2-0.5 mm. Hg, the mixture was taken up in
absolute ether (150 ml.).

Five crystalline acetylated methyl glycosides were

obtained from the refrigerated ether solution to which small amounts of petroleum
ether (30-60° ) had been added.*
absolute ethanol.

The glycoside acetates were recrystallized from

Characteristic physical constants are listed in Table III.

TABLE III
CHARACTERISTIC PHYSICAL CONSTANTS OF ACETATES

Literature Values

Observed Values
25

m.p.
°C.

[a]
CHC1

Methyl a-D-galactoside

85-86

135.0

Methyl

95-96

Methyl a-D-mannoside

64-65

Methyl P-D-mannoside

m.p.,
°C.

[cl,
CHC1

Ref.

86-87

132.5 °

(26)

-10.30

94

-10.5°

(27)

51.50

65

49.1 °

(28)

160-161

-44.70

161

-46.80

(19)

Methyl 2-0-methyl P-D-mannoside

147-148

-55.0 °

146

-46.0°

(29)

p-Nitrophenyl P-D-galactoside

144-145

-7.50

144-145

-8.3

(22)

p-Nitrophenyl a-D-mannoside

155-156

103.0 °

156-157

103.0 °

(30)

Acetate

f-D-galactoside

°

p-NITROPHENYL B-D-GLYCOSIDES OF GALACTOSE AND 2-0-METHYL GALACTOSE

Sugar Acetates
Galactose and 2-0-methyl galactose were acetylated following the procedure
of Fernez and Stoffyn (25) already described for the preparation of methyl-D-

*The yield of each product obtained here varied considerably from one glycoside
to the other.
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glycoside acetates.

The products

were crystallized from a minimum of 95%
product was 95% of theory.

The average yield of primary

ethanol.

Penta-O-acetyl D-galactose melted at 130-140°, 3 [a]D

7

26.5

°

(c,

1.0, CHC13).

Literature values (31) are m.p. l42°, [a]0 25° (CHC1).

Tetra-O-acetyl 2-0-methyl D-galaetose melted at 133-134°, [a]25 26.8°,
1.05, CHC13).

C 5H220:

This compound has not been previously reported.

C, 49.71%; H, 6.14%; OCH3

8.56%.

Found:

(c,

Calculated for

C, 50.01%; H, 6.05%;

OCH3, 8.86%.4
Glycosyl Bromides
A solution of hydrogen bromide 30-32% in glacial acetic acid (50 ml.) was
added to the sugar acetate (0.1 mole) in a 250-ml. R.B. flask.

The sugar acetate

was brought into solution by vigorous shaking and was allowed to react at room
temperature for 2 hours with occasional shaking.

Excess hydrogen bromide was

eliminated by concentration for 5 minutes on a rotary evaporator connected to a
water aspirator.

The residual hydrogen bromide and acetic acid were then elimi-

nated by evaporation in vacuo (0.5-1.0 mm. Hg, bath temperature 45-50 ° ) and
repeated coevaporation with dry toluene.

During elimination of the last traces

of the reagents with toluene, the 2-0-methyl glycosyl bromide crystallized in the
flask.

The products were crystallized from a refrigerated absolute ether solution

The sirupy sugar acetates may be brominated directly without prior purification
by crystallization. However, the yields of glycosyl bromide will then be

10-15% lower.
Product isolated in the first crystallization.
3All melting points reported in the thesis are uncorrected.
4 All

microanalyses were performed by Geller Laboratories, Charleston, W. Va.
All samples to be submitted were previously purified by recrystallization to
constant melting point and specific rotation.
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°
to which small amounts of petroleum ether (30-60 ) had been added.

The average

yield of primary product was 83% theory.
°
Tetra-O-acetyl a-D-galactosyl bromide melted at 81-82 ,

CHC1 ).

[a]D

2180 (c, 0.704,

1 7 217 ° (c, 1.2, CHC13).
Literature values (32) are m.p. 84-85 °, [a]

5
°
Tri-O-acetyl 2-0-methyl a-D-galactosyl bromide melted at 134-135 , [a]D

218 ° (c,

1.07, CHC13).

lated for C1 3H 190 18Br:

This compound has not been previously reported.
C, 40.74%; H, 5.01%; Br, 20.85%.

Found:

Calcu-

C, 40.85%;

H, 4.97%; Br, 20.65%.
Glycoside Acetate
The p-nitrophenyl glycoside acetates of galactose and 2-0-methyl galactose
were prepared using the procedure of Michael (33).
A solution of p-nitrophenol (24 g.) and sodium hydroxide (9 g.) in water
(240 ml.) was added to a solution of acetylated glycosyl bromide (0.122 mole) in
acetone (360 ml.).

The reaction was allowed to proceed for five hours at room

temperature with constant stirring.

Acetone was removed by concentration in

vacuo (1-2 mm. Hg, bath temperature 35-40°), and the remaining aqueous solution

was extracted with three 100-ml. portions of benzene.

The benzene extracts were

dried over anhydrous sodium sulfate, filtered, washed, and concentrated to a
mixture of sirup and crystals in vacuo.
absolute ethanol.

The products were crystallized from

The average yield of primary product was 58% of theory.

Characteristic physical constants of the glycoside acetate are given in
Table III.

°
p-Nitrophenyl 2-0-methyl B-D-galactoside triacetate melted at 146-147 ,

[a]2D5 -32.4 ° (c, 0.896, CHC13).
Calculated for C19 H230 1 1N:

This compound has not been previously reported.

C, 51.69%; H, 5.26%; N, 3.17%; OCH3 , 7.03%.

C, 51.83%; H, 5.27%; N, 3.22%; OCH , 7.11%.

Found:
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Glycosides
Glycoside acetate (0.01 mole) was suspended in
O.1N sodium methylate solution (1 ml.) was added.
under reflux for 7 minutes.

dry methanol (60 ml.)

and

The suspensions were heated

Methanol was removed by concentration in vacuo

until the product began to crystallized in the flask.

The galactoside was filtered

and recrystallized from water until the melting point and specific rotation did
not change with further recrystallization.

p-Nitrophenol was removed by stirring

an aqueous solution of the glycoside with IR-45 anion exchange resin for about
30 minutes.

The average yield of primary product was 89% of theory.

Characteristic physical constants of the glycoside are presented in Table
II.

p-Nitrophenyl 2-0-methyl-p-D-gala6toside melted at 168.5-169°, [a]D5 -82.1°

(c, 0.817, H20).
for C13 H1 7 08 N:

This compound has not been previously reported.
C, 49.52%; H, 5.45%; Nl, 4.44%; OCH,

9.84%o.

Found:

Calculated
C, 49.42%;

H, 5.49%; N, 4.29%; OCH , 9.7%.

p-NITROPHENYL GLYCOSIDES OF MANNOSE AND 2-0-METHYL MANNOSE

Sugar Acetates
Mannose and 2-0-methyl mannose (0.1 mole) were acetylated following the
procedure of Fernez and Stoffyn (25) already described for the preparation of
methyl glycoside acetates.

A crystalline penta-0-acetyl-B-D-mannose was obtained

from a refrigerated ether solution of the sirup to which small amounts of petroleum ether (30-60 ° ) had been added.
minimum of 95% ethanol.

The products were recrystallized from a

The yield of primary product was 32% of theory.

Penta-O-acetyl-B-D-mannose melted at 111-112°, [a]D -13.8 (c, 3.66, CHC1 3).

Literature values (34) are m.p. 117-1180, [5

20

-25.2 (c, 3.0, CHC13 ).

|1~~~~~~~~
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Tetra-O-acetyl-2-0-methyl D-mannose melted at 127-128 °, [a]D5 41.2 (c, 1.4,

Literature values (29) are m.p. 126 ° , [a]D8

CHC1 ).

00

(c, 1.0, CHC13).

Glycoside Acetates
The p-nitrophenyl glycoside acetates of mannose and 2-0-methyl mannose were
prepared according to the method of Helferich and Schmitz-Hillebrecht (35).
p-Nitrophenol (25 g.) and sugar acetate (0.064 mole) were placed in a 250ml. round-bottom flask, immersed in a silicone oil bath maintained at 160 ° , and
allowed to melt completely.

Then powdered, freshly fused zinc chloride

(0.6 g.)

was added to the reaction mixture and the pressure over the reaction was reduced
with the water aspirator.

The reaction was allowed to proceed for 30'minutes;

the reaction mixture was then cooled to 120 ° before addition of 250 ml. of benzene.

A small amount of tar in the benzene solution was removed by filtration.

The filtrate was washed with ten 250-ml. portions of 0.5N aqueous sodium
hydroxide solution and finally with 250 ml. of water.

The benzene solution was

dried over anhydrous sodium sulfate, filtered, and concentrated to a thick sirup
in vacuo.

Crystals separated almost immediately from a solution of the sirup in

80 ml. of absolute ether.
absolute ethanol.

The product was recrystallized from a minimum of

The average yield of primary product was 60% of theory.

Characteristic physical constants of the glycoside acetate are given in
Table III.

p-Nitrophenyl-2-0-methyl-a-D-mannoside triacetate melted at 123-124 °,

[a]25 129 ° (c, 1.7, CHC13)
Calculated for C19H23011N:

.

This compound has not been previously reported.
C, 51.69%; H, 5.26%; N, 3.17%; OCH 3, 7.03%.

Found:

C, 52.21%; H, 5.71%; N, 35.534%; OCH 3, 7.11%.

1Use

of zinc chloride which has not been fused immediately before addition to
the reaction mixture leads to exceedingly poor yields.

2Troublesome

emulsions, which form at this point, may be avoided by using
distilled water to prepare the wash solutions.
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Glycosides
Glycoside acetates (0.01 mole) were deacetylated according to the procedure
for the preparation of the p-nitrophenyl glycosides of galactose and 2-0-methyl
galactose already described.

The yield of primary product was 92% of theory.

Characteristic physical constants of the glycoside are given in
p-Nitrophenyl-2-0-methyl-a-D-mannoside
H20).

melted at 153-154°,

This compound has not been previously reported.

C, 49.52%; H, 5.45%; N,

4.44%; OCH3, 9.84%.

OCH3 , 9.3%.

1t

Found:

[a]D5 114 °

Table II.
(c, 0.838,

Calculated for C1H 70N:

C, 49.36%; H,

5.47%; N,

4.54%;

-27SPECTROPHOTOMETRIC RATE MEASUREMENTS

PROCEDURE FOR CONDUCTING REACTIONS

All volumetric glassware used in preparing or dispensing reactant and salt
solutions were calibrated.

Thermometers graduated in

0.1

°

were calibrated against

a thermometer calibrated for total immersion by the Bureau of Standards.
Corrections for emergent stem were applied.

The reactions of the glycosides were followed in the Cary Recording Spectrophotometer Model 15 at 401 mp in aqueous sodium hydroxide and at 393 mu in
methanolic sodium methoxide.

The instrument was designed to record absorbance

as a function of time as well as wavelength.

Water from a constant-temperature

bath was circulated through the walls of the cell compartment and thermostatable
cell jacket accessory.

Thermometers were located so as to measure the temperature

of the circulating stream immediately entering and leaving the cell compartment.
The cell or reaction temperature was taken to be the arithmetic average of the
temperatures of the entering and leaving water streams.

The uncertainty in the

cell or reaction temperature varied directly with the nominal reaction temperature
and attained a value, +0.07 ° , at 55° , the maximum temperature used in the measurements.

The instrument was balanced with water in both the sample and reference

cells.

Water was the reference solvent in all spectrophotometric determinations.

Measured volumes of the appropriate standard solutions (Appendix V), base,
perchlorate, or peroxide from calibrated dispensing burets, were mixed in stoppered 125-ml. Erlenmeyer flasks.*

A 10-ml. aliquot of this solution was pipetted

*Inasmuch as glass surfaces catalyze the decomposition of alkaline peroxide
solutions, reactants for peroxide reactions were thermostated and mixed in
polyethylene bottles. Peroxide reaction solutions were transferred to the
spectrophotometer cell with a pipet.
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into a glass ampoule and the ampoule was capped with a rubber stopper.

Glycoside

or 2-0-methyl glycoside solutions (lO ml. of 0.0001-0.0016M) were pipetted into a
thick-walled glass tube fitted with a glass stopper.

After allowing the reactant

solutions and the transfer syringe to equilibrate for 30 minutes in the bath, the
I
ampoule was removed from the thermostat, carefully wiped dry, and placed in the
tube containing the glycoside solution.

The tube was stoppered, and the reactant

I

solutions were allowed to equilibrate for an additional 15 minutes.

The glass

ampoule was then broken with the transfer syringe, and the reactants were mixed by
agitation with the broken ampoule.

An aliquot (approximately 4 ml.) was quickly

transferred with the syringe to the thermostated spectrophotometric cell.

After

closing the cell compartment, recording of the increase in absorbance of the
reacting solution as a function of time on a strip chart was begun.

Time lapse

between mixing the reactant solutions and commencement of absorbance measurements
seldom exceeded 25-35 seconds.

The temperatures of the circulating stream

entering and leaving the cell compartment were recorded when absorbance measurements were begun and completed.

If a noticeable temperature change (greater than

0.05 ° ) occurred in this period, the data were discarded.

THE SPECTROPHOTOMETRIC METHOD

The spectrophotometric absorbance, A, at any time for a solution of several
components undergoing chemical reaction may be related to the concentrations, M.,
of the individual components by Equation (1).*

A =

E(c)

Mi

(1).

Each component must be shown by experiment to obey the Lambert-Beer law, Equation
(1).

The Lambert-Beer law relation simplifies considerably if there exists a

*For a cell of 1-cm. path length.
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wavelength, X, for which the extinction coefficients, (E )i, of all but one of
the reaction components is zero.

A = eM

(2).

The wavelengths for maximum absorption, Xmax

presented in Table IV were

obtained from absorption spectra measurements from 500 to 220 m1. for the pnitrophenyl glycosides, p-nitrophenyl 2-0-methyl glycosides, and the anion of
p-nitrophenol in water and in dry methanol.

Although the absorption maxima for

the glycosides and 2-0-methyl glycosides occur at about 295-305 mi

in water and

dry methanol, the absorption maximum for the p-nitrophenol anion occurs at 393
mi in dry methanol and at 401 ml in water.

The results of the absorption spectra

measurements clearly showed that the extinction coefficients for the glycosides
and 2-0-methyl glycosides in methanol at 393 mu and in water at 401 mu

would be

negligibly small* compared to the extinction coefficient for the p-nitrophenol
anion in these solvents at these wavelengths.

It was not therefore necessary to

consider contributions of the glycosides or 2-0-methyl glycosides to the measured
absorbance of the reacting system since the progress of the reaction was followed
at 393 or 401 mu.

A disagreement exists among investigators as to whether or not the p-nitrophenol anion obeys the Lambert-Beer law, but the consensus is that the anion does
obey the law (36-38).

Duplicate p-nitrophenol solutions at five concentration

levels in aqueous sodium hydroxide (0.263N) and in methanolic sodium methoxide
(0.252N, 0.0562% water) were prepared at 35 ° by diluting master solutions prepared
in duplicate.

The linear relation found between measured absorbance and concen-

tration of the p-nitrophenol anion, required by the Lambert-Beer law, is

*Estimated to be less than 15 between 393 and 401 mi.

-30TABLE IV
WAVELENGTH FOR MAXIMUM ABSORPTION OF REACTANTS AND PRODUCTS
I
a

Absorbing Species

Concentration,
mg./liter

Medium

mia

p-Nitrophenyl-p-D-galactoside

20.0

Water

302

0.698

220

0.500

297

1.069

220

0.718

305

0.681

220

0.472

296

0.741

219

0.499

302

0.693

222

0.443

303

0.689

222

0.425

401

0.967

318

0.333

393

1.030

308

0.371

Methanol

29.01

p-Nitrophenyl-a-D-mannoside

20.01

Water

Methanol

21.01

r\

p-Nitrophenyl-2-0-methyl-1-Dgalactoside

p-Nitrophenyl-2-O-methyl-a-Dmannoside

p-Nitrophenol anionb

p-Nitrophenol anionc

19.6 '

Water

21.0

7.30"

7.68

Water

0.263N aqueous
sodium hydroxide

0.252N methanolic
sodium methoxide
(0.0562% water)

Measurement at 250 covered the wavelength range 500-220 mu.
bExtinction coefficient at 355

~~~~c

Extinction coefficient at 355

1.79 + 0.013 x 10

liters/mole.

4
-~~~~~~i..
1.88 + 0.008 x 10 liters/mole.

A

-31illustrated in Fig. 5 and 6 for solvents water and methanol.

The extinction

coefficients for the anion in each medium at 35 ° , evaluated at the wavelength for
maximum absorption by least squares, are given in Table IV.

No temperature dependence for the anion extinction coefficient was found
over the range studied:

aqueous sodium hydroxide (35-45°), methanolic sodium

methoxide (25-355).

INITIAL PSEUDO FIRST-ORDER RATE CONSTANTS

The results of the present study and other work (36) have shown that a moles
of p-nitrophenyl glycoside, NPGH, react with b moles of base, OR , in hydroxylic
solvents, ROH, to yield the p-nitrophenolate anion, NP , and carbohydrate, G

a NPGH + b OR

- a G

+ a NP

+ b ROH.

In the preceding section it was shown that concentration of the anion, NP ,
at any time, t, is directly related to spectrophotometric absorbance,'A, through
an extinction coefficient, e, according to the Lambert-Beer law, Equation (2).
Therefore, the appropriate rate law in terms of spectrophotometric absorbance is

dA/dt =

ed(NP-)/dt = ek 2[NPGH]a [OR]

where k 2 is the specific rate constant.

(3),

If the base is present in sufficient

excess that its concentration does not change with time, the reaction rate depends
only on the glycoside concentration, as shown in Equation (4),

dA/dt =

k.i[NPGH]a,

[OR-] >> [NPGH]

k. = k 2 [ORwhere k. is the initial pseudo first-order rate constant.
-1

(4).

(5),

It is often convenient
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to assume the reaction is first order (a = 1.0), relate glycoside concentration,
[NPGH], to absorbance, A, and integrate Equation (4).

If the experimental data

fit the integrated rate relation, the assumed order is verified, and rate constants
may be calculated directly from the relation.

However, the products formed in

the reaction of the glycosides and 2-0-methyl glycosides in basic solution react
further (oxidation-reduction reaction! Appendix IV) to give an absorbing substance
which interferes with use of the simple integrated first-order rate relation.

i

Therefore, initial pseudo first-order irate constants were calculated from initial
reaction rates obtained by the procedure described in the following paragraphs.

Absorbance, A, may be related to time, t, by a curvilinear regression on
time:
nl

A t
=

(6),

Bit
i =io
IL

where B. is the regression coefficient for the ith term.

The initial rate, the

derivative of absorbance with respect to time at zero time may be written

[d/dtl
=

[S
i

The initial
(8)
e,

if

iBitil

glycoside concentration,

and the reaction order,

a,

(7)

=', 1

pseudo first-order rate constant,

the initial

= BB

k.,

may be calculated from Relation

[NPGH],

the extinction coefficient,

are known.,

I/do =kiNPGo

(8).

Before fitting the regression, a simple. data rectification was carried out:
the
(t
value
absorbance
measured
first
=
first
measured absorbance value (_ = O. value), A , was subtracted from subsequent

-35values.

The regression was then fitted with the aid of an IBM 1620 computer, using

a program which adjusted the regression coefficients so that the constant term in
the regression was exactly zero.

The number of terms in the regression necessary

to represent adequately the data was determined by testing the significance of
each term as it was added.

The significance test used is described in standard

statistical reference books (39, 40), and involves comparing a calculated
variance ratio with a value from a statistical table (F test Values) for the 90%
probability level.

The significance test used here amounts to Student's test of each
regression coefficient against its standard error.
linearly related to time, t.
of the t

Absorbance will be at least

Confidence limits for the regression coefficient

term are calculated for the 90% level.

zero, it is concluded that introduction of the t
the fit of the representation of the data.

If these limits do not include
term significantly improves

The test is then repeated on subse-

quent powers, and the regression is fitted using only the significant terms.

Typical plots of the kinetic data are shown in Fig. 7 and 8.
data points form a very smooth curve.

The experimental

Data of this sort are ideally suited for

the treatment by regression methods (i.e., few inflection points).

DETERMINATION OF REACTION ORDER

Before rate constants may be calculated from the initial rate data, the order
of the reaction with respect to glycoside and base must be known.

If

logarithms

of the right- and left-hand sides of Relations (5) and (8) are taken, the
reaction orders a and b may be calculated from the resulting equations.

e kii = logee k + b log e [OR]

log

(9),

I

·
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-38loge [dA/dt

= loge e + log e ki+

a log pGj

(10).

I

Values for a and B evaluated by least squares using a 1620 IBM computer are
reported in Table V.

Typical plots of the measured values about the regression

line are presented in Fig. 9 and 10.

All reactions appear to be approximately

first order with respect to glycoside, although the a value for reaction of
p-nitrophenyl 2-0-methyl P-D-galactoside at 55 ° is significantly lower than the
other values.

Initial first-order rate constants, ki, were therefore calculated

assuming a = 1.0.

The apparent reaction order with respect to base, b, is a value averaged
over an extended base concentration range (0.00-0.50N).

Changes in the activity

coefficients for the reacting species with changing base concentration will
affect the magnitude of the observed base reaction order.

INITIAL SECOND-ORDER RATE CONSTANTS

Pseudo first-order rate constants as a function of base concentration at
constant ionic strength are presented graphically in Fig. 11-16.

Concentrations

of reactants at the temperature of rate measurements were taken to be equal to
I
the product of the ratio of the solvent specific gravity at 25 ° to that at the
measurement temperature, and the measured concentration at 25°.

To verify this

procedure, the variation in the pycnometric specific gravity of approximately
0.5N aqueous sodium hydroxide (25-55 ° ) , aqueous sodium perchlorate (25-55 ° ), and
methanolic sodium methoxide (25-35 ° ) solutions with temperature were measured.
The specific gravity variations of the electrolyte solutions with temperature,
measured to four significant figures, were essentially equal to the variation
reported for the pure solvents (41).

-40-

MANNOSIDE
4-'

-6.0 -

ZL

,0

z

%2' -7.0 OJ
-8.0

GALACTOSIDE

-9.0 -

Figure 9.

Determination on' Glycoside Reaction Order

-41-

-7.1

MANNOSIDE

x
o

/
--10.0

3/

GALACTOSIDE
GALACTOSIDE

/
-11.0

-12.0

I

I

-3.0

-2.0

-1.0

LOGe (OR-)
Figure 10.

Determination of Base Reaction Order

-42-

i'
ll

I
1l
l

I'

*

1
11

i

0.60

|1

I
l|

jl

0.50

.

i!

I1
I

-r

i~

OAO

.

i 55°

1/

w

O.I

0.1

0

0.2

0.3

0.4

0.5

BASE CONCENTRATION I, MOLES/LITER
Figure 11.

Effect
of
Effect
of Hydroxide
Hydroxide Anion
Anion Concentration on the
Rate of the p-Nitrophenyl 2-0-Methyl P-DGalactoside Reaction

-43-

I

160
550

128
V)
0U._

x

961

¥
641

450

0.1

BASE

Figure 12.

0.2

0.3

0.4

0.5

CONCENTRATION, MOLES/LITER

Effect of Hydroxide Anion Concentration on
the Rate of the p-Nitrophenyl P-D-Galactoside Reaction

I1
I

/1

I

l
ii

e
0l

55s

0.4

x
XzD
.J

0.2(

0.3

0.4

- 0.5

BASE

Figure 13.

Effect of Hydroxide Anion Concentration
on the Rate of the p-Nitrophenyl 2-0Methyl a-D-Mannoside Reaction
I

*B
11

I

I

I.

U

I

(o
X
x

960

Z

320

0.1

BASE CONCENTRATION)
Figure 14.

MOLES/LITER

Effect of Hydroxide Anion Concentration
on the Rate of the p-Nitrophenyl a-DMannoside Reaction

-46-

480

35

400

320

(0
240
x

i,
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~160~~~~~~~~~~~~~~~~~~~~~
i i'

80

Fur

0

15

80
_eactio
~ ~

on the Rate
Of the p-Nitrophenyl c-DMannoside
Reaction
Efeto
ehoieAinCocnrto

0.1on

th

0.2

iaep

h

0.3 -Ntohnla 0.4

0.5

Mnosd

BASE CONCENTRATION, MOLES/LITER
I
Figure 15.

Effect of Methoxide Anion Concentration

-47-

35,

I .

320

V)
.

x
._"

80

0.4

BASE CONCENTRATION,

Figure 16.

0.5

MOLES/LITER

Effect of Methoxide Anion Concentration
on the Rate of the p-Nitrophenyl P-DGalactoside Reaction

It is evident from an inspection of Fig. 11 and 13 that the rate constant
data for the 2-0-methyl glycoside reactions are not as precise as the data for
the glycoside reactions.

Absorbance read from the spectrophotometric strip chart
This is a principal, constant source of

recordings can be estimated to + 0.0011.

error in the measurement of the rate of change, A', in absorbance with time.
When the rate of change, A', is small, this constant error will be a larger
percentage of A' than when A' is large.

Thus, although differences between

duplicate measurements for the p-nitrophenyl glycosides are usually no greater
than 1-2%, differences for the substantially less reactive p-nitrophenyl 2-0-methyl
glycosides are ordinarily 2-4%.*

Second-order rate constants were calculated from a regression of initial
ni

i

0

111),

where J. is the regression coefficient for the ith term.

The constant term was

prescribed (force fit through the origin), and successive terms in the regression
were tested for significance by the procedure described previously.

The initial

second-order rate constant, (k )i, is obtained by evaluating dk./dC at C = 0.
n
.

i/dC
i

=

[-

iJ i

=

1

= (k(12).
2 1

i

The initial second-order rate constant (k2 )i is equal to the regression
coefficient of the first term of Equation (12).

Initial second-order rate con-

stants and the regression coefficients for the significant terms are presented
in Table VI.

*As the reactions become extremely slow,' the degree of reproducibility diminishes
very rapidly (Appendix VI).

-49TABLE VI
TEMPERATURE DEPENDENCE OF SECOND ORDER RATE CONSTANTS
AT CONSTANT IONIC STRENGTH

J

p-Nitrophenyl-D-Glycoside

-Galactoside

x 106

[(it
ox106s],
(liters/mole sec.
liters/mole sec.

J2 x 106

44.0

35.06

153.0

44.98

416.0

55.04

10.58
a-Mannoside

2-0-Methyl P-galactoside

2-0-Methyl a-mannoside

-Galactoside

NaOMe-MeOH

NaOH-H2 0

330.0

35.04

1070.0

1080.0

44.97

3090.0

1850.0

55.04

0.709

-0.322

NaOH-H20

35.03

382.0

9.80

Reaction
Medium

Temperature, °C

35.03

NaOMe-MeOH

50.05

NaOH-H20

1.26

55.02

0.931

50.05

1.65

55.02

35507

NaOH-H20

NaOH-H20

Measured at variable electrolyte concentration; perchlorate additions to
maintain constant ionic strength were omitted.

-50Arrhenius correlations of second-order rate constant with temperature for
the p-nitrophenyl glycoside reactions are shown in Fig. 17.

The Arrhenius activa-

tion energies were evaluated by the method of least squares using the logarithmic
form of the Arrhenius relation.

Thermodynamic activation functions from the absolute reaction rate theory
(10) at 550 are given in Table VII.

Activation enthalpy, aH*, was calculated

from the Arrhenius energy, E , the gas constant, R, and absolute temperature, T.

AH* =

- RT

(13)

la

It was convenient to calculate the activation entropy, AS*, using Relation (14)*.

AS* = R log

(A/T) + R log e (h/e kB)

(14),

where
A = empirical Arrhenius relation constant term
h = Planck constant
k B = Boltzmann constant
-B
e = base of the Naperian logarithm system

CHANGE IN REACTION MEDIUM COMPOSITION

The effect of changes in the nature of the solvent, nucleophile, and of
changes in electrolyte concentration on the rate of the reaction of the glycosides
and 2-0-methyl glycosides in basic solution were studied.

Nucleophiles included

methoxide, deuteroxide, and hydroperoxide anions in the solvents methanol,
deuterium oxide, and water, respectively.

*This relation may be readily derived by equating the absolute reaction rate
theory expression to the Arrhenius expression and solving for AS*.
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H

-53Addition of peroxide to an aqueous sodium hydroxide solution produces the
nucleophile, hydroperoxide anion, at the expense of a reduction in the concentration of hydroxide anion according to the reaction

H202 + OH

-

(c - x) (d - x)

+ H20

02H

x

An estimate of the magnitude of the reduction in hydroxide anion concentration
can be obtained from Relation (15) and the known values for the first dissociation
constant of hydrogen peroxide, K H

(42), and the ionization constant of water,
2 2
KW (43), at the temperature of rate constant measurement.

x
(c - x) (d - x)

Included in Table VIII are:

2 2
Kw

2.24 x lO - 1 2
1.005 x 10

-14

=

223

(15)

measured initial pseudo first-order rate con-

stants and their average deviations for the reaction of the glycosides and 2-0methyl glycosides in basic solution containing varying amounts of hydrogen
peroxide; equilibrium hydroperoxide and hydroxide anion concentrations estimated
from Relation (15); and rate constants corresponding to the equilibrium hydroxide
anion concentration estimated (assuming the hydroperoxide

anion does not partici-

pate in the glycoside or 2-0-methyl glycoside reactions) from the regression
relation and coefficients presented on p. 43 and Table VI.

The variation in the

measured and estimated rate constants with equilibrium hydroperoxide anion concentration is illustrated in Fig. 18 and 19.

Initial pseudo first-order rate constants and their average deviations for
the reaction of the glycosides in aqueous sodium hydroxide and methanolic sodium
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-57methoxide and the 2-0-methyl glycosides in aqueous sodium hydroxide at different
levels of electrolyte concentration are given in Table IX.

A single pair of

initial second-order rate constants, one measured in a medium of invariable, the
other in a medium of variable electrolyte concentration, are available for comparison.

Values reported in Table VI for the second-order rate constants for the

reaction of p-nitrophenyl 3-D-galactoside in aqueous sodium hydroxide at 350 ,
measured with perchlorate added to maintain constant ionic strength and without
added perchlorate are 44.0 x 10- 6 and 45.2 x 10-

liters/mole sec., respectively.

Measured first-order rate constants for the reaction of the glycosides in
0.482N sodium deuteroxide-deuterium oxide (99.77 atom % deuterium) solution at
45° are given in Table X.

First-order rate constants for the glycoside reactions

in 0.482N aqueous sodium hydroxide at 450, estimated from the regression relation
and coefficients presented on p. 48 and in Table VI are also given for comparison.
The significance of the observed kinetic isotope effects will be treated in the
discussion section.

PRODUCT ANALYSIS

PAPER CHROMATOGRAPHY

Paper chromatograms (24 x 7 in.) were prepared by spotting aliquots of deionized reaction mixture solutions along with solutions of knowns on Whatman No. 1
paper.
systems:

Chromatograms were developed by descending chromatography in two solvent
A, ethyl acetate:pyridine:water, 8:2:1, B, ethyl acetate:acetic acid:

water, 9:2:2.

A silver nitrate, sodium hydroxide dip (44) was used to process the

chromatograms.

The ratio, Rg, of the Rf for a galactose derivative, relative to the Rf for
galactose, was measured.

R , Rf relative to mannose, values were similarly
-

f

-59obtained.

R and R values reported in Table XI show that adequate separations
-g
__

were obtained for all products except the anomeric methyl-D-galactosides.

TABLE X
HYDROGEN KINETIC ISOTOPE EFFECT

Reaction Medium

p-Nitrophenyl-D-Glycoside
P-Galactoside

a-Mannoside

Temperature, °C.

ki D20/k i

k. x 10
--

1

sec,

H20

OH-, 0.482N, H20

44.97

73.7 + 0.7a

OD-, 0.482N, D20

44.96

99.6 +

OH-,

0.482N, H20

44.96

769.0 +

OD-, 0.482N,
-)2 D20

44.96

1.35 + 0.02

.5 b

6

.0a

1085.0 + 5.o

1.40 + 0.01

b

aEstimated from regression relation and coefficients presented on p, 48 and Table
VI. Average deviation equal to that for measured k. at 44.97° , 0.509N, OH-,
in Appendix VI.
Based on two measurements.

GAS CHROMATOGRAPHY

All gas chromatographic analyses were conducted with an Aerograph Hi Fi Model
A-600 B gas chromatograph equipped with a hydrogen flame ionization detector.

The packing for Column No. 1 consisted of 40 cm. of a 1:1 v/v mixture of 200
w/w Apiezon M grease on Chromosorb W, 60-80 mesh, and 20% w/w butanediol succinate
polyester on Chromosorb W, 60-80 mesh, placed on top of 77 cm. of methyl silicone
rubber gum, SE-30, 1% w/w on 60-80 mesh glass beads.

Column No. 2 was essentially Column No. 1 without the silicone rubber gum
packing.

The packing consisted of 76 cm. of a 1:1 v/v mixture of 20% w/w Apiezon

-60TABLE XI
CHROMATOGRAPHIC SEPARATIONS OF PRODUCTS
Paper Chromatography
R_and R Values
_ Values
Rgjl_
Sugar Derivative

Solvent A

Solvent B

Gas Chromatography
RT,

in
-

RT/RT
-ref.

Methyl c-D-galactoside

2.2

2.5

16.5

1.53

Methyl P-D-galactoside

2.2

2.3

21.9

2.03

1,6-Anhydro P-D-galactopyranose

7.3

5.0

19.6

1.80

2-0-Methyl-galactose

2.9

2.5

28.0

2.60

Methyl 2-0-methyl-a-D-galactoside

11.1

9.2

10.5

0.990

Methyl 2-0-methyl-p-D-galactoside

9.3

7.5

13.8

1.30

1,6-Anhydro 2-0-methyl P-Dgalactopyranose

11 . 1

8.4

Methyl a-D-mannoside

2.7

3.2

15.4

1.49

Methyl P-D-mannoside

1.5

2.1

21.8

2.12

1,6-Anhydro P-D-mannopyranose

4 .8

4.3

28.2

2.57

2-0-Methyl mannose

2.3

25.3

1.73

Methyl 2-0-methyl a-D-mannoside

4 .5

7.7

0.76

Methyl 2-0-methyl B-D-mannoside

7 .2

12.0

1.19

All samples were analyzed as the acetates except 1,6-anhydro P-D-mannoand galactopyranose.
Average of 4-7 observations measured with Column No. 2 at 2000,
temperature 230°, carrier gas flow rate 72.0 ml./min.
c

a

injector

Reference is 1,6-anhydro P-D-galactopyranose triacetate, RT f
10.6 min.,
measured using the column and conditions used to obtain the RT- results.

M grease on Chromosorb W, 60-80 mesh, and 20% w/w butanediol succinate polyester
on Chromosorb W, 60-80 mesh.

The packing for Column No. 3 consisted of 152 cm. of methyl silicone rubber
gum, SE-30, 5% w/w on 60-80 mesh Chromosorb W.

All packings were housed in a

0.32 cm. inner diameter stainless steel shell.

Prepurified-grade nitrogen was

used as the carrier gas and unless otherwise specified the flow rate was 72.0
ml./min. (measured at room temperature).
30 ml./min.

Hydrogen detector gas flow rate was

Injector temperature was normally 30-35 ° higher than the column

temperature.

Qualitative Gas Chromatography
Retention times (time lapse between sample introduction and the appearance
of the peak maximum) for acetylated methyl glycosides and sugars relative to a
reference, levogalactosan triacetate, are reported in Table XI.

Jones and Perry (45) reported a successful separation of anomeric methyl
glycosides with Column No. 1.

Their success, however, could not be duplicated.

When alcoholic solutions of pure methyl glycosides were injected onto Column No.
1, they appeared to decompose.

No decomposition was observed when acetylated

glycosides or unacetylated 1,6-anhydro sugars were gas chromatographed.

Good separations of the anomeric methyl glycoside tetraacetates were obtained
with Column No. 2.

Less tailing in the peaks for 1,6-anhydro sugars was observed

when Column No. 1 was substituted for Column No. 2.

Column No. 3 was useful in

the separation and analysis of the more polar phenolic reaction products.

Quantitative Gas Chromatography
Experience in the preparation of acetylated carbohydrates suggested that
methyl glycosides might be quantitatively converted to their acetates by the
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acetic anhydride-pyridine method described by Fernez and Stoffyn (25).

The

relation between the gas chromatographic response, obtained from peak area measurements using the method of approximating triangles (46), for a given quantity
of a pure acetylated methyl glycoside 'and the quantity of acetylated glycoside
was determined (calibration).

Known quantities (0.1-0.4 g.) of methyl a-D-

mannoside and methyl P-D-galactoside were shaken with pyridine (10 ml.) and
acetic anhydride (10 ml.) for 48 hours at room temperature.

The bulk of the

acetylation reagents were removed by evaporation in vacuo (0.5 mm. Hg, bath
temperature 50-55 ° ) and final traces of the reagents were removed by repeated
coevaporation in vacuo

with toluene (15 ml.).

The yields of methyl glycoside

acetates estimated from the response peak areas were essentially quantitative,
in general agreement with results obtained (ca. average yield 95% of theory, p.
22)in preparing acetylated sugars by this method.

The foregoing gas chromatographic yield determinations were carried out
less than 10 days after the procedure had been calibrated.

The relatively short

time lapse between calibration and determination proved to be important in view
of a later finding.

For at least one column (peak area), gas chromatographic

response to the injection of a known quantity of a compound was found to have
decreased approximately 37% over a period of three months.

The direction of the

observed response change suggests that this factor could not have significantly
affected the estimate of the "quantitativeness" of the acetylation method.

However, in view of the observed response change, an internal standard was
used in calibrating a method for the determination of the quantity of methyl
glycosides and anhydro sugars formed in the product analysis reactions.

The

internal standard concentration, CIS, is known from the amount of standard added
to a known volume of the component solution.

II

The unknown concentration of the

-63component, CC, may then be determined from the gas chromatographic response for
the component, PAC, relative to the response for the internal standard, PAIS.

The quantity, PAC/PAIs, determined by gas chromatographic analysis of
internal standard and component solutions of known composition, Cc/Cis, was found
to be linearly related to C /Cis

Cc/CIs

(16).

= b PAC/PAIS

Calibration constants, b, and their standard errors, evaluated by linear regressions, are presented in Table XII; the correlations are shown in Fig. 20-23.

GENERAL PROCEDURE FOR PRODUCT ANALYSIS REACTIONS

The reactions of p-nitrophenyl glycosides and p-nitrophenyl 2-0-methyl
glycosides in methanolic sodium methoxide or aqueous sodium hydroxide were allowed
to proceed essentially to completion at constant temperature.

Initial compositions

of reaction mixture solutions, time and temperature of reaction, and yields of
products formed are reported in Table XIII.

Normally separate reaction mixtures

were used for (1) product isolation and identification, and (2) yield determinations.

Reactions in methanolic sodium methoxide were allowed to proceed under reflux
in the absence of moisture.

After cooling, methanol was removed by concentration

in vacuo (bath temperature 35°), and the sirupy residues were taken up in 100 ml.
of water.

Occasionally a precipitate which formed at this point had to be

reclaimed by filtration.

Aqueous solutions of the glycoside methanolic sodium methoxide and aqueous
sodium hydroxide reaction mixtures were passed through a column of IR-120 cationexchange resin to remove the sodium ion.

The weakly acidic aqueous eluates from
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-71the ion-exchange resin were concentrated to approximately 100 ml. and extracted
with ether or benzene in a continuous operation for 24 hours to remove aromatic
reaction products.

The extract solutions were dried over anhydrous sodium sulfate,

concentrated to a small volume, and set aside for subsequent analysis.

The extracted aqueous solution was passed through a column of IR-45 to
remove the remaining organic acids.

Eluates from the resin column were concen-

trated to a small volume, which was saved for later analysis.

REACTION OF GLYCOSIDES IN METHANOLIC SODIUM METHOXIDE

p-Nitrophenyl Glycosides
B-D-Galactoside
Preliminary paper chromatographic examination of the aqueous solution of the
reaction mixture indicated it
of D-galactose was found.*

contained two products.

No evidence for the presence

The products were separated by preparative paper

chromatography on 7 x 18 in. Whatman No. 17 paper.

Chromatograms were allowed to

develop in Solvent A for 18 hours, removed, and dried.

Products were located by

processing thin strips trimmed from both sides of each chromatogram.

After eluting

the two products from the paper with distilled water, the eluates were concentrated
to a thin sirup in vacuo.

Two recrystallizations of the first product from

absolute ethanol gave a white solid, m.p. 176-177 ° ,

5
[ac]

_-.60 ° (c, 0.682, H2 0).

An authentic sample of methyl P-D-galactoside (p. 20) gave m.p. 176-177 °, []D25
-0.99 ° (c, 0.910, H20).

Gas chromatographic examination of the acetylated reaction

mixture showed-the retention ratios (relative to levogalactosan triacetate) of the
product and methyl P-galactoside tetraacetate to be identical.

*In all paper chromatographic analyses solutions of reaction mixtures and pure
known standards were spotted on the same chromatogram.

-72The second product after two recrystallizations from absolute ethanol gave
m.p. 221-222 ° , [a]2 5 -24.9 (c, 0.820, H2 0).
D-D-galactopyranose (Appendix I) gave m.p.

An authentic sample of 1,6-anhydro
221-222 °,

[a]D -24.8° (c, 0.847, H2).

A mixture melting point of the second product with pure 1,6-anhydro P-D-galactopyranose showed no depression.

The benzene extract of the reaction mixture was analyzed by gas chromatography
with Column No. 2 at 185 ° .

p-Nitrophenol, present in large enough quantity as

to preclude analysis of remaining products, was removed from the extract by ion
exchange.

The measured relative (to a reference, 1,2-5,6-di-0-isopropylidene

a-D-glucofuranose) and absolute retention times for the principal product in the
benzene extract and authentic p-nitroanisole were identical.

Aliquots of the

extract and of a solution of p-nitroanisole were combined and gas chromatographed
on Column No. 2.

Response for the product increased relative to the response for

the reference compound.

Yields of methyl P-D-galactoside and 1,6-anhydro P-D-galactopyranose determined on separate aliquots of the same reaction mixture with the column and conditions used in preparing the calibration, were 7.9 and 76.3%, respectively.

It

was necessary to acetylate one reaction mixture aliquot before methyl B-D-galactoside could be quantitatively determined.

No evidence of the formation of methyl

a-D-galactoside was found.

a-D-Mannoside
Preliminary paper chromatographic examination of the aqueous solution of the
reaction mixture indicated it contained primarily methyl a-D-mannoside, some
mannose, and mere traces of three other products.

Two of the other products, which

are believed to amount to less than 1% of the products formed, were tentatively

-75identified as methyl 3-D-mannoside and 1,6-anhydro B-D-mannopyranose on the basis
of paper chromatographic mobilities.*
aqueous reaction mixture

solution.

The principal product separated from the
After two recrystallizations from water, the

product gave m.p. 193-194°, [a] 2 5 78.00 (c, 2.8, H20 ) .
methyl a-D-mannoside (p. 20) gave m.p. 193-194°,

An authentic sample of

[a] 2 5 79.6 ° (c, 1.20, H20).

A

mixture melting point of the product with pure methyl a-D-mannoside showed no
depression.

The benzene extract of the reaction mixture was analyzed by gas chromatography with Column No. 2 at 185 ° .
removed by ion exchange.

p-Nitrophenol, the interfering product, was first

The measured relative (to a reference, 1,2-5,6-di-0-

isopropylidene a-D-glucofuranose) and absolute retention times for the principal
products in the benzene extract and authentic p-nitroanisole were identical.
Aliquots of the extract and a solution of p-nitroanisole were combined and gas
chromatographed on Column No. 2.

Response for the product increased relative to

the response for the reference compound.

The amount of methyl a-D-mannoside formed in the reaction, measured by quantitative gas chromatography of the acetylated reaction mixture with the column and
conditions used in

calibrating the method,

was 88.3%.

the yield of methyl a-D-mannoside gave 85.5%.

A polarimetric estimate of

The agreement between the estimates

obtained by the two independent methods is quite good.

Paper chromatographic

*The methanolic sodium methoxide reaction medium employed in this particular
product analysis reaction contained 0.17% water. The comparatively high water
content of the reaction medium probably explains why sugar, mannose, was formed
in this reaction, for no trace of sugar has been found in glycoside-methanolic
sodium methoxide reactions when the reaction medium contained less than 0.03%
water. Therefore, it is possible that the paper chromatogram "spots" believed
to represent methyl O-D-mannoside and 1,6-anhydro P-D-mannopyranose may actually
represent sugar, mannose, degradation products. The "spots" referred to were
not found on a paper chromatogram of a mannoside reaction mixture where the
methanolic reaction medium contained 0.025% water.
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examination of the aqueous reaction mixture solution prior to measuring the rotation indicated methyl a-mannoside was the only component formed in this particular
reaction carried out in dry (less than 0.25% water) methanolic sodium methoxide.

p-Nitrophenyl 2-0-Methyl Glycosides
Examination by gas chromatographyl of the deionized ethanol reaction mixture
solutions before and after acetylationi indicated that neither the methyl 2-0methyl glycosides nor the 1,6-anhydro 2-0-methyl sugars were formed in the
reaction.

In addition to the 2-0-methyl sugars, paper chromatography indicated

the reaction mixtures contained several other components.

The benzene extracts of the two reaction mixtures were concentrated to dryness in vacuo.
added.

To the residues, 75 ml.

of 0.25N aqueous hydrochloric acid was

Steam distillation of the acidified aqueous mixtures yielded water-insol-

uble products in the distillate.

The melting points of the products from the

two reactions, determined after two recrystallizations from petroleum ether (3060°), were 52-53 ° in agreement with thel measured melting point for authentic
p-nitroanisole,

2

52-53°.

A mixture melting point for each of the two products

with p-nitroanisole showed no depression.

The infrared spectrum (KBr) of each

product was identical with the spectrum of p-nitroanisole.

I
A solid which precipitated in an aqueous alkaline solution of both reaction
mixtures was recovered by filtration.

The melting point of the product from the

two reactions, determined after four recrystallizations from absolute ethanol,
was 117.0-117.5° in good agreement with the melting point of authentic p-azoxyanisole, 3 117-118° .

1

A mixture melting point of each product with p-azoxyanisole

2

Presumably sugar oxidation products, aldonic acids, and their lactones.
Reagent grade, Eastman Organic Chemicals, Rochester, N. Y.
Reagent grade, K. and K. Laboratories, Plainview, N. Y.

'I____________________

-75showed no depression.

Elemental analysis of a mixture of the precipitated solids

from both glycoside reactions gave:
for C14H 403N2:

C, 64.70%; H, 5.55%; and N, 11.69%.

C, 65.12%; H, 5.43%; and N, 10.85%.

Calculated

The infrared spectra (KBr) of

the products from both reactions were identical with the spectrum of p-azoxyanisole.

Gas chromatographic examination of the benzene extracts of the two reaction
mixtures indicated that p-nitrophenol had not been formed.

The minimum amount of

p-nitrophenol that could be detected with gas chromatography was determined.

p-

Nitrophenol present in quantities larger than 3.5% based on the reactant 2-0-methyl
glycosides should have been detectable.

The benzene extracts of the reaction mixture were analyzed by gas chromatography with Column No. 2 at 150 ° .

p-Nitroanisole, which has already been shown to

be the first major constituent of the reaction mixtures, provided a convenient
reference.

The relative (to a reference, p-nitroanisole) and absolute retention

times for the second major constituent and for p-methoxyaniline, were essentially
identical.

The quantities of unreduced p-nitroanisole remaining in the reaction of the
2-0-methyl galactoside and the 2-0-methyl mannoside measured with the column and
conditions used in preparing the calibration, were 13.3 and 27.1% respectively.

REACTION OF THE GLYCOSIDES AND 2-0-METHYL GLYCOSIDES IN AQUEOUS
SODIUM HYDROXIDE

p-Nit rophenyl Glycosides
A preliminary paper chromatographic examination of the deionized aqueous
reaction mixture solutions calibrated with solutions of known standards was
carried out.

The galactoside reaction mixture consisted primarily of 1,6-anhydro

P-D-galactopyranose, some galactose, and traces of two other unidentified products.

-76The mannoside reaction mixture contained mannose and traces of two unidentified
products.

No evidence for the presence of 1,6-anhydro p-D-mannopyranose was

found.

After two recrystallizations from absolute ethanol, a product, which separated
from an ethanol solution of the galactoside reaction mixture gave m.p. 221-222°,

[a]D -23.9° (c, 0.606, H2 0).

An authentic sample of 1,6-anhydro B-D-galactopy-

ranose (p. 20) gave m.p. 221-222° , [a]D

-23.6 (c, 0.445, H2 0).

The yield of

1,6-anhydro P-D-galactopyranose formed in the galactoside reaction, measured with
the column and conditions used in preparing the calibration, was 46.5%.
A temperature programmed (60-300 °) gas chromatographic analysis of the ethereal
extracts of the two reaction mixtures was carried out with Column No. 3.

The only

product, retention time 37.4 minutes, found in both reaction mixtures appeared to
be p-nitrophenol, retention time 38.4 minutes.

The reaction of each glycoside in approximately 0.5N aqueous sodium hydroxide
at 55° was followed at 401 mu until the spectrophotometric absorbance ceased to
change with time.

The quantity of p-nitrophenol formed in the galactoside and

mannoside reactions, determined from the final absorbance value for each reaction,
were 88.2 and 100%, respectively.

p-Nitrophenyl 2-0-Methyl Glycosides

I

A temperature programmed (60-300 ° ) gas chromatographic analysis of the ethereal
extracts of the reaction mixtures was carried out with Column No. 3.

The principal

1,6-Anhydro P-D-mannopyranose was available as a standard.
2

Retention times measured in temperature programmed gas chromatographic analyses
are less reproducible than retention times obtained in isothermal operations
simply because the rate of change in temperature with time cannot be reliably
reproduced from analysis to analysis.

-77product in the galactoside and mannoside reactions, retention times 39.5 and 35.5
minutes, respectively, appeared to be p-nitrophenol, retention time 38.5 minutes.
In addition, a product, retention time 18.2 minutes, with a trailing edge characteristic of phenols on Column No. 3 was observed for the galactoside reaction
mixture.

This species may have been a reduction product of p-nitrophenol.

-78DISCUSSION OF RESULTS

i
REACTION PRODUCTS AND MECHANISM

Since p-nitrophenol, sugars, and 2O0-methyl sugars may be formed from the
glycosides and 2-0-methyl glycosides by several different processes in aqueous
base solutions, finding these products in this medium is of little consequence as
regards mechanism.

On the other hand, a study of the products formed in metha-

nolic sodium methoxide can be of great value.

The stereochemistry of the products

may indicate the number of configurational inversions involved in the reaction
process.

Replacement of a hydroxyl group by a methoxyl group in a reaction product

may indicate a change in the point of bond cleavage.

Finally, the greater sta-

bility of the products formed in the methanol medium compared to the aqueous
medium makes an estimate of the extent of side reaction incursion possible.

THE p-NITROPHENYL 2-0-METHYL GLYCOSIDES

In his review, "The Alkali Sensitive Glycosides," Ballou (4)

concluded that

three different mechanisms can operate in the reaction of phenyl glycosides in
alkaline media.

The reaction of the p-nitrophenyl 2-0-methyl glycosides in basic

solution could proceed by one or more of these.

Inasmuch as nothing whatever was

known about the reaction of the 2-0-methyl glycosides, these three mechanisms for
the alkaline reaction of phenyl glycosides were considered prime initial hypotheses.

-79All three mechanisms involve glycosyl bond cleavage*; they include Mechanism I
(p. 5), SNl, and Si2 mechanisms.
The products to be expected from reaction of the 2-0-methyl glycosides in
methanolic sodium methoxide by either of the three glycosyl bond cleavage mechanisms include p-nitrophenol, methyl 2-0-methyl glycosides, and 1,6-anhydro-2-0methyl P-D-glycopyranose.

As indicated in a previous section (p. 15), these

products were either prepared or obtained in pure form from a chemical supply
house for the purpose of standardizing qualitative paper and gas chromatographic
analysis procedures:., However, no evidence for the formation of these products
was found (using the known standards) in the two p-nitrophenyl 2-0-methyl glycoside methanolic sodium methoxide reaction mixtures.

The finding of 2-0-methyl sugar and the isolation of p-nitroanisole from
the reaction mixtures suggested instead that glycosidic bond cleavage was involved
A reaction process involving attack by

in the 2-0-methyl glycoside reactions.
the methoxide anion on C

of the benzene ring with displacement of the glycosoxy

group would yield p-nitroanisole and 2-0-methyl sugar.

It is conceivable that

p-nitroanisole could also result from displacement of the oxy anion on C 1 of

*Glycosyl bond cleavage refers to fission of the band between the anomeric carbon
and the glycosidic oxygen, i.e., fission along a-a'. Glycosidic bond cleavage
refers to fission of the bond between the glycosidic oxygen and C1 of the
benzene ring, i.e., fission along b-b'.

I

I7

-

KO
I,

,

.

b

)

NO2

-80p-nitrophenol

by the methoxide anion. ]However, methoxide anion attack oh C

of

the p-nitrophenol anion would require not only stabilization in the activated complex of the negative charge brought in with the methoxide anion, but also of the
negative charge already present on the p-nitrophenol anion.

On the other hand, in

an attack on C1 of the 2-0-methyl glycoside benzene ring, stabilization of the
incoming negative charge would actually lbe facilitated to a small extent by the
weakly electron withdrawing glycosoxy group.

Therefore, it is believed that the

2-0-methyl glycoside reaction is the only process in the reaction system which
does yield p-nitroanisole.

The percentage of p-nitroanisole found in the 2-0-methyl galactoside and
2-0-methyl mannoside reaction mixtures were 13.3 and 27.1%, respectively.

These

quantities of p-nitroanisole account for less than one half of the starting
material.

Discovery of p-azoxyanisole and p-methoxyaniline in the reaction mix-

ture suggested that a portion of the p-nitroanisole initially produced by glycosidic bond cleavage was reduced, presumably by the 2-0-methyl sugar.

p-Nitroanisole

has been reduced to p-azoxyanisole (67% conversion) by glucose in aqueous sodium
hydroxide solution (47).

The reaction proceeds according to the well-established

route for the stepwise reduction of nitrbbenzenes (48).

Mannose and galactose have

been shown to be as effective as glucose in reducing para-substituted nitrobenzenes

(49).
Reagent-grade p-nitroanisole and 2-0-methyl galactose were reacted in methanolic sodium methoxide using conditions identical (single exception, reaction time
was considerably shorter) to those used in the p-nitrophenyl 2-0-methyl glycosidemethanolic sodium methoxide reaction.

The finding of p-methoxyaniline in the

reaction mixture supported the hypothesis that glycosidic cleavage was followed by

partial reduction of the initial product, p-nitroanisole.
explain why larger yields of p-nitroanisole were not found.

Thus, reduction could
Since at least six

different products are probably formed in the reduction, a total mass balance on
the reaction was not practical.

On the basis of the foregoing information it is proposed that the reaction of
the p-nitrophenyl 2-0-methyl glycosides in methanolic sodium methoxide proceeds by
bimolecular nucleophilic attack of the methoxide ion on C1 of the benzene ring as
shown (Mechanism II, p. 8) in Fig. 24.

The nucleophilic substitution reactions of a large number of substituted
nitrobenzenes have been found to proceed by this type of mechanism (p. 8).

The

facilitation of these aromatic nucleophilic substitution processes provided by
strong electron withdrawing groups, especially by the nitro group, usually indicates
the first step in Mechanism II is rate determining.
nitro group is related to

resonance

The exalted effect of the

stabilization of the activated complex.

Because the capacity of the nitro group to provide stabilization surpasses that of
most other ordinary phenyl substituents, Mechanism II may not have a significant
role in the reaction of other para-substituted phenyl 2-0-methyl glycosides.

The

results of Hall, et al. (50) for the reaction of para-substituted phenyl a-glucosides in aqueous sodium hydroxide at 70° show that when operation of Mechanism I
in the reaction of para-substituted phenyl glycosides is precluded for stereochemical reasons,

2

the behavior of the p-nitrophenyl glycosides is anomalous.

It

was found that rate constants for reaction of all substituted phenyl a-glucosides
except the nitrophenyl a-glucoside could be correlated by the Hammett equation (51).

1

Since the nitro group is unusually effective as an activator for glycosidic bond
cleavage, cleavage probably does not follow reduction of the nitro group.
The stereochemical requirement for neighboring group participation is transdiaxial disposition of the alkoxyl anion on C2 and the phenoxyl group on C1 .

-82-

-83Although the ratio of the p-nitro Hammett substituent to the p-chloro is only 5.6,
the ratio of reaction rate constants for the corresponding substituted

phenyl

glucosides was estimated to be about 9 x 10

THE p-NITROPHENYL GLYCOSIDES

The product analysis results obtained in the present work and by Montgomery,
et al. (7) for the reaction of phenyl B-D-galactosides and phenyl a-D-mannosides
in both methanolic sodium methoxide and aqueous sodium hydroxide are presented in
Table XIV.

The retention of configuration observed in the products formed from

reaction of the glycosides in both media indicates that participation of the
neighboring C2 alkoxyl anion operates in the reaction of the phenyl P-D-galactosides and the phenyl a-D-mannosides as well as the phenyl b-D-glucosides.*

The results in Table XIV also show that 1,6-anhydro 8-D-galactopyranose
(levogalactosan) is produced in greater quantity in the reaction of phenyl B-Dgalactoside than in the reaction of p-nitrophenyl B-D-galactoside in aqueous
sodium hydroxide.

McCloskey and Coleman (2) noted a similar trend in the results

of Montgomery, et al. (7), given in Table XIV, for the reaction of p-substituted
phenyl B-D-glucosides.

This was interpreted as a trend toward an SN1 mechanism as

the electron-withdrawing character of the para substituent on the aglycon increased.
This trend in results need not necessarily signify a change to an SN1 mechanism.
Intramolecular attack by the C6 alkoxyl anion on C1 of the 1,2-anhydro intermediate
formed in the neighboring group reaction, may be favored at higher temperatures
while intermolecular attack on C1 of the intermediate may be favored at lower
temperatures.

*Richtmyer has pointed out that his evidence for the presence of methyl a-Dmannoside in the phenyl a-D-mannoside-methanolic sodium methoxide reaction
mixture is based only on paper chromatographic mobility (52).
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TABLE XIV
REACTION PRODUCTS OF THE PHENYL GLYCOSIDES

Reactant

Reaction Medium
Composition

Normality

Reaction Time,
Temp., °C. hr.

Yield,
Ref.

Major Products

-D-Galactosides
Phenyl

p-Nitrophenyl

NaOH-H2 0

1.3

100
100

9

Levogalactosan

NaOMe-MeOH

1.3

I65

96

Levogalactosan

NaOH-H 2 0

0.50

55

13

Levogalactosan

46.5

a

NaOMe-MeOH

0.25

65

36

Levogalactosan

76.3

a

7.9

a

Methyl B-Dgalactoside
a-D-Mannosides
Phenyl

p-Nitrophenyl

91.0

(7)
(52)

l
NaOH-H 2 0

1.3

NaOMe-Me SO

1.3

NaOMe-MeOH

0.25N

100
°70

,65

336

(7)

Tar

60

Methyl a-Dmannoside

219

Methyl a-Dmannoside

88.3

88.0

a

P-D-Glucosides
Phenyl

p-Nitrophenyl

iI

NaOH-H20

1.3

100

9

Levoglucosan

NaOMe-MeOH

1.3

*65

5

Recovered all
reactant

NaOH-H20

1.3

3

Levoglucosan

60.0

(7)

NaOH-H20

0.6

8

Levoallosan

54.0

(54)

53

Levoallosan

(7)

(53)

B-D-Allosides
Phenyl

NaOMe-MeOH

aThe present study.

loo

65

(52)

-85The product analysis reaction for p-nitrophenyl B-D-galactoside was conducted
at a temperature 45° lower than that used for phenyl B-D-galactoside.
ly, Montgomery, et al. (7)

Unfortunate-

did not report a temperature for their product analysis

reaction of p-nitrophenyl B-D-glucoside.

The extent to which configuration is retained in the products of the p-nitrophenyl glycoside-methanolic sodium methoxide reaction suggests the SN1 process is
not important here.

The presence of small amounts of p-nitroanisole (less than 15%) in both pnitrophenyl glycoside-methanolic sodium methoxide reaction mixtures indicates
incursion of a bimolecular nucleophilic attack on C1 of the benzene ring identical
to the mode of reaction found for the p-nitrophenyl 2-0-methyl glycosides.

Second-

order rate constant values, presented in Table VI show that reaction of the glycosides is considerably slower in methanolic sodium methoxide than in aqueous sodium
hydroxide.*

The over-all activation energy for the neighboring group participation

process (Mechanism I) in methanolic sodium methoxide may be great enough that
Mechanism II is competitive.

HYDROGEN KINETIC ISOTOPE EFFECT

Mechanism I for reaction of the glycosides, NPGH, with base, OR , may be represented by the following scheme

a

NPGH + OR-~

b

NPG --

where NPG

-

NPG

+ ROH

Products (1,2-anhydro sugar, NP-)

and ROH are the glycoside conjugate base and solvent, respectively.

A large number of base-catalyzed reactions may be equally well described by the

*A difference in the acid dissociation constants for the C2 hydroxyl may be
responsible for the glycoside reactivity difference in the two solvents.

-86foregoing scheme.

One problem often encountered in the study of base-catalyzed

reactions involves ascertaining which step a or b is rate controlling.

Occasion-

ally this problem has been solved by determining whether a given reaction was subject to general or to specific base catalysis (55).*

A more reliable criterion,

however, is the hydrogen kinetic isotope effect, k. D0O/kiH 2 0, the ratio of rate
constants for reaction in deuterium oxide and in water (56).

The interpretation of the hydrogen kinetic isotope effect was originally
developed from studies of reactions which had previously been shown to be subject
either to general or specific base catalysis (56).

If step a were rate controlling

the reaction was found to be general base catalyzed and to proceed less rapidly,
kiD 0/k.H 0 <1, in deuterium oxide than in water.

On the other hand, if step b

were rate controlling the reaction was found to be specific base catalyzed and to
proceed more rapidly, kiD20/kiH0 >l,in

deuterium oxide than in water.

Although

in most cases the two independent criteria give consistent results, in a few
instances they do not.

The base-catalyzed reactions of enols, ketones, and nitro-

paraffins are examples where inconsistencies have'been observed (57).

The slow

proton transfers from carbon involved in these reactions explain why the reactions
are subject to specific base catalysis and yet proceed more slowly in deuterium
oxide than in water (57).

The inconsistencies found in other instances have been

successfully rationalized (56).

In no case do these inconsistencies now appear

to invalidate the hydrogen kinetic isotope criterion of acid-base catalyzed mechanisms.

*Specific base catalysis refers to a situation where a reaction is catalyzed by
the conjugate base of the solvent only. A reaction is generally base catalyzed
when it is subject not only to catalysis by the solvent conjugate base, but to
catalysis by other bases as well.

-87The data in Table X show the isotope effect, k.D20/k H20, for the galactoside
reaction is 1.35, while for the mannoside reaction it is 1.41.

According to the

hydrogen kinetic isotope criterion this indicates step b is rate controlling in
both reactions.

This is in agreement with a conclusion that might have been drawn

from what is known about rates of proton transfer reactions.

Proton transfer

rates between atoms with unshared electron pairs are of the order 1011 to 10 liters/mole sec. at 25 ° (51).

Since the measured rate constants for the glycoside

reactions are of the order 10

to 10-5 liters/mole sec. at 355,

the reaction rate

is probably not determined by step a which is a proton transfer reaction.
The origin of the relation between the hydrogen kinetic isotope effect and
the rate-controlling step in a base-catalyzed process has been examined (56).
Since deuterium transfers are slower than proton transfers, reaction in deuterium
oxide will be slower than in water when step a is rate controlling.
The origin of the isotope effect is less evident when step b controls.

In

this case, the pseudo first-order rate constant for the base-catalyzed process in
water is given by

= (kH

k.

KNGH [NPGH] [OH-])/KH 2O

(17)

2

and the isotope effect is given by

= (kD
/k.
k.
D20
H20

KNPGD

KH O)/(kH
2

KH 0),
2

(18)

where kH and k D are the rate constants for the second step, KNPGH and KKNPGD are
the acid dissociation constants for the C2 hydroxyl, and KH 0 and KD 0 are the ion
products in water and deuterium oxide, respectively.

Solvent isotope effects, kD/kH,

for participation by neighboring oxygen have been found to be slightly less than

-88unity (57, 58).

Moreover, since weak acids are less dissociated in deuterium oxide

than in water (59), KNPGD/K pH

may be appreciably smaller than unity.

large value of the ion product ratio, KII

/KO

The unusually

, of 6.5 (60), however, more than
2

offsets the effect of other terms in Equation (18).

The greater ion product of

water compared to deuterium oxide, owing to the zero point energy difference
between hydrogen-oxygen and deuterium-oxygen bonds, is therefore responsible for
the isotope effect observed when the second step controls.

REACTION ORDER

Mechanism I for the reaction of the p-nitrophenyl glycosides may be represented according to the theory of absolute reaction rates (61)

NPGH + OR-

K2*
NPG

,-

as follows:

'NPG + ROH
k

'M*

'products (G, N-P)

where
K1, K2* = equilibrium constants
M* = activated complex
NPGH = p-nitrophenyl glycoside
OR
NPG

= conjugate base of the solvent
= conjugate base of the glycoside

ROH = solvent
G = 1,2-anhydro sugar
NP

= p-nitrophenolate anions

k = specific rate constant.|
The appropriate rate expression is

-d[NPGH]/dt = d[NP-]/dt = (k

K*

[NPGHJ

i'

[OR-]

)/

(19)

-89where
= (Ka

K3

K2*)/KROH = over-all equilibrium constant
= acid dissociation constant for the C2 hydroxyl

K

KROH = ion product of the solvent
t = time
7

NPGH'
.-.

OR-, 7 M* = activity coefficients of the glycoside,
.-- solvent conjugate base, and activated
complex, respectively

The dependence of the initial pseudo first-order rate constant, ki, on the solvent
conjugate base, [OR-], is given by the equation

k i = (k
Dyfverman and Lindberg,
[OR-],

K3

7

'

NPGH '. OR-

[OR-])/M

on base concentration,

studied the dependence of k.

(5)

(20).

aqueous sodium hydroxide

for the reaction of p-chlorophenyl B-D-glucoside in

at 100 ° .
to base,

Their results, which indicate the reaction is
are shown in Fig.

25.

0.044 order with respect

The best line drawn through the data points does

not appear to pass through the origin as required for a second-order reaction.

The dependence of k.
sides in

on [OR-] found for reaction of the p-nitrophenyl glyco-

aqueous sodium hydroxide at 35,

methoxide at 35 ° is
obtained by Lindberg,

shown in
et al.,

Fig. 12,

45,

and 55

14, 15,

°

and 16.

and in

methanolic sodium

In contrast to the results

the data points obtained in

the present study form

a smooth curve which passes through the origin.

Despite the precautions taken to maintain constant ionic strength in all

gly-

coside reactions by addition of the weakly nucleophilic perchlorate anion, nonlinear correlations
14 and 16).

of k. with [OR-] were obtained in

A variation in the activity ratio

several instances (see Fig.

NpGH 7 0R-/7M* with [OR-] appears

to be responsible for the observed deviations from linearity (62).
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Correlation of Initial Pseudo First-Order
Rate Constant with Base Concentration for
the Reaction of p-Chlorophenyl B-D-Glucoside

(5)

Values for reaction order with respect to glycoside and with respect to base
are presented in Table V.

The values are in good agreement with the requirement

of the rate expression, Equation (19), for Mechanism I that the reaction be
kinetically first order with respect to both glycoside and base.

Where appreciable

deviations of base reaction order values from unity (greater than 0.1) occur, the
variation in the activity coefficient ratio with base concentration, referred to
earlier, appears to be responsible.

Although Mechanisms (I) and (II) represent distinctly different processes,
reaction by each mechanism may be described by the same form of rate expression,

I

-91-

Equation (19).

The dependence of k. on [OR-] found for the reaction of p-nitro-

phenyl 2-0-methyl glycosides in aqueous sodium hydroxide at 50 and 55 ° is shown in
Fig. 11 and 13.

Since the initial pseudo first-order rate constant, k., data for

the 2-0-methyl glycoside reactions are not as precise as that obtained for the
glycoside reactions, the nature (i.e., whether linear or nonlinear) of the correlation of k. with [OR-] is uncertain.

The reaction order values for the 2-0-methyl glycoside reactions given in
Table V indicate the reaction was approximately first order with respect to glycoside and base as required by the rate expression for Mechanism II.

The significant

deviations of several reaction order values from unity is imputed to the low precision (difference between duplicates is 2-4%) of the initial pseudo first-order
rate constant data rather than to any variations in the activity coefficient ratio.

Previous investigators (2, 4) as mentioned earlier, have noted what appeared
to be a trend toward an SN1 mechanism in the reaction of phenyl glycosides as the
electron-withdrawing character of the para substituent increased.

The over-all

second-order kinetics found in this study for reaction of both phenyl glycosides
and phenyl 2-0-methyl glycosides substituted with the strong electron-withdrawing
p-nitro group indicates an SN1 process is not involved in these reactions even in
cases where C2 alkoxyl anion participation is precluded.

ACTIVATION ENTHALPY AND ENTROPY

The thermodynamic activation functions for the reactions of the glycosides
and 2-0-methyl glycosides in aqueous sodium hydroxide at 55° are presented in
Table VII.

p-Nitrophenyl a-D-mannoside is approximately 7.5 times more reactive

than the P-D-galactoside in aqueous hydroxide.

Since neighboring group partici-

pation requires a coplanar arrangement of the atomic centers involved (10), a
conformation change occurs in the reaction of the galactoside by Mechanism I which

-92-

is not necessary for the mannoside reaction.

Development of a mutual interaction

between the C3 hydroxyl, the C1 phenoxyl, and the C5 hydroxymethyl group on the
galactoside molecule (Structure II,

Fig. 26) accompanies the change.

interaction develops in the mannoside
26).

No similar

reaction (compare Structures II and IV, Fig.

The energy for the nonbonded interaction between the C3 and C5 functions has

5

been found to be approximately 1.6 kcal./mole (63).

5

Over-all energy for mutual

interaction of all three groups will be somewhat larger, however.

The difference

in activation enthalpy for the galactloside and mannoside reactions, 1.5 kcal./mole,
is of the same order of magnitude as the interaction energy.*

There are no large

differences between the activation enthalpies and entropies for reaction of each
of the 2-0-methyl glycosides.
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Conformation Transformations for Reaction of
the Glycoside by Mechanism I

*A more precise comparison could be made if the extent of dissociation of the
interacting hydroxyls were known. The electrostatic repulsion between ionized
hydroxyls ought to be substantially greater than the repulsion due to dipolar
interaction between unionized hydroxyls.

-93 It is clear that the values of the activation entropy and enthalpy functions
for the glycoside and 2-0-methyl glycoside reactions fall into two groups.

The

significantly lower reactivity of the 2-0-methyl glycosides compared to the glycosides is reflected in both enthalpy and entropy of activation.*

This difference in

the activation entropy for the two pairs of glycosides indicates their reactions
in aqueous sodium hydroxide proceed by different pathways.

This conclusion has

already been drawn for their reactions in methanolic sodium methoxide from consideration of the products formed in the glycoside and 2-0-methyl glycoside reactions in that medium.

The activation enthalpy for the galactoside reaction, 21.9 kcal./mole, was
obtained in this study from second-order rate constants measured at 35, 45, and
55 ° .

Snyder and Link (36) report an activation enthalpy of 25.9 kcal./mole for

this reaction based on pseudo first-order rate constants measured at 45 and 65°.
Pseudo first-order rate constants and second-order rate constants for base-catalyzed
processes are seldom linearly related through catalyst concentration (62).

Thus,

a discrepancy between activation enthalpy estimates obtained from the two different
kinds of rate constants is not surprising.

The activation entropy values, -7 to -8 e.u. for the glycoside reactions in
aqueous base solution are not unreasonable for a reaction process like Mechanism
I.

The change in the number of molecular species which occurs
NPGH + OR

-

G + NP

+ ROH

*The ratios of the second-order rates at 55° (see Table IV) indicate that the
galactoside is approximately 330 times more reactive than the 2-0-methyl galactoside, whereas the mannoside appears to be 1,870 times more reactive than the
2-0-methyl mannoside. Greater significance is attached to the change in the
character of the reaction process resulting from methylation of the C2 hydroxyl
than to the large reduction in reaction rate effected by the methylation. The
magnitude of the anchimeric assistance (driving force, see p. 8 for definition)
provided by the C2 alkoxyl anion, however, cannot be less than the rate enhancements found in going from the 2-0-methyl glycosides to the glycosides.

- 94 in the over-all reaction would be responsible for an increase in activation
entropy.

This increase, however, appears to be more than offset by the great

restriction to bond motion imposed by going from a flexible monocyclic to a relatively strained bicyclic system.

Although six flexible forms are possible for the

monocyclic pyranose ring, the bicyclic 1,2-anhydro sugar is limited to two conformations (64).

The principal restriction to motion involved in reaction by Mechanism II
results from bond formation between reactants in the complex.

Although activation

entropies for reaction by aromatic nucl ophilic substitution are invariably negative (65), their magnitude depends markedly on the nature of both the reactant and
nucleophile.

For example, activation entropies ranging from -29 to -30 e.u. were

found for the reaction of 2,4-dinitrohalobenzenes with piperidine at 25 ° (66),
whereas the reaction of p-nitrohalobenzenes with sodium methoxide at 25° gave
activation entropies ranging from -6 to-l-12 e.u. (66).

The activation entropy,

-13 e.u., found for the 2-0-methyl glycosides is, therefore, not unreasonable for
reaction according to Mechanism II.

REACTION IN ALKALINE PEROXIDE
i

A method for distinguishing between reaction by base catalysis (Mechanism
I) and bimolecular nucleophilic substitution (Mechanism II) has been described
by Pearson and Edgington (68).

The method utilizes the great difference be-

tween the effectiveness of the hydroperoxide anion and that of the hydroxide
anion as nucleophiles and as bases.

Although the hydroperoxide anion is a

much weaker base than the hydroxide anidn, it is a considerably stronger nucleophile.

The method involves determining the effect on reaction rate of replacing

the strongly basic hydroxide by the weakly basic, but more strongly nucleophilic,
hydroperoxide anion.

The replacement is accomplished simply by adding hydrogen

-95peroxide to an aqueous solution of a strong base.

This operation displaces the

equilibrium

H02 + OH

-0H

+ HO0

to the right.

Pearson and Edgington (68) found replacement of the hydroxide anion by the
hydroperoxide anion in reactions which proceed by bimolecular nucleophilic substitution processes (Mechanism II)* increased the reaction rate by factors as large
as 10 .

On the other hand, replacement was found to reduce reaction rate of base-

catalyzed (Mechanism I) processes (68).

The effect of replacement on the reaction rate of the glycosides and 2-0methyl glycosides in aqueous sodium hydroxide is shown in Table VIII.

In Fig. 18

and 19, a graphic illustration of the effect of replacement on the glycoside reactions is presented.

The decrease in reaction rate effected by reducing the hy-

droxide anion concentration with addition of hydrogen peroxide further supports
the hypothesis that the glycoside reaction proceeds by Mechanism I.

An estimate of the rate constant for the reaction of the glycosides and 2-0methyl glycosides with the hydroxide anion component of the alkaline peroxide system
was obtained from the calculated equilibrium hydroxide anion concentration and the
regression relationships for the dependence of k. on OH

given on p. 49.

Compar-

ison of the variation in the measured (solid line) and estimated (dashed line)
rate constants with hydroperoxide anion concentration in Fig. 18-19 suggests reaction of the glycosides with hydroperoxide anion.

Since the catalytic effect of

2
*They observed this behavior for aliphatic nucleophilic SN type substitutions,
but it is reasonable to expect aromatic nucleophilic substitution processes
would exhibit similar behavior (16).

-96the hydroperoxide anion would be negligibly small compared to the effect of the
hydroxide anion,

glycoside reaction with hydroperoxide anion may involve attack

by the anion on the benzene ring to displace the glycosidic moiety according to
Mechanism II.

2

The extent of incursion of Mechanism II in the galactoside reaction

is believed to be greater than in the mannoside because the activation enthalpy
for the base-catalyzed (Mechanism I) galactoside reaction is 1.5 kcal./mole greater
than for the mannoside.

The sharply contrasting behavior of the glycosides and the 2-0-methyl glycosides in alkaline peroxide clearly indicates that the reaction of the two pairs of
compounds proceed by different pathways.

Replacement of the weakly nucleophilic

hydroxide anion by the hydroperoxide anion leads to a very substantial increase in
the rate of the p-nitrophenyl 2-0-methyl glycoside reactions.

Thus, Table VIII

shows that the reaction of the 2-0-methyl glycosides with hydroperoxide anion is
nearly 100 times more rapid than their reaction with hydroxide anion.

The reaction

rate enhancement for the 2-0-methyl glycosides effected by introduction of the
hydroperoxide anion is in agreement with the hypothesis that their reaction proceeds
by Mechanism II.

l

However, if the reactions of the compounds considered here proceed entirely
or in part by Mechanism II, then instead of reaction leading to the formation of a
1

The base catalysis effects of the hydroperoxide and hydroxide anions should be
inversely related to the acid dissociation constants of hydrogen peroxide and
water through the Bronsted catalysis law. An estimate of the ratio of the
rates of catalysis due to hydroperoxide and hydroxide can be obtained using
the estimated equilibrium concentrations of hydroxide and hydroperoxide.
rate

-

° 2H
OH
2

K
KH2
H202
H-

0 H2
L0 2
[OH

q
eq

1.:005 x 16-14

0.928

2.24 x 10 -1 2

005-

L
This could also indicate incursion of SN2 attack on the anomeric carbon.
iN

-97single absorbing product, p-nitrophenolate anion, a mixture of absorbing products,
p-nitrophenyl peroxide and p-nitrophenolate anions, may result.

This would com-

plicate interpretation of kinetic data because then the p-nitrophenyl peroxide
anion extinction coefficient and the magnitude of the variation in the absorbing
product ratio with time must be known before rate constants could be calculated.

Although formation of the anion of p-nitrophenyl peroxide undoubtedly occurs
in these reactions, the rate of decomposition of the anion to yield the p-nitrophenolate anion is probably far greater than the rate of reaction of the glycosides
and 2-0-methyl glycosides.

This idea is substantiated by studies in the synthesis

and stability of phenyl peroxides.

Walling and Buckler (69) found autoxidation of

etherealsolutions of phenyl Grignard compounds led only to the formation of phenols,
although traces of transient peroxide substances were qualitatively detected.*
The preparation of 2,4,6-tritertiarybutyl phenyl peroxide by autoxidation of the
phenol at -80° is the only successful preparation of a phenyl peroxide reported
(70).

However, when the solution of this phenyl peroxide was allowed to warm up

to 0° , the peroxide rapidly decomposed (71).

SALT EFFECTS

The data in Table IX show that salt effects, if they do occur in the glycoside
reactions, are not much larger than the experimental error normally associated with
the initial pseudo first-order rate constants obtained in this study.
salt effects appear to be absent.

In a word,

A further example of the absence of a salt effect

is provided by values reported in Table VI for the initial second-order rate constants for reaction of p-nitrophenyl P-D-galactoside in aqueous sodium hydroxide

*Autoxidation of Grignard compounds in ether solution is a general procedure for
preparing organic peroxides (72).

-98at 350 .

These rate constants measured with perchlorate added to maintain constant

-6
ionic strength and without added perchlorate are 44.0 x 10
mole sec., respectively.

and 45.2 x 10

-6

liters/

The difference in the rate constants is essentially with-

in the uncertainty of the measurements, which is + 1 x 10

liter/mole sec.

The negligible effect of changes in medium ionic strength on the glycoside
reaction rates is in agreement with the Debye-Huckel theory prediction for reaction of a neutral molecule with an ion in a base-catalyzed process (55).

The

agreement, however, is very likely fortuitous since changes in the activity
coefficient of the hydroxyl ion cannot be adequately represented by the theory at
the electrolyte levels (ca:.

0.5M) used in this work.

Moreover, the activity

coefficient of the neutral glycoside molecule (also that of the activated complex) may be affected by ionic strength changes at these electrolyte levels.
Therefore, it is probable the negligible salt effects found result from some cancelling out of changes in the individual reacting species' activity coefficients
with changing ionic strength.

It is clear, however, from an examination of Table IX that addition of salt
depresses the reaction rate of p-nitrophenyl 2-0-methyl glycosides in aqueous sodium
hydroxide.

Addition of approximately 1.ON sodium perchlorate reduces the pseudo

first-order rate constant for reaction of 2-0-methyl P-D-galactoside by 39% and
the rate constant for reaction of 2-0-methyl a-D-mannoside by 35%.

Reactions proceeding by Mechanism II would be expected to exhibit a negative
salt effect.

Dispersal of charge in the activated complex for bimolecular nucleo-

philic substitutions is inhibited by increases in the ionic strength of the reaction medium (10).

For example, the rate of reaction of the 2,4-dinitrochloroben-

zene with sodium methoxide by Mechanism II was found to be depressed by nearly 23%
as a result of a 0.2M increase in sodium perchlorate concentration (73, 74).

-99CONCLUSIONS

The results of this study may be examined in relation to Mechanism I and the
glycoside reactions from two viewpoints.

First, the change in the character of the reaction process which results from
methylation of the glycoside C2 hydroxyls clearly indicates C2 alkoxyl anion participation for their reaction in basic solution.

Evidence for this change in

reaction character comes from consideration of differences in the glycoside and
2-0-methyl glycoside reactions with respect to the nature of the products formed,
the activation entropies, and the behavior in the presence of hydroperoxide anion
and in the presence of inert salts.

For example, the glycosides reacted in meth-

anolic sodium methoxide to give methyl glycosides, an inner glycoside(l,6-anhydro
3-D-galactopyranose), and p-nitrophenol, whereas reaction of the 2-0-methyl glycosides gave p-nitroanisole and 2-0-methyl sugar.

A difference in activation

entropy for reaction of the two pairs of glycosides in aqueous base solution
amounting to approximately 5 e.u. was found.

Although replacement of hydroxide

with hydroperoxide anion depressed the rate of the glycoside reactions, the replacement actually enhanced the reactivity of the 2-0-methyl glycosides.

Increases in

ionic strength which appeared to have no effect on the glycoside reactions diminished
the reactivity of the 2-0-methyl glycosides.

Second, the results per se indicate the glycoside reactions proceed by Mechanism I, a base-catalyzed, neighboring group participation process.

Retention of

configuration, a fundamental characteristic of neighboring group processes, was
found for the products of the glycoside reaction in methanolic sodium methoxide.
Both the observed first-order kinetics with respect to each reactant and the reduction in the reaction rate of glycosides produced by replacement of hydroxide by
hydroperoxide anion would be expected for a base-catalyzed process.

-100The magnitude of the hydrogen kinetic isotope effect found for the glycosides
suggests their reaction is a specific base-catalyzed process.

A change in the character of the glycoside reaction process resulting from
methylation of the C
action media.

hydroxyl was observed in both basic methanol and water re-

In addition, the glycoside reactions gave a common product (1,6-

anhydro P-D-galactopyranose) and obeyed the same rate law in both reaction media.
Mechanism I, therefore, appears to be the only significant pathway for glycoside
reaction in both media.
I,

The alternatives to phenyl glycoside reaction by Mechanism

the SN1 and SN2 processes, apparently, are supplanted by Mechanism II in the

case of the p-nitrophenyl glycosides.

Thus, reaction by nucleophilic aromatic

substitution seems to assume importance for the glycosides when a strong nucleophile, such as hydroperoxide anion, is present.

The strong electron-withdrawing character of the nitro group has provided
the p-nitrophenyl 2-0-methyl glycosides with a reaction pathway of lower energy
than that required for participation by the C2 methoxyl group.
is again nucleophilic aromatic substitution, Mechanism II.

The pathway here

-101-
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-106APPENDIX I

PREPARATION OF 2-Q-METHYL GALACTOSE
I

A survey of the sequence of operations involved in the preparation of 2-0methyl galactose is presented in Fig. 3, p. 16.

PENTA-0-ACETYL B -D-GALACTOSE

The pyridine-acetic anhydride procedure described on p. 22 was convenient
for preparing 15-40 g. of sugar acetates.

However, when large quantities, e.g.,

100-200 g., were required the sodium acetate procedure of Fischer (75)

was more

suitable.
Acetic anhydride (600 ml.) was heated to 100 ° on a water bath and sodium
acetate (44 g.) was added.

In small portions, galactose (100 g., 0.56 mole) was

added with stirring in the course of one hour, after which the solution was heated
at 100 ° for an additional hour.

The reaction mixture was then cooled to room

temperature and poured into 1500 ml. of ice-water with constant stirring.

After

the stirring had been continued for about 30 to 40 minutes, the product, which
separated either in the form of a thick sirup or as crystals, was recovered by
filtration.

After crystallization from 95% ethanol, the product was suspended in

water and stirred for two hours.

The product was recrystallized from 95% ethanol,

after the water suspension had been filtered.

The average yield of primary product

was 54% of theory.
Penta-0-acetyl P-D-galactose melted at 139-140 °, [a]2D7 26.5 ° (c, 1.0, CHC13).
Literature values (31) are m.p. 142 ° , [a20 25° (CHC13).

-107PHENYL D-GALACTOSIDE TETRAACETATE

Phenyl D-galactoside tetraacetate was prepared according to the procedure of
Helferich and Schmitz-Hillebrecht (35).

To a melt consisting of phenol (50 g.) and p-toluenesulfonic acid monohydrate
(0.4 g.) in a 500-ml.
(50 g., 0.13 mole).

round bottom flask was added penta-0-acetyl P-D-galactose
The reaction was maintained at 120 ° for 40 minutes in an oil

bath with constant stirring.

In order to facilitate removal of the acetic acid,

a water aspirator was used to reduce the pressure over the reaction.

After cool-

ing, the mixture was taken up in 470 ml. of benzene, which was washed with 500 ml.
of water, four 500-ml. portions of 0.5N aqueous sodium hydroxide solution, and
two 500-ml. portions of water.

The benzene solution was concentrated in vacuo to

a thick sirup, which was taken up in a minimum of 95% ethanol.

The average yield

of primary product, after the mother liquor had been worked up to give additional
crops of crystals, was 78% of theory.

Phenyl D-galactoside tetraacetate melted at 123-124,
CHC13).

Literature values (35) are m.p. 123-124°, [a]D

[a]2 5 21.8 ° (c, 1.0,

-0.7° (CHC13).

3,4-ISOPROPYLIDENE-1,6-ANHYDRO B-D-GALACTOPYRANOSE

Phenyl D-galactoside tetraacetate (80 g., 0.17 mole) was added to 2.17N
aqueous potassium hydroxide solution (1500 ml.), and the mixture was heated cautiously under reflux until all the solid had dissolved.

The heating was then

continued for 24 hours, after which the solution was cooled and neutralized with
6.51N aqueous sulfuric acid.*

,Water was removed by concentration in vacuo on a

*The use of distilled water in the preparation of the potassium hydroxide and
sulfuric acid solutions is recommended to reduce foaming during the concentration
step.

-108rotary evaporator and the salts, which precipitated as the concentration proceeded,
were removed by filtration.

The hydrolyzates were concentrated in this manner to

a thin dark sirup, which was dissolved in hot absolute ethanol.

The ethanol solu-

tion was filtered to remove the remaining salts, the filtrate was then treated
with charcoal, heated under reflux, and filtered.

The filtrate from the charcoal treatment was concentrated in vacuo to a
thick sirup, which was again dissolved in hot absolute ethanol and reconcentrated.
This water removal process

was repeated several times until finally the sirup was

taken up in very dry ethanol (75-100 ml.).

The ethanol solution of 1,6-anhydro P-D-galactopyranose (18.8 g., 0.12 mole)
was added slowly with stirring to acetone (700 ml.) containing concentrated sulfuric acid (4 ml.).

Anhydrous copper sulfate (50 g.) was added to the mixture

which was then stirred for 24 hours at room temperature.

The copper sulfate was removed by filtration and the filtrate was neutralized
by shaking with a large excess of solid calcium hydroxide.

After the hydroxide

had been filtered off, the acetone filtrate was concentrated to dryness in vacuo,
and the crystalline residue was recrystallized from absolute ethanol.

This method

of preparation yielded a product contaminated with a little 1,6-anhydro P-D-galactopyranose, which was removed by dissolving the product in warm chloroform and
filtering the insoluble 1,6-anhydro P-D-galactopyranose.

After removing the chlor-

oform by concentration in vacuo, the solid residue was recrystallized from absolute ethanol.

The average yield of primary product was 51% of theory.

It is essential that the ethanol solution of 1,6-anhydro P-D-galactopyranose
to be acetonated be dry.
Ethanol dried by distillation from magnesium ethylate is recommended (17).

-10920
[c]0

3,4 -Isopropylidene-l,6 -anhydro P-D-galactopyranose melted at 152-153 ° ,
-70.6 ° (c, 0.84, CHC13).

Literature values (25) are m.p. 151-152 °, [a]19

73.0°

(c, 1.7, CHC13).
3,4-ISOPROPYLIDENE-2-0-METHYL-1,6-ANHYDRO P-D-GALACTOPYRANOSE

The 2-0-methyl derivatives were prepared following the procedure of Glen, et
al. (76).

3,4-Isopropylidene-l,6-anhydro B-D-galactopyranose (77 g., 0.38 mole), dry
acetone (75 ml.), and pulverized sodium hydroxide (32 g.) were mechanically stirred
in a three-necked 500-ml. round bottom flask equipped with a condenser, dropping
funnel,

The mixture was warmed under reflux to 45 ° and dimethyl

and thermometer.

sulfate (43 ml.) was added dropwise from the funnel for 90 minutes, after which
it

was maintained at 55-60 ° for a further 90 minutes and then at 55-60 ° for an

additional three hours.

The cooled reaction mixture was then diluted with water

and extracted with chloroform (3 x 150 ml.).

The extracts, after washing with

water and drying over anhydrous sodium sulfate, were concentrated in vacuo to a
thick sirup.

After removal of the residual dimethyl sulfate in vacuo (0.4 mm. Hg, bath
temperature 60°), the sirup was crystallized from petroleum ether (30-60°).

The

average yield of primary product was 92% of theory.

3,4-Isopropylidene-2-0-methyl-l,6-anhydro P-D-galactopyranose melted at
°
38-39 0,
[a]2

5

-100o (c, 0.88, CHC13).

rotation was not reported.

Literature value (77) is m.p. 37°; specific
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2-0-METHYL GALACTOSE

3,4-Isopropylidene-2-0-methyl-1,6 -anhydro P-D-galactopyranose (35 g., 0.16
mole) was added to 0.5N aqueous sulfuric acid solution (1600 ml.) and the mixture
was heated cautiously until the solid had dissolved.

The solution was then heated

under reflux for 24 hours, cooled, neutralized to a pH of 5.5 with solid barium
hydroxide and filtered.

A thick yellow sirup, which resulted when the filtrate

was concentrated to dryness in vacuo, was taken up in a minimum of hot absolute
ethanol.

The average yield of primary product was 83% of theory.

2-0-Methyl galactose melted at 150i151°, [a] 2 5 86° (c, 0.816, H20).
ture values (78) are m.p. 145-148 ° , [a]D

94° (c, 0.50, H2 0).

Litera-
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APPENDIX II

PREPARATION OF 2-0-METHYL MANNOSE

A survey of the sequence of operations involved in the preparations of
2-0-methyl mannose is

presented in

Fig. 4, p. 17.

MANNOSE DIMETHYL MERCAPTAL

Mannose dimethyl mercaptal was prepared following the procedure of Zinner

(79).
Concentrated hydrochloric acid (50 ml., specific gravity 1.19) was cooled
to 0° in an ice-salt bath and mannose (50 g., 0.28 mole) was added with stirring.
Methyl mercaptan (50 ml.), previously cooled to 0° in an ice-salt bath, was
added and the flask containing the mixture was stoppered and the stopper secured
with wire.*

The mixture was stirred (magnetic stirrer) for 15 minutes in the cold

and then for an additional 15 minutes at room temperature.

Finally, the solution

was immersed in an ice-salt bath for 5 minutes after which the flask was opened
and diluted with 100 ml. of ice-water.

Before refrigerating the flask was allowed

to remain in the bath for a few additional minutes during which time the mixture
solidified completely.

The product was washed with cold absolute ethanol, cold

ether, and recrystallized from 50% ethanol.

The average yield of primary product

was 47% of theory.

Mannose dimethyl mercaptal melted at 131-132 ° , [a]D5 4° (c, 2.0, MeOH).
Literature values (79) are m.p. 160-161°,

[a]25
D.3°

(c 0.375, MeOH).

*A danger of the reaction vessel exploding exists until the pressure due to the
methyl mercaptan (boiling point, 7 ° ) vapor is relieved. Therefore, a protective
shield was used until the reaction vessel was opened.
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3,4 -5,6 -DI-O-ISOPROPYLIDENE MANNOSE DIMETHYL MERCAPTAL

The procedure of Curtis and Jones (l80) was used.

Mannose dimethyl mercaptal (50 g., '0.20 mole) was added to a mixture of anhydrous copper sulfate (28 g.), concentrated sulfuric acid (4 ml.),

and dry acetone

After the mixture had been shaken 24 hours at room temperature, the

(750 ml.).

copper sulfate was removed by filtration, and the filtrate was then shaken with a
large excess of solid calcium hydroxide until neutral to Congo Red.

Removal of

the solids by filtration of the neutralized mixture, followed by concentration of
the filtrate yielded a thick yellow sirup which crystallized on standing.

The

average yield of primary product, after crystallization from n-hexane, was 81% of
theory.

3,4 -5,6-Di-O-isopropylidene mannose dimethyl mercaptal melted at 54-56 °,
[a]D

8.0

°

(c,

1.1, CHC13).

Literature values (80) are 58-59 ° , [a]D

5.00 (c,

7.6, CHC13).

3,4-5,6-DI-O-ISOPROPYLIDENE-2-0-METHYL MANNOSE DIMETHYL MERCAPTAL

3,4-5,6-Di-O-isopropylidene

mannose dimethyl mercaptal (106 g., o.38 mole)

was methylated according to the procedure described on p.

109 for the methylation

of 3,4 -isopropylidene-l,6 -anhydro B-D-galactopyranose.

The residual dimethyl sulfate was removed in vacuo (4 mm., Hg, bath temperature, 60 ° ) to yield a thin red sirup.
obtained by this procedure.

Approximately 106 g. of crude sirup were

-1132-0-METHYL MANNOSE

3,4-5,6-Di-0-isopropylidene-2-0-methyl mannose dimethyl mercaptal (96.2 g.,
crude sirup) was added to 0.5N aqueous sulfuric acid solution (2400 ml.) and the
mixture was then heated under reflux for three hours.*

The suspension of barium

sulfate, which resulted when the cooled solution was neutralized with solid barium
hydroxide, was filtered.

A dark red sirup was obtained when the filtrate was

treated with charcoal, heated under reflux, filtered, and concentrated in vacuo
to dryness.

The yield of sirup, dried by repeated coevaporation in vacuo with

absolute ethanol, was about 71 g.

2-0-Methyl mannose, the principal component of this sirup, was purified by
recrystallization of a suitable derivative, e.g., a dithioacetal or a tetraacetate.

*The methyl mercaptan, liberated during the hydrolysis, was removed by passing the
gaseous effluent from the reaction through a solution of mercuric chloride in
water.
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APPENDIX III

DETERMINATION OF THE POINT OF SUBSTITUTION IN THE
p-NITROPHENYL MONOMETHYL GLYCOSIDES

Results of carbon, hydrogen,

nitrogen, and methoxyl analyses of the supposed

p-nitrophenyl 2-0-methyl glycosides (p. 24) indicate one of the four hydroxyls on
the glycon moiety was substituted.

To show which of the four hydroxyls was methyl-

ated, the supposed 2-0-methyl glycosides were hydrolyzed to their respective
sugars in aqueous acid.

Hydrolysis of the supposed 2-0-methyl glycosides (0.0005 mole) in 250 ml. of
0.25N aqueous hydrochloric acid was allowed to proceed until the absorbance of the
solutions at 390 m. did not change further with time.

The hydrolyzates were de-

ionized by passage through a column of IR-45, weak anion-exchange resin.

Paper

chromatographic examination of the sirupy acid hydrolyzates, which remained after
the eluates had been concentrated to dryness in vacuo, indicated the presence of
This component was shown to be the 2-0-

a single component in each hydrolyzate.

methyl sugar corresponding to the original glycoside by paper chromatography of
known standards along with the hydrolyzates.

Final confirmation of the identity of the component in each hydrolyzate was
made by comparing the infrared spectrum and melting point of the crystalline
acetylated hydrolyzates with those for pure knowns.

The hydrolyzates were acetyl-

ated according to the procedure of Fernez and Stoffyn (25) described in a previous
section (p. 20).

Infrared spectra (KBr) and melting points of the acetylated

p-nitrophenyl monomethyl glycoside hydrolyzates were identical with the infrared
spectra (KBr) and melting points of the ltetra-O-acetyl-2-O-methyl sugars.

I
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POSSIBLE REASON FOR DEPARTURES FROM FIRST-ORDER KINETICS

The integrated first-order rate equation (21) may be derived from Equation

(4) (p. 31)
dA/dT =

ek[NPGH]a

(4).

In the derivation the initial reaction order, a, is assumed to be equal to unity.
The glycoside concentration, [NPGH], is related to absorbance A, through the
Lambert-Beer law using the known extinction coefficient (p. 30) for the p-nitrophenol anion, e,

and the resulting equation is integrated from A

to A
Q-

log

where A

and A
0

A - A /A

- A

0-

= kiT/2.50

(21)

are the absorbances when the glycoside has undergone no reaction

'O

and complete reaction, respectively.

The formation of an absorbing product in addition to the p-nitrophenol anion
appears to be responsible for the failure of the absorbance-time data for all of
the reactions, particularly for the reactions of the B-D-galactoside and 2-0-methyl
P-D-galactoside, to follow the integrated first-order rate relation.

The addi-

tional absorbing product could be acidic sugar degradation products (saccharinic
acids) or a reduction product of p-nitrophenol anion (an anion with a larger
extinction coefficient than the p-nitrophenol anion).

There is evidence p-nitrophenol anion undergoes a chemical change during at
least one glycoside reaction.

The observed final absorbance for the reaction of

p-nitrophenyl 5-D-galactoside in aqueous sodium hydroxide was found to be 0.822
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compared to the theoretical 0.932.*

It was shown that the unexpectedly low

observed final absorbance value was not due to sample weighing or to dilution
errors.

The sample of galactoside was shown to be pure by the close agreement

between measured and theoretical values for the percentages of carbon, nitrogen,
and hydrogen in the compound.

The possibility that sugar degradation products were responsible for the lack
of agreement found between the rate data

and the integrated first-order rate

relation was examined by experiment and !found to be unlikely.

The reaction of

4.02 x 10 -4 molar aqueous solutions of galactose and 2-0-methyl galactose in 0.511N
aqueous sodium hydroxide solution at 55° were followed spectrophotometrically at
401 mu for 4 to 6 hours.

No change in

absorbance was noted during the first 20

minutes of the galactose reaction and no absorbance change whatever was observed
during the reaction of 2-0-methyl galactose.

Alkaline degradation products of

sugar, therefore, do not appear to be responsible for the deviations from firstorder kinetics.

However, the results of the following experiments show that sugar may be
responsible for the deviations in an indirect way.
molar aqueous solutions of p-nitrophenyli

Three reactions of 4.02 x 10

-D-mannoside in 0.154N aqueous sodium

hydroxide solution at 55° were followed spectrophotometrically at 401 mu for about
15 minutes.

The first,

the control, contained no added sugar, the second contained

4.02 x 10 -4 molar galactose and the third contained 4.02 x 10

molar 2-0-methyl

galactose.

The results are represented according to Relation (21)

and 29.

is

It

in Fig.

27, 28,

evident that addition of galactose or 2-0-methyl galactose to the

*The theoretical is equal to the product of the initial
molar glycoside concentration and the extinction coefficient for the p-nitrophenol anion.
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Reaction of p-Nitrophenyl a-D-Mannoside in
Aqueous Base Solution

-118-

0.048

0.040

8
<

/

_0/
0.032
.0

80.024

0 0.0160°
0.008

A

--

4

8 r

12

16

20

TIME) SECONDS X 10
Figure 28.

Effect of Galadtose on Reaction of p-Nitrophenyl
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Effect of 2-0-Methyl Galactose on the Reaction of
p-Nitrophenyl a-D-Mannoside in Aqueous Base Solution
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p-nitrophenyl a-D-mannoside - aqueous sodium hydroxide reaction gives rise to
significant deviations from first-order kinetics.

The additional absorbing product, therefore, appears to be a reduction
product of p-nitrophenol anion.

Galbraith (47) found that o-nitrophenol was

reduced to 2,2'-dihydroxy azoxybenzene (87% conversion) by glucose in 30% aqueous
sodium hydroxide solution at 80°.
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APPENDIX V

PREPARATION OF SOLUTIONS FOR RATE CONSTANT MEASUREMENTS

Aqueous solutions of all reactants were originally prepared with water
purified by the alkaline permanganate method.

However,

solutions prepared with

this purified water and solutions prepared from laboratory stock distilled water
were found to give essentially the same values for rate constants.

Therefore,

the readily available laboratory stock distilled water was used for preparing all
solutions for kinetics.

Carbon dioxide, however, was boiled out of the water before using it to
prepare reactant solutions.

The water was boiled for five minutes in a one-liter

bottle, and then an ascarite guard tube was attached to the neck of the bottle to
prevent influx of carbon dioxide while the water cooled.

Deuterium oxide was

purged of carbon dioxide by bubbling prepurified grade nitrogen through the
liquid for an hour.

Methanol used to prepare reactant solutions was dried by distillation from
magnesium methoxide as described in the section on solvent purification.

The

water content values reported in Table XV for methanol reactant solutions used in
rate constant measurements were calculated from K. Fischer titration data for the
methanol samples used to prepare the solutions.

TABLE XV
WATER CONTENT OF METHANOL SOLUTIONS FOR
RATE CONSTANT MEASUREMENTS

Reactant

Concentration of Reactant
at 250° , moles/liter

Water in Solution

Sodium methoxide

1.008

0.00675%

Sodium perchlorate

1.008

0.00141%

Glycoside

8.150 x 10

4

0.00552%
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GLYCOSIDE SOLUTIONS

A sample of glycoside, which had been recrystallized to constant melting
point and specific rotation was dried in a vacuum oven at 90° for 48 hours.

A

weighed sample of the glycoside, which had been previously cooled in a desiccator
was rinsed into a liter Erlenmeyer flask with 150-200 ml. of carbon dioxide-free
water or dry methanol.

The flask was secured with a clean latex stopper and was

shaken until solution was complete.

The glycoside solution was then rinsed into a

500-ml. calibrated volumetric flask with solvent and diluted to the mark at 25 °
with the same.

Glycoside solutions were stored in 500-ml. glass bottles with

stoppers secured in place with polyethylene film.

Since the glycosides react slowly with the solvent, solutions which had stood
more than three weeks were discarded.

STANDARD BASE SOLUTION

A 1:1 w/w sodium hydroxide-water solution was prepared with reagent-grade
base.

Sodium carbonate, which is insoluble in the concentrated solution, was

eliminated by centrifugation.

After titrating the base concentrate with 4N aqueous

sulfuric acid, the volume of supernatant required to give an approximately IN solution was diluted to one liter volume at 25° with carbonate free water.

This solu-

tion was standardized at 25 ° against potassium acid phthalate, primary standard
grade, to a phenolphthalein end point.

The solution was tested for the presence of

carbonate by comparing the duplicate titers obtained with 5 ml. of the base solution which contained 2 ml. of 0.5M barium chloride solution, and 5 ml. of the base
solution which contained no barium chloride solution.

If duplicate titers obtained

against the same IN aqueous hydrochloric acid solution were not identical, the
standard base solution was discarded.
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The strength of a concentrated methanolic sodium methoxide solution prepared
by dissolving clean sodium metal in methanol was determined by titration with
standard aqueous acid.

An approximately IN methanolic sodium methoxide solution

was then prepared by diluting the concentrated solution with dry methanol.

This

solution was standardized at- 25° against potassium acid phthalate, primary standard
grade, to a phenolphthalein end point.

The standard base solutions were stored in polyethylene bottles, and dispensed from a calibrated microburet directly attached to the bottle.

All outlets

of the buret and storage bottles to the atmosphere were protected by DrieriteAscarite guard tubes.

Base solution to be used in preparing sodium hydroperoxide contained 4 x 10

4

molar di sodium di hydrogen ethylenediamine tetraacetic acid dihydrate to inhibit
decomposition of the hydroperoxide.

STANDARD SODIUM PERCHLORATE SOLUTIONS

Reagent-grade sodium perchlorate was dried at 150 ° in
hours and allowed to cool in
was weighed quickly so that it

a vacuum oven for 48

a desiccator several hours before weighing.
had little

The salt

time to pick up moisture.

The perchlorate solutions were always prepared from carbon dioxide-free water
or dry methanol and made up to have the same concentration as the standard base
solutions.

Prepurified-grade nitrogen was used to force the perchlorate solutions

from the glass storage bottle to a calibrated microburet directly attached to the
bottle.
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STANDARD HYDROGEN PEROXIDE SOLUTIONS

An approximately O.1N aqueous potassium permanganate solution prepared by
diluting a commercial concentrate, was heated to 95-98
remove reducing substances.

°

for several hours to

The precipitated manganese dioxide was removed by

filtration.

The stabilized permanganate solution was standardized against sodium oxalate,
primary standard grade, previously dried for 12 hours at 105 ° in a vacuum oven

(81).
The volume of 30% reagent-grade

(unstabilized)

hydrogen peroxide solution

i

of a 4M solution was determined by permanganate titra-

required to give one liter
tion.

This volume was diluted to one liter

alkaline permanganate method (82).

with water purified according to the

After mixing,

ferred to a clean polyethylene storage bottle.

the peroxide solution was trans-

During the period in which the

peroxide solution was used in measuring rate constants, it was standardized twice
each day with standard O.1N permanganate solution.

A very small change in the

concentration of the peroxide solution, 4.02 to 3.98N, observed during this period,
resulted from slow decomposition.

Details of the standardization procedure with

permanganate are given by Schumb, et al

(83).

DEUTERIUM OXIDE SOLUTIONS

In general, solutions of the glycosides and base in deuterium oxide were
prepared using the procedures already described for preparing solutions of these
solutes in ordinary water.

One important departure, however, from the procedures

described previously was made:

all possible precautions were taken to avoid con-

taminating the 99.77% deuterium oxide with ordinary water.

Calculations showed
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no significant change in the deuterium content of the solvent had occurred as a
result of addition of the solutes, glycoside and base.
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APPENDIX VI

PSEUDO FIRST-ORDER RATE CONSTANTS FOR REACTION IN AQUEOUS SODIUM
HYDROXIDE AND METHANOLIC SODIUM METHOXIDE

TABLE XVI
PSEUDO FIRST-ORDER RATE CONSTANTS FOR REACTION OF THE GLYCOSIDES
AND 2-0-METHYL GLYCOSIDES IN AQUEOUS SODIUM HYDROXIDE

p-Nitrophenyl
D-Glycoside
Concentration,
moles/liter

Hydroxide Anion
Concentration,
moles/liter

Perchlorate
Anion [
Concentration,
moles/liter

k. x 10
-1

sec.

Average 6
k. x 10
-i

-

sec.

-1

Mean
Cell
Temp.,
0

C.

3
4.058 x 10-

0.514
0.514

0.514
0.463
0.463
0.360
0.360
0.257
0.257

0.154
P-Galactoside,
4.043 x 10 -4

21.6
22.9
22.9

22.5

51

20.8

20.7

5

20.5
16.0

15.7

15.4
11.3

11.2

0

.

0

1

1

5

4

0 .

1

5

4

.

2

5 7

0

.

0

0.257
0.360

6.83

74.9
75.7
71.0
72.9
56.1

0.254

37.2

0 254
0.357
0.357
0.471
0.492

39.9

0.481

0.000

0.'000

203.0
203.0

203.0

0.481
0.433
0.433
0.336

o.o48
o.lo48

182.0

174.0

o. 144
O./.240

135.0
104.0

0.356
0.254
0.254
0.152
0.152
0.040
0.020

0.240
0.240
0.144

0.1240
0.337
0.337

25.3

25. 0
7.10
3.74

75.3
71.9

56.1
38.6
25.2

35.06
35.06
35.06
35.06
35.06

44.99
44.99
44.97
44.97
44.99
44.97
44.99
44.99
49.97

7.10

44.91

3.74

44.93

165.0

135.0
103.0

102.0

66.9

35.06
35.06

35.06

. 11.1

6.83

35.06

35.06

I
0.000
O!OOO
00.000
[000
O 050
0.050
0.153

0.509
0.509
0.459
0.459

P-Galactoside,
4.029 x 10-

oi. ooo
O1. 000
0.0000

67.0

55.03
55.02
55.03
55.03
55.03

55.03
55.08
55.04
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PSEUDO FIRST-ORDER RATE CONSTANTS FOR REACTION OF THE GLYCOSIDES
AND 2-0-METHYL GLYCOSIDES IN AQUEOUS SODIUM HYDROXIDE

p-Nitrophenyl
D-Glycoside
Concentration,
moles/liter
P-Galactoside
4.029 x 10*

Perchlorate
Anion
Concentration,
moles/liter

k. x 10

0.144
0.081
0.020

0.337

67.0

o.4oo
0.461

44.2

0.514
0.514
0.463
0.463
0.360
0.360

0.000
0.000

279.0
284.0

282.0

0.051
0.051
0.154

244.0

250.0

Hydroxide Anion
Concentration,
moles/liter

-

sec.

-1

12.4

Average 6
k. x 10
-

sec.

-1

44.2
12.4

Mean
Cell
Temp.,
°C.

55.03
55.06
55.02

a-D-Mannosid4,

4.058 x 10-

0.257

0.257
0.154
0.154
0.154
0.040
0.020

0.154
0.257
0.257
0.360
0.360
0.360
0.473
0.494

254.0
183.0
185.0
116.0
118.0
67.1
66.3
67.1
15.3

7.51

35.07
35.07
35.07

35.07
184. 0
117.0

66.8
15.3
7.51

35.07
35.07
35.07
35.07
35.06
35.07
35.06
35.06
35.06

a-Mannoside,4

4.043 x 10

0.509
0.509
0.459
0.356
0.254
0.254
0.152
0.152
0.152
0.152

0.040
0.020

a-Mannoside,4
4.029 x 10

0.481
0.481
0.433
0.336

821.0
832.0

822.0

717.0
543.0

717.0

0.255
0.255
0.357
0.357
0.357
0.357
0,471
0.492

321.0
308.0

313.0

204.0

197.0

197.0
193.0
194.0
48.0
23.6

48.0
223.6

44.97
44.98
44.99
44.99
44.95
44.97
44.99
44.97
44.96
44.98
44.92
44.93

0.000
0.000

1910.0
1950.0

1930.0

55.01

o.o48

1670.0

0.144

1220.0

1670.0
1235.0

55.03
55.01
55.03

0.000

0.000
0.050
0.153

543.0

-128-

TABLE XVI ('Continued)
PSEUDO FIRST-ORDER RATE CONSTANTS FOR REACTION OF THE GLYCOSIDES
AND 2-0-METHYL GLYCOSIDES IN AQUEOUS SODIUM HYDROXIDE
--ii~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,
p-Nitrophenyl
D-Glycoside
Concentration,
moles/liter
a-Mannoside
4.029 x 10-4

2-0-Methyl-pgalactoside
4.029 x 10-4

Hydroxide Anion
Concentration,
moles/liter

0.336
0.336
0.240
0.144
0.144
0.081

-1

-1

oi 144
0: 144
0ol240

1250.0
1250.0
856.0

01337

485.0
488.0

0.337

-

sec.

sec.

-1
-1

55.07

116.0
74.5

55.11
55.02

0.501

O0 000

. 630

o.4oo

Oiloo
0.100

0.466

0.300

0?200
0.301
0.501

0.410
0.278
0.265

0.502
0.502

oo000
0.?
000

0.277

0.401

O.1OO
0.i201
0..201
0.201
0.204

0.267
0.287
0.227
0.206
0.233
0.126

0.813
0.713
.0.465
0.294
0.315

0.,000
O.'000
O.30l0
0.'200

o.,501

0.630
0.466
0.410
0.271

55.01

55.03
55.03
55.02

55.02

50.03

50.05
0.227

50.05

0.188

50.05
50.07
50.05

0.813
0.713

55.03
55.03

0.465

55.03

0.305

55.03

55.03

0.201
i
2-0-Methyl-amannoside, 4
4.039 x 10

C.

274.0

o0461

0.501
0.400
0.300
0.200
0.200

0

55.04
55.04
55.04

0.020

274.0
116.0
74.5

Mean
Cell
Temp.,

856.0
487.0

o! 4oo
o;44i

0.301
0.301
0.306
2-O-Methyl-cmannoside, 4
4.029 x 10

k. x 10

Average 6
k. x 10

0.040

0.200
0.200
2-0-Methyl-pgalactoside
4.039 x 10 -4

Perchlorate
Anioh
Concentration,
moles/liter

I

0.502
0.502

o.poo

0.401
0.301

0.301

0.201
0.201

0.469
0.450
0.415
0.247
0.228

0.459

50.03
50.06

0.415
0.238

50.05
50.05

50.05
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TABLE XVII
PSEUDO FIRST-ORDER RATE CONSTANTS FOR THE REACTION OF THE GLYCOSIDES
IN METHANOLIC SODIUM METHOXIDE

p-Nitrophenyl
D-Glycoside
Concentration,
moles/liter

P-Galactosid ,
4.022 x 10-*

Methoxide Anion
Concentration,
moles/liter

0.496
0.496
0.397
0.297
0.297

0.198
0.099
0.099
a-Mannoside,4
4.022 x 10

0.496
0.496
0.496
0.397

Perchlorate
Anion
Concentration,
moles/liter

0.000
0.000
0.099
0.199
0.199
0.298

0.397
0.397

0.297
0.297

0.000
0.000
0.000
0.099
0.199
0.199

0.198
0.099
0.099

0.298
0.397
0.397

k. x 10
-1

sec.

Average6
k. x 10
-1
-

sec.

-1

4.32
3.99
3.58
2.53
2.60
1.94
1.24
1.10

4.16

5.28
4.62
4.70
4.02
2.78
2.78
1.86
0.975
0.963

4.87

3.58
2.57
1.94

1.17

4.02
2.78
1.86
0.969

Mean
Cell
Temp.,
°C.

35.02
35.03
35.03
35.03
35.02
35.03
35.04
35.04

35.03
35.06
35.03
35.04
35.04
35 03
35.03
35.03
35.03 °

