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FOREWORD

ApvaNCES IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are referred critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ApvaNces IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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PREFACE

Recognition that the properties of sugars and related substances depend

on conformational as well as structural factors opened a new chapter
of chemistry, which in the past 45 years has engulfed not only carbo-
hydrate but organic and biological chemistry as well. Carbohydrate
molecules have, at definite points in space, groups capable of interaction
with substances in the environment in stereospecific manner. In many in-
stances the intermolecular forces are sufficiently strong to alter conforma-
tions and thereby influence equilibria and the course of ensuing reactions.
Striking effects of solvent and other molecules in the solution environ-
ment on the properties of carbohydrates were noted long ago but could
not be studied satisfactorily for lack of suitable methods. Now newly de-
veloped methods make detailed studies possible, and many investigations
of the behavior of carbohydrates in solution are in progress. This volume
covers briefly four main areas of carbohydrate chemistry.

The first six chapters of the text deal primarily with tautomeric
equilibria and the reactions of monosaccharides. Bentley and Campbell
discuss determination of anomeric equilibria by gas chromatography of
trimethyl silyl ethers, a technique which has greatly extended our knowl-
edge of the composition of sugar solutions. Anderson and Garver use
computer techniques to study mutarotation reactions. Perlin and co-
workers apply carbon-13 and proton NMR spectra to study the equi-
librium composition of certain ketones in various media. A paper by
Rendleman deals with the interaction of reducing sugars with metal
hydroxides and with ionization, epimerization, and rearrangement reac-
tions. Isbell rationalizes the reactions of sugars with oxygen and hydrogen
peroxide under alkaline conditions by formation of intermediate hydro-
peroxide adducts which decompose by oxidative cleavage and rupture of
the carbon chain. Fatiadi applies electron spin resonance to study phenyl-
hydrazones in alkaline solutions.

Chapters 7 to 12 deal with factors affecting conformational equi-
libria and complex formation. Angyal explains the effect of calcium
chloride on the anomeric equilibria of certain sugars by formation of
especially stable complexes. These involve an axial-equatorial-axial
sequence of three hydroxyl groups on a six-membered ring or a cis—cis
sequence on a five-membered ring. Lemieux and Brewer use model com-
pounds to study solvation effects on the orientation of the hydroxymethyl

ix
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groups at the 5-position of hexopyranose structures. Horton and co-
workers report the use of low-temperature NMR spectroscopy and the
method of averaging of spin couplings for determining the relative propor-
tions of conformers in solutions of various carbohydrate derivatives.
Jeffrey uses x-ray techniques to study crystal structures and relates these
to the conformation of molecules in solution. A paper by Montgomery
discusses potentiometric methods for studying stabilities of some nickel
and borate complexes. Acree reports recent studies of boric acid com-
plexes of polyols.

Chapters 13 through 16 relate to biological materials and physi-
ological phenomena. Pigman reviews and explains certain structural
changes arising from treatment of glycoproteins with alkalies. Whistler
reports that the shape of a polysaccharide in solution depends in part on
the environmental solvent and solute molecules. Shallenberger ascribes
the relative sweetness of various sugars to specific stereochemical features
of the glycol groups. He finds that a gauche (staggered) conformation
results in maximum sweetness. Bailey reviews transport systems for sugars
in living organisms, a complex subject now being actively investigated in
several laboratories.

Chapters 17 through 21 deal with carbohydrate-enzyme systems.
Hehre presents some new ideas on the action of amylases. Kabat presents
some new immunochemical studies on the carbohydrate moiety of certain
water-soluble blood-group substances and their precursor antigens. Has-
sid reviews the role of sugar phosphates in the biosynthesis of complex
saccharides. Pazur and co-workers present information obtained by iso-
topic techniques on the nature of enzyme-substrate complexes in the
hydrolysis of polysaccharides. Gabriel presents a common mechanism
for the production of 6-deoxyhexoses. An intermediate nucleoside-5’-(6-
deoxyhexose-4-ulose pyrophosphate) is formed in each of the syntheses.

These papers show the broad scope of the symposium and the intense
interest of chemists in the changes which take place in compounds prior
to and during chemical reactions of carbohydrates in solution.

Horace S. IsBELL

The American University
Washington, D. C.
July 1972
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Analytical Methods for the Study of
Equilibria

IAIN M. CAMPBELL and RONALD BENTLEY

Department of Biochemistry, Faculty of Arts and Sciences,
University of Pittsburgh, Pittsburgh, Pa. 15213

The majority of the many methods used to study the com-
position of equilibrium solutions of carbohydrates examine
the mixture without separating the individual components.
With the discovery that the anomeric forms of sugars could
be readily separated by gas chromatography of their tri-
methylsilyl ethers, a new approach to the problem was
found. A protocol was developed for the direct gas chro-
matographic analysis of the amount of each anomer present
in an aqueous solution. The protocol can be used on the
micro scale and can be used in enzyme assays such as that
for mutarotase. The method has been made more effective
by combining gas chromatography with mass spectrometry.
It is shown how mass spectral intensity ratios can be used to
discriminate anomers one from another. The application of
these methods to the study of complex mutarotations is
discussed.

What’s past is prologue (1). The year 1971 marked the one hundred
and twenty-fifth anniversary of the discovery by Dubrunfaut of the
changes in optical rotation which occur when crystalline glucose is dis-
solved in water (2). Some 50 years after Dubrunfaut’s discovery, the
general phenomenon of change of optical rotation of a solution (which
could be often a change in direction as well as in magnitude) was termed
mutarotation by Lowry (3). Although the reason for these and similar
changes remained unclear for a long time, it was recognized by 1899 that
the stable product obtained when the optical rotation was constant was
not a separate isomer of glucose but rather an equilibrium mixture essen-
tially of two isomeric forms (3).

As knowledge of the isomeric structures available to a sugar such

1
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2 CARBOHYDRATES IN SOLUTION

as glucose became ever more detailed, there was an increase in the
number of isomers postulated to exist in aqueous solution. In his classical
work on optical rotatory power, Lowry described the situation for glucose
in terms of the two o- and B-pyranose forms and noted that

“ . . the presence of an open-chain aldehyde or aldehydrol in the equilib-
rium mixture must also be postulated in order to provide a mechanism
for the inversion of the terminal >CHOH radical. The presence of 5-ring
(furanose) sugars in the mixture must also be admitted. . . . The final
equilibrium must therefore include, in addition to the open-chain alde-
hydic sugar . . . four glucosidic sugars (a- and B-pyranose, «- and B-fura-

nose) corresponding with the four ethyl glucosides which have now been
isolated (4).”

The question of the detailed composition of sugar solutions in various
solvents together with the chemistry of the mutarotation reaction has
continued to attract attention through the years. In their classical review,
“Mutarotation of Sugars in Solution,” completed in 1969, Isbell and Pig-
man have cited references to more than 320 papers and books (5, 6).
The appearance of this volume justifies Isbell's faith that carbohydrate
chemistry continues to have a significant impact “on the development of
new concepts permeating all branches of chemistry and biochemistry (7).”

General Methods

In the earliest experiments optical rotation, and to a lesser extent,
optical rotatory dispersion were used to study mutarotation reactions and
to calculate the composition of equilibrium solutions. (The presence of
many chiral elements and the accompanying optical properties have dom-
inated the whole area of carbohydrate chemistry. Thus, in the 1942
preface to a National Bureau of Standards circular, Lyman Briggs re-
marked “. . . that carbohydrate chemistry, and carbohydrate industry
dependent upon carbohydrate chemistry, could hardly have developed
to the magnitude it has attained in recent years without the aid and the
guidance of the polariscope (8).” The publication of this circular might
be said to end the first epoch of carbohydrate chemistry; since glucose
was isolated from starch in 1792, this era covers a span of one and one-
half centuries.) Such methods are relatively poor, however, since the
information they give is composite—individual isomers in an equilibrium
solution cannot be examined independently. This was realized in 1942
when it was concluded, “there is no really satisfactory method for deter-
mining the proportions of the labile components in complex mixtures (9).”

Since 1942 some new analytical techniques have become available
for the study of sugar solutions, notably nuclear magnetic resonance spec-
troscopy (NMR) and gas-liquid chromatography (GLC). The NMR
method is discussed elsewhere in this volume; GLC-based techniques are
described here.
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1. CAMPBELL AND BENTLEY Analytical Methods 3

Gas—Liquid Chromatography of Carbobydrates

While the application of GLC to problems of microanalysis has had
far reaching results in all areas of chemistry and biochemistry, the devel-
opment of methods for use with carbohydrates and other polyhydroxy
compounds was slower than with other classes of compounds. The major
problem was the general lack of volatility of the polyhydroxy compounds
and the fact that derivatives known to be volatile could not readily be
prepared in quantitative yields by simple micro procedures.

The first application of GLC in carbohydrate chemistry was to sepa-
rate fully methylated methyl glycopyranosides of simple pentoses and
hexoses (10), and much literature now covers these derivatives (11, 12,
13, 14). Shortly after this work, acetate derivatives were examined by
various workers (15, 16), and a little later another development was the
use of these acetates with thin-film columns containing liquid phases of
high thermal stability such as silicone polymers (e.g., SE-30) and fluoro-
alkyl silicone polymers (e.g., QF-1) (17).

Although such derivatives are extremely useful in many applications,
the synthetic steps to prepare them quantitatively are a little too vigorous
and time consuming to permit facile use in sugar equilibria studies. Such
is not the case with the trimethylsilyl (TMSi) derivatives. Following
initial studies on the use of these derivatives in the carbohydrate field
(18, 19, 20), the development of a simple, rapid, quantitative method
for the preparation of TMSi derivatives of bile acids (21) suggested the
extension of this derivatization method to carbohydrates. Thus, begin-
ning in 1963 we began a systematic examination of the preparation and
analysis of TMSi derivatives of numerous carbohydrates (22, 23, 24).
The compounds, either dissolved or suspended in pyridine, reacted
with hexamethyldisilazane in the presence of trimethylchlorosilane as a
catalyst. The use of pyridine was advantageous in dealing with polyhy-
droxy compounds, and even at room temperature, silylation was complete
within minutes. Isolation of the derivatives was unnecessary; an aliquot
of the reaction mixture could be injected directly onto the column.

An example of the scope of the method is the tetrasaccharide, stachy-
ose. Even with the equipment limitations of 1963, this material with 14
protected hydroxyl groups and a molecular weight for the derivative of
1676 was successfully chromatographed.

The results obtained with a single, pure anomer of a sugar such as
glucose were particularly interesting. When a sample of a-p-glucose was
treated with a mixture of pyridine:hexamethyldisilazane:trimethylchloro-
silane (10:2:1, v/v) the gas chromatogram showed a single major peak,
with at most, a minor second component which was well separated from
the major component (see Figure 1). A similar peak distribution was
obtained from B-p-glucose. However, the position of the minor peak from
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Figure 1. Gas chromatography of the TMSi derivatives of
the glucose anomers.

The solid anomers were derivatized with a premixed cocktail and

chromatographed on a column of OV-1 (6 feet by 2 mm). The

column temperature was held at 175°C for the first three minutes
and then was increased at the rate of 4°C per minute.

the o anomer was the same as that of the major peak from the g anomer
while the minor peak from the 8 anomer corresponded exactly with the
major peak from the « anomer. (The minor peaks in this early work
accounted at most for 5% of total. In this work, the anomers were first
dissolved in pyridine then subjected to trimethylsilylation. By direct reac-
tion of the solid anomers with a premixed “cocktail,” this anomerization
can be kept at a much lower level.)

Since each anomer yielded essentially a single peak, it appeared
that all of the free OH groups were reacting rapidly with the reagent,
even the anomeric one, and a potential method of freezing out compo-
nents of an equilibrium (or other) solution was at hand. This proved
to be the case when methyl o-p-glucopyranoside, silylated in the usual
way, gave a chromatographic peak indistinguishable from that obtained
with a pure sample of methyl tetra-O-trimethylsilyl-o-p-glucopyranoside,
prepared as described by Hedgley and Overend (18). Final proof of the
complete trimethylsilylation of all OH groups is given by mass spectro-
metric evidence, discussed below.
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When the residue, obtained on evaporation of an aqueous equilib-
rium solution of glucose, was derivatized with the standard reagent, two
peaks were obtained on gas chromatography, corresponding to the peaks
obtained with the two separate « and 8 anomers; the ratio of the peak
areas was a:8 — 39.8:60.2, agreeing well with the ratio 36.2:63.8 deter-
mined by the optical method or 37.4:62.6 determined by the bromine
oxidation technique (25).

These observations have been extended to many sugars other than
glucose. As before when pure anomers were available, a single major
peak was obtained; whereas with dried mutarotation mixtures, two or
more peaks resulted. The TMSi derivatives of the anomeric forms were
generally well separated with the g8 anomers usually having the longer
retention times (more precisely, the anomer having the anomeric OH
group in an equatorial position). Thus, when an equilibrium solution
containing idosan and the seven other aldohexoses was chromatographed
on an EGS polyester column, 13 peaks were separated, some containing
more than one component.

Application of GLC Method to Sugar Equilibrium Studies

Since the GLC-TMSi technique offered a new approach to the study
of the composition of aqueous solutions, efforts were made to develop a
method for direct trimethylsilylation in the presence of water. It was
necessary that the trimethylsilylation procedure did not change the
anomeric composition of the solution. This problem was solved by rapid
dilution of a small volume (ca. 5 pliters) of the aqueous solution into
0.1 ml of dimethylformamide, followed by rapid freezing at liquid air
temperature. The frozen mixture was then treated with a silylation re-
agent in which the proportions of hexamethyldisilazane and trimethyl-
chlorosilane were increased relative to the pyridine ( pyridine:hexamethyl-
disilazane:trimethylchlorosilane, 4:1:1, v/v). After standing for about
30 minutes at room temperature, samples were ready for gas chroma-
tographic analysis (26). (A similar type of GLC based mutarotation
assay was developed independently by Semenza and his colleagues (27).)
Although a heavy precipitate formed as a result of the reaction of the
water with the reagent, it was still possible to inject the solution directly
into the column since the precipitate settled rapidly.

When samples of a pure glucose anomer were dissolved in water
and a sample removed for silylation within about 30 seconds, only one
major peak was obtained, and the chromatogram was indistinguishable
from that obtained by treatment of the solid anomer with the standard
silylation reagent. Occasionally, minor peaks were present, preceding
the peak of the a anomer; these may have represented partial trimethyl-
silyl derivatives (28).
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As a solution of one anomer was allowed to mutarotate, an increasing
amount of the second anomer became evident until finally the usual
equilibrium mixture was obtained (see Figure 2). By determining the
peak areas, the percent of each anomer present at any given time interval
could be calculated. Since the equation for the mutarotation coefficient,
k, can be expressed in the form of Equation 1, the coeflicient can be
determined

1 T
= qloen 2 @

Tw = 9 B at equilibrium; z. = 9, B at time, ¢

from the slope of the plot of logm agamst time, t. In Figure 3 are
3.0 7.5 15
100
a
80
60
a0
201
J L@ J L’\ J LA
30 40 Equil.
601
a B
a0t
TN NUL
1‘||||J||||‘||1
Detector -
response, % Two minute intervals

Figure 2. The mutarotation of a-p-glucose
followed by GLC.

The mutarotation conditions were those de-

scribed previously (26): the figures in the

upper nght hand portions of the GLC traces

are time in minutes after solution of the solid
a anomer.

shown such plots for the mutarotation of «-p-glucose in the standard pH
4.7 phthalate buffer used in many polarimetric determinations and in
phosphate buffer where mutarotation is about four times as fast (29).
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1.80
pH 4.7

0.002N phthalate

.60
1.40

1.20-
log xg = x4

Fole PH 7.1 /

0.025 M phosphate

0.80 a-D-GLUCOSE
1 1 1 1 1 1 1 1
10 20 30 40
minutes

Figure 3. Determination of mutarotation
coefficients by the GLC-TMSi method. The
conditions were those described previously

(26)

Straight line plots are obtained by this method; furthermore, the muta-
rotation coefficients for several sugars, determined under the same con-
ditions as used in polarimetric work, give values identical to those
obtained optically (see Table I).

In this work we have identified the anomers based on comparison
of retention times with known standards whenever they were available.

Table I. Mutarotation Kinetics by Gas Chromatography
of TMSi Derivatives®

Mutarotation Coefficient

(logarithms to base 10, reciprocal minutes)

Carbohydrate Gas Chromatography Polarimetry
a-D-Glucose 0.00630 4) 0.00629
B-p-Glucose 0.00626 2) 0.00625
a-p-Galactose 0.00795 (1) 0.00803
#-p-Arabinose 0.0299 (3) 0.0300
a-D-Xylose 0.0204 2 0.0203

 All values determined in pH 4.7, 0.002N potassium phthalate buffer at 20°.
The gas—chromataograghic values are averages with the number of determinations
indicated by the number in parentheses.


file:///A0/-
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Lee, Acree, and Shallenberger have in some cases carried out actual
isolations of the anomeric trimethylsilyl per-O-trimethylsilyl glycosides
by preparative gas chromatography and have then characterized the
separated derivatives by optical rotation, elementary analysis, and NMR
spectroscopy (30). These characterizations, which have been done for
glucose, mannose, and galactose (see below) confirm the usefulness of
the GLC technique.

The situation just discussed for glucose is described as a simple muta-
rotation. In such cases, as already indicated (see Figure 3 for example),
X
Xo — Xt
invoke the interconversion of the o- and B-pyranose forms, and no sig-
nificant amounts of other isomers can be detected in the aqueous equi-
librium solution by the gas chromatographic method. More complex
situations are known, however, where two separate linear portions of the
plot are found. Thus, with galactose there is an initial fast mutarotation,
followed by a slow mutarotation. Separate mutarotation coefficients may
be calculated for each of the phases. The slow process was considered to
involve the usual o-pyranose = B-pyranose change while furanoid inter-
mediates were postulated to account for the initial, rapid isomerization

(5, 6).

It was interesting to see if gas chromatography could contribute any
understanding to this problem. We noted at an early date that the usual
equilibrium solution of galactose contains two major and one minor com-
ponents when examined by gas chromatography (see Figure 4) (23).
The proportion of this third component, y-galactose, was considerably
increased by first warming a pyridine solution of galactose, followed by
immediate derivatization (see Table II). By this same technique a small
amount of a third component was also detected for glucose. Using pre-
parative gas-liquid chromatography, Shallenberger and Acree (31) ac-
tually isolated the TMSi derivative of the y-galactose and tentatively
identified it as a furanose since it lacked a free carbonyl absorption in
the infrared spectrum. Later, with different chromatographic conditions
a total of four components was found in pyridine solutions of galactose,
and at equilibrium the following composition was determined:

a-Furanose 13.7%
B-Furanose 23.4
a-Pyranose 31.7
B-Pyranose 31.2

In this work the isomeric trimethylsilyl galactosides were separated by
preparative gas-liquid chromatography as before, and identification of
the various anomers was based primarily on NMR measurements (32).

We found for the aqueous equilibrium solution of galactose 5.4% of

the plot of logse against time is linear. It is only necessary to
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DETECTOR RESPONSE

(o} 5 10 15
MINUTES

Figure 4. Gas chromatogram of TMSi
derivatives prepared from an aqueous equi-
librium solution of glucose and galactose.
The column was 2.5% SE-30, isothermal at

160°. Gal = galactose; glu = glucose.

Table II. Percentage Composition of Equilibrium Solutions

Aqueous Pyridine
Carbohydrates Gas Chrom. Polarim. Gas Chrom.
@ < a e a <

p-Glucose 39.8 60.2 36.2 63.8
p-Galactose 31.9 62.6¢ 206 704
p-Mannose 720 28.0 68.8 31.2

% And 5.49% of y.

¥
473 495 3.2
299 458 243
783 21.7 —

v-isomer (see Table II) (23). This amount did not seem to change sig-
nificantly during mutarotation (26). More recently, Acree et al. have
determined the following composition for the aqueous equilibrium solution

of galactose (33).

a-Furanose 1.0%

B-Furanose 3.1
a-Pyranose 32.0
B-Pyranose 63.9

The total furanose component of 4.1% determined by these authors agrees
well with our earlier value. (The pseudo-first-order rate constant for the
formation of B-p-galactopyranose was the same as the first-order muta-
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rotation coefficient for the slow phase, and also the rapid phase mutaro-
tation coefficient was identical with the pseudo-first-order rate constant
for the formation of g-p-galactofuranose. Thus, for the first time direct
evidence for the formation of furanose forms in the fast mutarotation
reaction was obtained. It was also concluded from thermodynamic con-
siderations that the transition state for the various tautomerization reac-
tions is unlike the structure of any of the pyranose or furanose isomers.)
By similar GLC methods, mutarotated solutions of fructose have been
shown to contain 33% of furanoside components (34) and ~0.5 to 0.6%
of penta-O-trimethylsilyl-keto-p-fructose (35). Work by Anderson on the
galactose problem is described in this volume.

Mutarotase Assay

A particularly interesting situation where the speed associated with
the GLC-TMSi method proves important is in the study of mutarotase. In
1949 during a study of the oxidation of glucose by the enzyme, notatin
(glucose oxidase), evidence suggesting that this enzyme also catalyzed
the mutarotation of glucose was obtained (36). In a detailed study of
notatin preparations, Keilin and Hartree showed that some of them con-

A6~

| 1 | |
(¢} 1.0 2.0

MUTAROTASE, ml

Figure 5. Mutarotase assay by the
GLC-TMSi method. The enzyme
Zreparation was obtained from hog
id"fil, and the conditions are those
escribed previously (26).
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tained a second enzyme, named mutarotase, which catalyzed the muta-
rotation reaction (but not the oxidation) (37). This enzyme is the most
active catalyst known for the mutarotation reaction, the catalytic coeffi-
cient being at least 2 XX 10° min™. The early assays for this enzyme were
based on polarimetry; for samples also containing glucose oxidase activity,
anaerobic polarimetry was necessary to prevent changes in optical rota-
tion as a result of the formation of gluconolactone and gluconic acid.
Although other analytical methods such as automatic polarimetry were
developed later, none of them have been particularly convenient. The
gas chromatographic technique, however, proved well suited to assay
this enzyme activity. For example, a preparation of hog kidney muta-
rotase was used over a fourfold concentration range; mutarotation co-
efficients were determined by the gas chromatographic method, and for
part of the range by polarimetry. As can be seen from Figure 5 the same
straight line plot of mutarotation coefficient against enzyme volume was
obtained by either method. Values for the mutarotation coefficient could
be obtained by gas chromatography in solutions that were too turbid
for assay by the polarimeter.

Determination of Anomer Configuration

Many enzymes are known which liberate a free sugar, and it is fre-
quently important to know in which anomeric form the sugar is produced.
Polarimetric methods have proved far from ideal for this purpose. This
is another area in which the GLC-TMSi method is being increasingly
valuable. For example, the sucrase-isomaltase enzyme from rabbit intes-
tine hydrolyzed either sucrose or palatinose with the liberation of a-p-
glucose; thus, these enzymatic hydrolyses proceed with retention of con-
figuration at the carbonyl position (27). This method was more sensitive
than the polarimetric analysis, which is in any case complicated by the
known transglucosidation activity of sucrase producing small amounts of
oligosaccharides of unknown optical rotation.

Parrish and Reese also used the GLC-TMSi method to determine the
anomeric configuration of carbohydrates released by enzyme action (38).
With a and B exo-glucanases the stereochemical course of the reaction
was inversion of configuration; glucosidases, « and g, gave retention of
configuration. More recently, similar results were obtained by Barnett,
who used «- and B-p-glucopyranosyl fluoride and a-p-galactopyranosyl
fluoride as substrates for the enzymatic hydrolyses (39). Other results
involving retention and inversion of configuration have been summarized
(40).
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Critique of the GLC-TMSi Method

The GLC-TMSi method alone is an excellent technique to use in
the detailed analysis of sugar solutions where speed, small quantities of
material, or complex mixtures are involved. It has the added advantages
that solutions whose composition is changing can be frozen for analysis,
and the technique can also be applied to turbid or pigmented solution-
areas wherein polarimetric assay would be extremely difficult. Despite
this versatility the GLC-TMSi method suffers from one major disadvan-
tage. It gives no information which directly and absolutely defines the
chemical constitution of the transient or equilibrium components; at best,
a measure of relative definition is available through the judicious use of
standards. Thus, in our mutarotation studies our confidence that the first
GLC peak was the TMSi derivative of a-D-glucopyranose, the second, the
TMSi derivative of 8-p-glucopyranose, was based solely on the fact that
the derivative of pure a-p-glucopyranose had the same retention time as
the first and that of pure B8-p-glucopyranose as the second. This disad-
vantage although tolerable in many straightforward studies proves a major
impediment to more detailed work. While, as described above, this prob-
lem can be resolved by isolating sufficient quantities of each of the com-
ponents by preparative GLC and subjecting them to classical structure
determining methods, such action cancels any saving of time use of the
analytical method confers. A technique must be devised, therefore, to
give structure determination in more routine and rapid fashion.

Low Resolution Mass Spectrometry in Combination
with the GLC-TMSi Method

To meet the need mentioned above, resort was made to combined
GLC-mass spectrometry (MS) and the fact that, at least in principle,
structural and geometrical isomerism influence mass spectral cracking
patterns (41, 42). Before our studies were begun in 1969, it was not
clear from the literature whether this influence was as easily discernible
in the spectra of sugar anomers and their derivatives as it was in those
of sugar ring isomers and their derivatives (43, 44, 45). Much evidence
indicated it was discernible. Thus in their pioneering work, Reed and
co-workers (46, 47) had shown that ion appearance potential differences
were present in the isomeric pair, methyl «-p-glucopyranoside and methyl
B-p-glucopyranoside. Biemann et al. later demonstrated that the spectral
characteristics of the anomeric pentaacetates of D-glucopyranose and
p-mannopyranose were such as to distinguish between them (48, 49).
That the anomeric forms of permethylated p-glucose, p-galactose, and
p-mannose were distinguishable mass spectrometrically has been estab-
lished by the work of Kochetkov and Vol'fson and their co-workers (50,
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51, 52, 53). Intensity ratio differences were also reported by Heyns and
Scharmann to exist between the isomeric methyl o- and B-tri-O-methyl-
p-lyxopyranosides (54).

In the disaccharide field intensity difference attributable to the con-
figuration at the anomeric center had also been reported. Data presented
by Kochetkov (55) indicated that such was the case with pertrimethyl-
silylated « and 8, 1 — 4 and 1 — 6 glucosylglucoses. Vink et al. (56) con-
cluded that the configuration at the anomeric center of the reducing unit
was the most important factor influencing a set of ten peaks common to
the spectra of pertrimethylsilylated «- and B-lactose and g-cellobiose.
Moreover, these workers used ratios of these ten peaks to distinguish
o-lactose from its anomer.

By contrast, however, in their classic paper DeJongh et al. claimed
that the mass spectra of the anomeric forms of penta-O-trimethylsilylated
glucopyranose were identical, as were those of the anomers of the corre-
sponding galactopyranose (57). No differences were noted in the spectra
of the corresponding pertrimethylsilylated methyl glycosides. Thus, the
possibility arose that with the trimethylsilylated monsaccharides no easily
discernible influence of anomeric configuration on fragmentation pattern
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Figure 6. Mass spectra of trimethylsilyl tetra-O-trimethylsilyl-p-glucopyrano-
sides; Spectrum A is a anomer, Spectrum B is 3 anomer.

Recording conditions: LKB 9000 single focusing spectrometer operating at 17 ev with

an ion source temperature of 270°C and a molecular separator temperature of 250°C.

The materials were eluted from a 3% OV 101 column before mass spectrometry.
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occurred and consequently that mass spectrometry could not be used to
give the structural information that was needed to make the GLC-TMSi
method of examining sugar equilibria really workable.

Before abandoning the idea, however, the work of DeJongh et al.
was repeated. A lower ionization voltage was used to limit secondary
fragmentation processes and hopefully to accentuate stereochemical dif-
ferences. The 17 ev mass spectra of the pertrimethylsilylated derivatives
of a- and B-p-glucopyranose are shown in Figure 6. The two spectra are
very similar; however, intensity differences do occur. In particular, atten-
tion has been focused on the ratio of the two peaks with m/e values of
435 and 393. The m/e 435 peak corresponds to the parent molecular ion
(PMI) with loss of CH; and TMSiOH, the 393 peak to the shard A
minus CH; (57).

CH,OTMSi

OTMSi

The ratio 435/393 is larger in the 8 anomer spectrum than in that
of the « anomer. The numerical value of this ratio is shown in Table III
together with corresponding values for the pertrimethylsilylated anomers
of galactopyranose and mannopyranose. Each value is the average of at
least 10 independent measurements and is subject to a *=15% error.
Within this range the ratio value is constant provided the ion source
temperature is not varied. Therefore, the ratio can be used to afford
structure determining information in sugar equilibria studies. At present,
the range of this information is being extended by considering the other
pertrimethylsilylated aldopyranoses and by selecting, as was done in the
fatty acid field (58), a more extensive set of peaks to allow each of the
16 pertrimethylsilylated aldopyranoses to be differentiated, one from
another.

Similar results have been obtained with the tetra-O-trimethylsilyl
derivatives of the anomers of methyl glucopyranoside, methyl galacto-
pyranoside, and methyl mannopyranoside. The 17 ev mass spectrum of
the tetra-O-trimethylsilylated form of the anomers of methyl glucoside
are shown in Figure 7. Again the traces are similar, but intensity differ-
ences are discernible. The ratio (377/361);7.y has proved most useful.
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Table III. Sugar Intensity Ratios

(435:393) 17ev (877:361) 17ev
in persilylated sugar in perstlylated methyl
glycoside
a-p-Glucose 100:37 100:73
B-p-Glucose 100:18 100:22
a-D-Galactose 100:75 100:190
g-p-Galactose 100:40 100:28
a-D-Mannose 100:58 100:75
g-p-Mannose 100:28 100:31
100% 204
SPECTRUM A
_-xI5
133
i 290 319 377

- a7 361

‘;’ 305
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Figure 7. Mass spectra (17 ev) of methyl tetra-O-trimethylsilyl-p-gluco-
pyranosides; Spectrum A is the a anomer, Spectrum B is 8 anomer (record-
ing conditions as in Figure 6)

The first of these peaks corresponds to PMI minus CH; and TMSiOH,
the second to PMI minus CH;0 and TMSiOH (55). The average values
of the ratio for at least ten runs are shown in Table III. Again the ratio
is consistently and reproducibly different for a given anomeric pair.
Although such ratios have proved to be valuable, the whole approach
to structure definition through their use is still a relative one. A large
volume of standard data is required to set up the appropriate intensity
ratio and to prescribe its bounds. To realize our goal of using mass spec-
trometry as a more absolute structure determining probe, we must deter-
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mine the physical basis for the intensity ratio differences. This will not
be easy since present-day mass spectrometric theory is not adequate to
treat rigorously a molecule as complex as a derivatized sugar. Recently,
however, some empirical results have been obtained, and they are men-
tioned here. In Table IV are contained the intensities of the m/e 377
and m/e 361 ions in the spectra of the anomers of the methyl tetra-O-
trimethylsilyl pyranosides of glucose, galactose, and mannose, expressed
as a proportion of the sum (3) of the eight largest ions in the spectrum.

Table IV. Ratios (377:3’)17ey and (361:3") 17y in Persilylated Methyl
Glycosides (3’ — 133 + 134 + 191 + 204 + 205 + 206 + 217 + 218)

(3 77 ZE,) 17ev (361 :2 I) 17ev (3 77 361 ) 17ev
a-D-Glucose 0.0108 0.0081 100:75
B-p-Glucose 0.0130 0.0023 100:18
a-D-Galactose 0.0040 0.0078 100:195
g-p-Galactose 0.0064 0.0017 100:27
a-pD-Mannose 0.0066 0.0053 100:80
@-p-Mannose 0.0106 0.0029 100:27

This sum approximates total ion current. In the three sugars the 377:3
value for an a anomer is always less than the corresponding value for the
B anomer. For the 361:5/ ratio the situation is reversed; the value for
the o anomer is always larger than that of the g anomer. Considering
this latter finding and recalling that the formation of the m/e 361 ion
involves a loss of OCH;—i.e., the group whose configuration differentiates
the « from the 8 form, it seems possible that differences in its abundance
between the two forms represent a difference in the rate of its formation
more than in the rate of its destruction. If this is the case, the finding
that the OCH; group in the « configuration leaves more rapidly than one
in the B configuration is easily understood on energetic grounds and
could be of considerable structure determining value.

From what has been discussed above, it will be clear that the com-
bined GLC-TMSi—Ms approach has considerable potential. We have
already begun to use it to analyze the composition of the equilibrium of
glucose in boiling pyridine. When the silylating reagent was added to
such a refluxing solution, subsequent GLC revealed at least four peaks
(see Figure 8). (In Figure 8 solid «-p-glucose (5 mg) in reagent grade
but not dried pyridine (2 ml) was refluxed for 35 minutes. While still
at reflux, a mixture of pyridine (0.5 ml), hexamethyldisilazane (0.5 ml),
and trimethylchlorosilane (0.25 ml) was added through the condenser.
The mixture was then allowed to cool to room temperature before chro-
matography on OV-1 under the conditions described in Figure 1). The
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Figure 8. The equilibrium solution of
glucose in boiling pyridine

two major peaks were clearly the o- and B-pyranose anomers as would
be expected. Both minor peaks contain a furanose material as evidenced
by mass spectrometry. There is, however, considerable evidence that more
than one component is present in the second peak. With improved
separation and data processing capability we hope positively to identify
these minor constituents of the equilibrium mixture.

Scheuer and his co-workers have recently further illuminated the
relationships that exist between stereochemistry and fragmentation pat-
tern in pertrimethylsilylated monosaccharides (59). They noted that the
m/e 147 ion in trimethylsilylated glycols resulted from a cyclic elimina-
tion of the unit TMSiO* = Si(CHj3),. Arguing that the intensity of this
ion could be related to the physical ease with which six, five, and seven
membered cyclic transition states could be constructed in ordinary mo-
lecular models of « and B glucose, galactose, and mannose, these workers
deduced that the intensity of the m/e 147 ion should drop off in the order:
B-glucose, B-mannose, B-galactose, a-glucose, a-mannose, o-galactose. The
experimentally determined order was: B8-glucose, 8-mannose, a-glucose,
B-galactose, a-mannose, o-galactose. It is clear that some fundamentally
significant concept has been encountered and is ready for use in structural
determination.
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Computer Modeling of the Kinetics of
Tautomerization (Mutarotation) of Aldoses:
Implications for the Mechanism of the
Process

LAURENS ANDERSON and JOHN C. GARVER

Department of Biochemistry, College of Agricultural and Life Sciences,
University of Wisconsin, Madison, Wis. 53706

Simulation by computer has been used to examine certain
features of the kinetics of tautomerization of o-galacto-
pyranose and B-arabinofuranose, which have complex muta-
rotations. In both cases the calculations indicate a tautomer
which approaches or exceeds its equilibrium level early in
the process. Such tautomers have not yet been charac-
terized in studies made on the two sugars. The computa-
tions also suggest that the formation rates of furanoses from
aldehydo forms may be no greater than the formation rates
of pyranoses. Pyranose—pyranose interconversion via a
cyclic oxycarbonium ion is eliminated for galactose by the
slow rate of 0 exchange between sugar and water. 2,3-Di-
O-methylarabinose, generated by the periodate oxidation
of 3,4-di-O-methylmannitol, can be used to study relative
rates of ring closure to pyranoses and furanoses.

Sugars with complex mutarotation—i.e., mutarotation which deviates

from simple first order kinetics—are especially interesting in studies
of the mutarotation phenomenon. Well known examples of such sugars
are galactose, arabinose, and talose. As shown for galactose in Figure 1,
plots of log [(r:-7eq)/(70-1eq)] for these sugars are typically biphasic
(7o, 7, and r,, = rotation at time zero, time ¢, and equilibrium, respec-
tively). For many years the presence of significant amounts of more
than two tautomers in mutarotating or equilibrated solutions of sugars of
this type had been postulated (1), but direct confirmation of this hy-

20
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Figure 1. Mutarotation of a-n-galactopyranose in water at 25°C
(6) (s =slope)

pothesis and detailed study of the progress of the compositional changes
had to await the development of two modern methods, proton magnetic
resonance spectroscopy (PMR) and gas-liquid chromatography (GLC).
Lemieux and Stevens (2) and Sweeley et al. (3), pioneering applications
of these respective techniques, showed that solutions of ribose, galactose,
arabinose, and several other sugars contained three or four components.
Later with Lemieux and Conner (4), Anderson studied the kinetics of
tautomerization of 2-deoxy-p-erythro-pentose (deoxyribose) by PMR.
Similarly GLC was used by Acree et al. (5) to study p-galactose and by
Conner in Anderson’s laboratory (6, 7) to study p-galactose and L-
arabinose.

The progress curves obtained by Conner for o-p-galactopyranose and
B-L-arabinopyranose are shown in Figures 2 and 3. Although tautomeriz-
ing solutions of galactose in water contain a small amount of a-furanose
(5), we measured for this sugar only the two pyranose forms and what is
probably total furanose. What is important about these curves, because
of earlier postulations about the nature of the two phases of complex
mutarotations (8), is the lack of any evidence that furanose forms
accumulate, then decrease, or even that these forms approach their
equilibrium levels especially rapidly. All the curves seem to represent
simple exponential processes, a conclusion which is substantially verified
by plotting the data in logarithmic form. This is done for the galactose
curves in Figure 4. From the slopes of the log plots, a half-time for the
approach of each tautomer to its equilibrium level can be calculated.
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For o-p-galactopyranose, under the conditions used, these were a-pyra-
nose, 19.9 minutes, 8-pyranose, 20.3 minutes, and furanose, 16.2 minutes.
Thus, the rate at which the furanoses approach equilibrium is somewhat,
but not markedly greater than the rates for the pyranose tautomers. A
similar treatment of the data for g-L-arabinopyranose gave a set of four
straight lines from which it could be seen that the rates of approach to
equilibrium were nearly identical for all the tautomers. The values were
a-pyranose, 6.8 minutes; B-pyranose, 6.7 minutes; o-furanose, 6.4 minutes;
and B-furanose, 7.2 minutes.
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Figure 4. Logarithmic replots of the data of Figure 2
(percent unaccomplished change vs. time)

A characteristic feature of the optical data for complex mutarota-
tions is that they show a rapid initial change in rotation followed by a
longer, slower phase of approach to the equilibrium value (e.g., Figure
1). The question arose as to whether these biphasic plots are quanti-
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tatively accounted for by the changes in the composition of the solution
observed by GLC techniques. More specifically the question was if one
uses a known value or reasonable estimate of the specific rotation of each
tautomer and sums the contributions of all tautomers at successive points
in time, would the observed optical rotation curve be reproduced? Initial
efforts to answer this question for galactose and arabinose by manual cal-
culation suggested a negative answer, but the result was uncertain
because of uncertainty as to how to adjust the composition curves to a
constant sum of 100%. We, therefore, studied the possibility of modeling
complex mutarotations by computer.

Computer Modeling of the Tautomerization Process

As a basis for the modeling, we have used the formulation of muta-
rotation in which the ring forms of the sugar are interconverted via a
central intermediate, taken to be the free aldehyde form (1, 9). (In
Reference 9 mechanisms with more than one ring-opened, aldehyde-like
intermediate are considered. However, in the absence of definite evi-
dence for multiple intermediates, we have assumed the simple mecha-
nism involving a single, central intermediate because it is amenable to
mathematical manipulation. Even if the true mechanism is more com-
plex, the computations are meaningful if they duplicate within experi-
mental error the progress curves for the measurable components of the
system. The computer runs described here seem to meet this criterion.)
The case for three significant ring forms is illustrated by the following
scheme.

A
ks
ks
ks
X E
ke
ks
ka
B
For this mechanism, a differential equation may be written for the

rate of change of each ring form, letting the symbols A, B, and E stand
for concentrations:

dA

E = —klA + k2X

‘fi—B — —kB + kX (1)
t

B _ _kE + kX
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These with the equation for material balance
C=4+4+B+E+ X (2)

where C is the total concentration of sugar describe sufficiently the course
of the reaction. The method for solving this system of equations is pre-
sented in the Appendix. Solution gives

A = ae ™t + ae ™t + ae ™t + A*
B = bie=™ + bee ™t + bee ™5t + B*
E = die ™t + doe™™! + dse ™3t + E*
X=C—-A4A—-B-E

3)

where A*, B* and E* are equilibrium concentrations, the a;, b;, and d;
are integration constants and m;, m,, and m; are functions of the rate
constants.

The use of Equation 3 for simulation requires that values be
assigned to the initial concentration of each component, the equilibrium
concentration of each component, the specific rotation of each com-
ponent, and the k’s with odd subscripts or the k’s with even subscripts
(the second k for each arm of the scheme is calculated from the given k
and the equilibrium constant for that arm). Fortran programs have been
developed which, given the boundary conditions and parameters listed
above, direct the computation of the initial and final specific rotations,
the k’s not specified, and the integration and exponential constants for
Equation 3. Next are calculated for specific points in time the per-
centage of each component present and the percent unaccomplished
change for that component, the specific rotation, the percent unaccom-
plished change in specific rotation, and for the latter quantity the slope
of a plot of its natural log vs. time. Table I shows the printout of a
typical computation with some of the foregoing items omitted.

For exploratory simulations the values used for the specific rotations
and equilibrium levels of the components were those pertaining to galac-
tose, which was studied as a three-component system. As the effect of
varying the rate constants was examined, the behavior of the system
could be related to the values assigned to the ring opening rates (k’s with
odd subscripts), particularly those associated with the components
present in major amounts at equilibrium. For galactose these are the
a-pyranose (k;) and B-pyranose (k;). The value assigned to the amount
of central intermediate at equilibrium (X*) can be varied over wide
limits—from vanishingly small to over 2% —with little effect on the
progress of the ring forms to equilibrium. For given values of the ring-
opening rates, the ring-closure rates (k’s with even subscripts) vary
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Table I. Computer Simulation of the

PROGRAR CRAC-8CBy PON NO.

BOUNDARY CONDITIONS-
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Al = 1.COCC
BY - 38.0000
€I = «5C00
FI = «5000
X1 = .0ceo
SRIN = 18457403
PARAME TERS=
K1 = «17500+01 K2 = «35333+03
K3 = .700CC-01 K4 = «76615+C1
KS = «37000+02 K6 = «104841+04
KT = «1800C+C2 K8 = PY *
IKTEGRATICN CCNSTANTS-
Q1 = -.17297+04 R2 = =-.99464-C1
CAY = JHZEZT-T07 CEZ = = 5SqSI+0Z
931 = «92328-04 082 = «67355402
6g1 = «12856-01 GE2 = -+73290+C1
GF1 = «36323-02 GF2 = -.43164+01
61 = -.15125-02 62 = «82274+C2
TIME FA Fo FE FF
.00 1CC.0C 100.00 107.00 100.0C
1.0C 90.4C 9C.53 89.€5 °4,.39
2.00 81.84 91 .96 81.16 25.45
3.0C 74.C9 78,20 73.48 7736
4,02 §7.08 €7.18 6652 7G.04
£.CC 6C.73 €C.02 60.22 63.81
.03 S4,.98 €5.06 54,52 S7.40
7.0C 42,77 49,85 49,36 §1.97
2,00 4S.CE 45.13 44,69 47.08
T e.0C 4C.79 9C.e5 GC.46 42.59
%.00 36.93 36.99 36.63 38.56
15.0C 22.46 22.49 22.27 23.45
20.0C 13.66 13.63 13.55 14.26
25.0C 2.1 8.32 8.24 8.67
PALF-LIFE A €.954

HALF-LIFE 8 60969
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AEG = «56533+C2

5E0 < «3C68E*02

EEQ = «79C1C+01

FEQ = «46400+01

XEQ = «280CC+CC
SREQ = «10223+03
SRA = «22500+02

SRE = «187EC+C3
SRE = -.56000¢02

SRF = «£50CC+C2
SRX = «0000C

R3 = -+23058+02 Py = -«73452+01

— 8K = .3Ie0e-t] LLIE -.12CC2Z2+LT

083 = «67524-03 084 = -¢19991-C2

QE3 = -«15178+CC QE4 = «€6912-0C1

9F3 = 1195200 GF4 = «53206-01

@3 = «172972+CC 94 = -e11C697+CC

X POT Fe SLOFE

«4€5-C1 17€.713 8C.a458 -+99¢t-01
«677-C1 1€9.661 81.894 -+995-01
«878-C1 1€3.277 70,140 -+99¢-C1
«1C06¢00 157.497 67.121 -«995-01
e1224+cCC 152.264 EC.7EE -«995-01
«137+C0 147.527 55.C13 -+995-01
«151+CC 143.238 42,8CF -+295-01
«163¢C0 139.356 45.C89 -«995-01
«17840C 135.84C 4c.02C -.295-01
«184+00 132.658 36,955 -+995-01
«222+CC 12C.735% 22.817% -+995-01
«245¢C0 113.483 13.66%2 -+99¢-01
«258+CC 1C2.072 8.212 -+995-C1
FALF-LIFE E = 6.871

HALF-LIFE F = 7.388

HALF -LIFE <R = 6.961

27
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inversely with the value of X*. In the computations cited below, the
.equilibrium percentages of X were taken to be those estimated by
polarography (10) (0.081% for galactose, 0.28% for arabinose).

With the general mathematical characteristics of the system estab-
lished, we considered that further manipulation should focus on models
in which not only the equilibrium composition but also the progress of
the individual components with time paralleled that observed experi-
mentally. It was recognized that there would be an essentially infinite
number of sets of rate constants satisfying a given set of experimental
data. As a criterion of correspondence between calculation and experi-
ment, the half-time for the approach of each component to its equilibrium
level was chosen. The ratio k;/k; was then varied. Trial values having
the desired ratio were assigned, a computation was made, and the values
were successively adjusted until the average t,,2 for the «- and B-pyranoses
was within a few hundredths of a minute of the observed figure. Simul-
taneously, k; was adjusted to bring t,,, for the furanoses into correspond-
ence. Final adjustment of k5 was by machine iteration. Successful calcu-
lations were carried out for k,/k; ratios from 50 to 1/16. Table II shows
the detail for runs from the middle and the extremes of this range.

Table II. Sets of Rate Constants® with a Range of k;/k; Values, Which
Simulate the Tautomerization® of a-D-Galactopyranose
in Water at 25°C

k 1/k3
kn Rate for 50 2 1/16
k1 a-p, opening 0.560 0.0456 0.0240
ks @-p, opening 0.0112 0.0228 0.384
ks @-f, opening 0.0141 0.0283 1220
ke a-p, closing 221 17.9 9.44
ks @-p, closing 8.68 17.7 297
ke B-f, closing 0.923 1.85 80000

¢ For the three-component model. .
® With each set the computed ¢,/,’s for the approach of the individual components
to their equilibrium levels are equal to the observed ¢,/,’s, within experimental error.

To answer the question above, whether the observed optical muta-
rotation of galactose could be explained by the three-component model
constrained to experimental t,,,’s, the optical rotatory values from the
computations listed in Table II were plotted vs. time. The three plots
did not differ significantly from each other, in spite of the variation in
the ratio k,/k;. The plot for k;/k; — 2 is compared with the experi-
mental values in Figure 5. The observed rapid initial drop in rotation
is not duplicated in the computed plot. No reasonable combination of
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Figure 5. Mutarotation of a-p-galactopyranose,
calculated for the three-component system and
compared with the observed values

rate constants can account for this initial drop when t,,, for the progress
of the furanoses is only moderately shorter than ¢,/ for the pyranoses.

From the rate constant obtained from the experiments of Acree et al.
(5), B-galactofuranose approached equilibrium much more rapidly (#;/:
5.3 minutes) than in our work. A simulation using this ¢,,, gives an
optical rotation curve dropping slightly more rapidly than the plot of
Figure 5 but still significantly different from the experimental curve. We
can therefore conclude that the mutarotation of galactose involves a
fourth component, with a low specific rotation, which has the character-
istic of increasing in amount very rapidly during the first few minutes.

©<-GALACTOPYRANOSE
K=0.048 K3=0023 Kg=0029 kq=1.5 MIN~!

4TH COMPONENT 2 % AT EQUIL.

| 1 1 [
20 30 40 50
TIME (MIN)

Figure 6. Computed progress curve for a fourth
component of the galactose system, assuming
rate constants and equilibrium level as shown
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Figures 6 and 7 illustrate calculations which include the putative
fast component. With k;/k; — 2 and appropriate rate constants for the
formation (ks) and reversion to X (k;) of the fast component, this com-
ponent would increase to nearly its equilibrium level in 3 minutes, over-
shoot, then slowly decline to equilibrium. The optical rotation curve
computed on this basis (Figure 7) follows the experimental one very
closely for the first 20 minutes.

148 ——CALCD, 4 componenTs |20
® OBSERVED
142
2]
NO |36t
K-
130
124 1 ) | 106
(o] 15 20

10
TIME (MIND

Figure 7. Mutarotation of a-p-galactopyranose,
calculated for the four-component system and com-
pared with observed values

A priori the fast component in the galactose system could be either
the o-furanose or the aldehydrol (gem-diol) form of the sugar. Acree
et al. (5) have suggested that a-galactofuranose, present to the extent of
1% at equilibrium, probably forms no more rapidly than the g-furanose.
Unfortunately, kinetic data are not available for water solutions. How-
ever, data on the rate of the galactose-H,®O exchange reaction (see
below) make the aldehydrol form seem unlikely as a fast component.

Simulation of the mutarotation of arabinose closely followed the work
on galactose, except that four components plus a central intermediate
were included, and the B-pyranose was the starting anomer. The com-
ponents were the o-pyranose (k,, k2), B-pyranose (ks, ki), o-furanose
(ks, ks), and B-furanose (kz, ks). Table III shows sets of values for the
k’s which yield the experimentally observed half-times for the approach
of the components to their equilibrium levels.

For arabinose the half-times for all components are essentially the
same. As long as this constraint is obeyed, the calculated optical rotation
curves would be expected to show no rapid initial drop, and this is what
was found. Therefore, we must postulate a fifth, as yet undetected, fast
component in mutarotating arabinose solutions. Here the only reasonable
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candidate is the aldehydrol form. In future work with arabinose efforts
should be made to detect this form and follow quantitatively its progress.

Table III. Sets of Rate Constants® with a Range of k3;/k; Values
Which Simulate the Tautomerization® of 3-L-Arabinopyranose
in Water at 25°C

ks/ky
ki, Rate for 50 2 1/35
k1 a-p, opening 0.0331 0.0668 2.54
ks @-p, opening 1.65 0.134 0.0725
ks a-f, opening 0.0339 0.0695 6360
ks 3-f, opening 0.0297 0.0612 3090
ko a-p, closing 6.68 13.5 512
kq @-p, closing 181 14.6 7.94
ke a-f, closing 0.957 1.96 179000
ks B-f, closing 0.492 1.01 51200

@ For the four-component model. .
® With each set the computed ¢/,’s for the approach of the individual components
to their equilibrium levels are equal to the observed ¢,/»’s within experimental error.

Ring Closure of the Aldehydro Form to Pyranoses and Furanoses

In the sets of k-values successfully simulating the progress of the
galactose and arabinose systems to equilibrium (Tables II and III), the
rate constants for the ring closure of the aldehydo sugars to furanose
forms are usually smaller than those for closure to pyranose forms. (The
exception to this statement will be discussed below.) This is contrary
to what would be expected from data on ring closures to tetrahydrofuran
and tetrahydropyran (11, 12) and from much work on carbohydrates.
In the carbohydrate field it is well known that methyl glycofuranosides
form at much greater rates than methyl glycopyranosides (13), and
that in reactions giving anhydroalditols the isomers with five-membered
rings are formed, almost excluding those with six-membered rings (14,
15, 16). Thus, one may question any proposed mechanism of mutarota-
tion featuring rates of pyranose ring formation higher than those of
furanose ring formation.

An extension of the simple mechanism in which ring forms are
interconverted via a central, aldehydo intermediate includes direct path-
ways for the interconversion of the two pyranoses on one hand, and the
two furanoses on the other. The existence of such direct pathways would
permit a starting pyranose anomer to be converted rapidly to the other
pyranose, as observed, even though the rate constant for the closure of
the aldehydo form to the furanose ring were much greater than that for
closure to the pyranose ring.
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Galactose-H;'®*0 Exchange. A possible mechanism for the inter-
conversion of the two pyranoses (or furanoses), not involving the alde-
hydo sugar, operates via a cyclic oxycarbonium ijon (1). The participa-

C: ®

1

tion of such an ion in the mutarotation of glucose has been excluded by
the finding that the exchange of O-1 of the sugar with the oxygen of
water is a much slower process than the mutarotation (17, 18). However,
in view of the considerations just raised, we felt that the possibility should
be checked for galactose. With the assistance of Irwin Reich the rate of
exchange of O-1 of galactose with H,'®*0 was measured. It was necessary
to work at temperatures of 50°C or higher to get convenient rates ( Figure
8). The rate constant for the exchange in unbuffered water at 25°C,
obtained by extrapolation, corresponds to a half-time of 200 hours, orders
of magnitude slower than the mutarotation. We conclude that the oxy-

100
< IO
o
*
x
| l—
zin,.
0. ] ] ] ] L
28 30 32 34

“1000/T

Figure 8. Plot of log k vs. 1/T for the
galactose-H, 130  exchange  reaction.
Each value of the constant k is the
— slope of a plot of In [(P* — P)/P*]
vs. time where P* and P are the atom
percent excess 130 in O-1 of the galac-
tose at equilibrium and at time t,
respectively.
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carbonium ion pathway is not significant in the interconversion of
a-galactopyranose and B-galactopyranose.

In the computer simulation there was one set of conditions under
which the rates of furanose ring closure would be greater than those for
pyranose ring closure. By considering the odd numbered k’s for the two
pyranoses when the ratio k (starting pyranose)/k (other pyranose) is
made progressively smaller, a point is reached where the k’s (for ring
opening and closure) associated with the minor components (furanoses)
must be made very large to maintain the observed t,,2’s for approach
to equilibrium. This is illustrated by the last columns in Tables II and
I11, respectively.

It is possible that similar relationships exist among the rate con-
stants associated with the galactose and arabinose tautomerizations.
However, it seems worthwhile to ask whether the ring closure of an
aldehydo sugar necessarily follows the same rules as methyl glycoside
formation or anhydroalditol formation. Is it possible that in the sugar
five-membered and six-membered rings are formed at similar rates? An
experimental examination of this question requires a system for generat-
ing quantities of aldehydo sugar in a very short time (seconds) at room
temperature or below in the pH range 3-5.

Analysis of Freshly Cyclized 2,3-di-O-methyl-D-arabinose. The
system 3,4-di-O-methyl-p-mannitol (2)—sodium metaperiodate meets
the foregoing specifications. 3,4-Di-O-methylmannitol was rapidly
cleaved by periodate to 2,3-di-O-methyl-p-arabinose (3), which is re-
sistant to further oxidation (19). We prepared the crystalline g-anomer
of this sugar (the o-anomer had previously been crystallized (20)) and
showed that on a suitable GLC column the trimethylsilyl derivatives of
the four ring forms could be separated (Figure 9). The individual peaks
were characterized by preparative GLC and mass spectrometry. This
allowed the analysis of the mixtures of anomeric forms generated in
kinetic experiments (see p. 34).

The results obtained with the 3,4-di-O-methylmannitol—periodate
system are preliminary. However, we have found no evidence that the
mixture of 2,3-di-O-methylarabinose tautomers sampled after 15 seconds _
of reaction is appreciably richer in furanose forms than the equilibrium
mixture. In a control experiment a furanose-rich mixture of 2,3-di-O-
methylarabinose anomers was generated by heating the sugar in pyridine,
and the reversion to the normal equilibrium mixture in water was fol-
lowed polarimetrically at 5°C. The halftime for the process was 4.4
minutes. Thus, it should be possible to determine whether the furanose
forms are the preponderant initial products of the cyclization of aldehydo-
2,3-di-O-methylarabinose in periodate experiments. Work along this line
is being continued.
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Experimental

Computations were carried out on the IBM 1620 and the Univac
1108 computers. Programs (Fortran) were prepared for the cases where
n, the number of components in addition to the central intermediate, is
2, 3,4, and 5. These programs are available on request from the authors.

Galactose-H;'®*0 Exchange. Samples of recrystallized p-galactose
(«/B-pyranose, 1 mg) and isotopic water (40 at. % excess *0O, 10 uliters)
were incubated in sealed 75 X 8 mm (od) borosilicate glass tubes. At
intervals the contents of a tube were freeze dried and trimethylsilylated
with hexamethyldisilazane and chlorotrimethylsilane (2:1) in pyridine.
The trimethylsilyl ethers were purified with a 6 feet X 6 mm (od) glass
column packed with 5% SE-52 on 80-90 mesh Anakrom A in an Aero-
graph Autoprep model A-700 gas chromatograph. The carrier gas was
helium at 200 ml/minute, the temperature 215° C. The B-pyranose
fraction was collected and examined in an AEI MS-9 mass spectrometer.
Repeated scans were made over the m/e range 185-195 since the ion at
m/e 191 contains O-1 of the sugar (21). Values for the atom percent
excess *0 in O-1 were calculated (22) from measurements of the peaks
at m/e 191 and 193 in each scan and averaged.

2,3-Di-O-methyl-p-arabinose was prepared by a slight modification
of the method of Goldstein, Sorger-Domenigg, and Smith (19). A por-
tion of the sirupy product, purified by chromatography on silica gel G
with methanol-chloroform 1:9 v/v, crystallized on seeding. Thereafter,
crystalline material was obtained directly from crude preparations by
seeding. The crystals were isolated by trituration and filtration with
additional crops collected from the mother liquors. The principal frac-
tions had mp 71°-74°C, [«]p?® —178° (initial) —» —109° ?equilib-
rium) (¢ 1.4, H-O) and showed single spots in two TLC systems. GLC
showed one major peak with a small peak (ca. 5% of the total) corre-
sponding to a second anomeric form of the sugar.

A melting point of 82°-83°C and [«]p?® —85° — —100° were
reported for 2,3-di-O-methyl-p-arabinose by Verheijden and Stoffyn (20).
These authors’ preparation must have been largely or wholly an a-anomer,
whereas ours is preponderantly 8. In view of the rarity of crystalline
furanoses, it is presumed to be the B-pyranose, and in the PMR spectrum
run at 0°C on a sample freshly dissolved in D,O the anomeric proton gave
a signal, with the appearance of an unresolved doublet, at r 4.50. This
chemical shift and a small value of ], », would be expected for H-1 of a
B-arabinopyranose in the 1C conformation.

GLC Analysis of 2,3-Di-O-methylarabinose Samples. Samples were
trimethylsilylated with hexamethyldisilazane and chlorotrimethylsilane
(2:1) in pyridine at room temperature and resolved on 6 ft X 3 mm
(od) glass columns packed with 5.5% QF-1 on 80-90 mesh Anakrom A.
The carrier gas was nitrogen, the temperature 115°C. The sugar, equili-
brated in water and then freeze dried, gave the chromatogram shown in
Figure 9. The major peak from the crystalline sugar corresponded to the
third peak (in order of increasing retention time) of this chromatogram.

Fractions corresponding to each of the peaks of Figure 9 were
isolated by preparative GLC, which required two types of columns,
QF-1 on Anakrom A and Carbowax 20M on Anakrom A. The relative
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intensity pattern in the mass spectrum of the second fraction (2nd peak,
Figure 9) was nearly identical with that of the g-pyranose fraction, which
identifies it as the a-pyranose derivative. The relative intensity patterns
for the first and fourth fractions were similar to each other but markedly
different from the other two. Thus these fractions are considered to be
the furanose fractions.

Appendix

Kinetic analysis of reaction schemes of the type discussed in this
paper requires the simultaneous solution of the system of differential
equations in Equation 1. A formal procedure for the solution of this set
is presented below.

With the material balance Equation 2, it is possible to eliminate X
from the differential equations as follows:

Wt (a+ koA + kB + BE = kC

BB+ kA + (s + kOB + bE = kC @)

%? + ked + keB + (ks + ko)E = keC

These are now rewritten using operator notation as

(D + ki + ko)A + kB + k:E = koC
kA + (D + ks + kdB + k&E = ki 6))
keA + keB + (D + ks + ke)E = keC

The quantities in parentheses are linear differential operators which can,
however, be handled as if they were algebraic quantities. The deter-
minant of the coefficients of A, B, and E is thus

D + k1 + ko) ks ks
/D) = ks (D + ks + ks ks (6)
ke ke (D + ks + ko)

which may be expanded to yield a cubic equation in D. The three roots
of the equation f(D) = 0 are all negative and will be denoted as —m;,
—Mmsg, and —ms.
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The solution may now be written:

= @17™t + ax "' + ae "t + A*

= bie=™ 1t + b~ ™' + be~™3t + B*

die=™t + doe~™t + de ™3t + E*
=C—-A—-B-E

3)

Moo
[

where, A*, B*, and E* are the equilibrium concentrations, and the a;, b;,
and d; are integration constants.

If all rate constants are specified, the equilibrium concentrations of
the components can be obtained by setting the derivatives in Equation 4
equal to zero and solving the resulting simultaneous equations together
with the material balance Equation 2.

The integration constants are obtained by differentiating the ex-
pressions for A, B, and E (Equation 3) twice with respect to time and
setting ¢ = 0. This gives for the equation for A, the following:

ay + a: + a3 = 4, — A*
—mia; — Maas — Mzaz = Ay (7

miay + mhas + mihas = A’

where, Ao, Ay, and A,” represent the values of A, dA/dt, and d?A/dt?,
respectively, at £ = 0. Simultaneous solution of 7 thus gives the constants
ai, a» and a@;. An identical procedure is used to obtain the b; and d..
The procedure illustrated here may be applied directly to any system
of n components which are interconverted via a single, central inter-
mediate. A similar approach may be used to integrate the differential
equations for any network of unimolecular reactions.
plus a central intermediate. Their procedure involves using the Laplace—
the kinetic analysis of reaction networks, including the three components
McLaughlin and Rozett (23) have recently described a method for
Carson transform and gives results identical with ours.
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Carbon-13 and Hydroxyl Proton NMR
Spectra of Ketoses

A Conformational and Compositional Description of
Keto-hexoses in Solution

A. S. PERLIN, P. HERVE DU PENHOAT, and H. S. ISBELL

McGill University, Montreal, Canada, and The American University,
Washington, D. C.

A study of *C NMR spectra of keto-hexoses and some de-
rivatives in various solvents and of hydroxyl PMR spectra
of these compounds in methyl sulfoxide is presented. Uni-
formly close similarities are found between the chemical
shifts of the keto-hexoses and configuration related aldo-
pentoses and -hexoses, permitting conformational and anom-
eric configurational designations to be made. °C spectral
characteristics of ketofuranoses are discussed, particularly
with reference to the deshielding observed relative to
pyranose °C nuclei. Equilibrium compositions of ketoses
and of partially substituted ketoses in different media are
reported. A study of the hydroxyl proton spectra of p-fruc-
tose-containing disaccharides is described, and the earlier
designation of crystalline lactulose as a p-fructofuranose
derivative is confirmed. The results generally agree with
information from optical rotatory studies and application
of conformational analysis.

Information about the characteristics of keto-hexoses in solution has been
derived mainly from optical rotatory data (I, 2, 3, 4) and in recent
years by application of the principles of conformational analysis (5, 6).
In the current study an attempt is made to describe the conformation
and composition of these sugars in solution by nuclear magnetic reso-
nance (NMR) spectroscopy, a highly sensitive means for examining
stereochemistry and for differentiating between isomeric species.
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It is most straightforward to begin with a-L-sorbopyranose (1) (see
Figure 1) because this sugar shows virtually no mutarotational change
in water (1, 7); thus, it remains basically in the o-pyranose form. By
analogy with the established (8) structure of the crystalline material,
this sugar exists in solution in the 1C(L) pyranose chair conformation
(1) because all substituents are thereby optimally oriented—i.e., the
1-carbinol group and the 3, 4, and 5 hydroxyl groups are all equatorial,
and OH-2 is axial. (With the ketohexopyranoses in general it would be
expected that the 1-carbinol group maintains almost invariably an equa-
torial orientation and thus is a dominant factor determining the con-
formations adopted by these sugars. This simultaneously places the
2-OH group in an axial alignment which, assuming that the anomeric
effect in keto-hexoses is of the same magnitude as in aldoses (5), supple-
ments the conformational impact of the equatorial 1-carbinol group.)

OH mcﬂzoﬂ oH
OH HOH,C CHo0H
(DMSO) 2 0
! 2
O-L- SORBOPYRANOSE A -L-GLUCOHEPTULOSE
4 3 5 6
UM | e
413 3 2 4 5
5 | | |
' | 1| | s
3 4 S Me
1] | %X
| |
118 (p.p-m,) 131
50 4o

Figure 1. Hydroxyl PMR signals for a-pD-sorbopyranose (upper left) and

a-L-glucoheptulose (lower legt) in methyl sulfoxide-d;. 13C chemical shifts for

aqueous solutions of a-p-sorbopyranose (a-S), a-p-xylopyranose (a-X) and their

methyl glycosides (Me-a-S and l\%e-lzé-zg,c re.s}pectioely) (ppm relative to down-
e Ss).
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Since 1 seems to be entirely reasonable, there is even greater assur-
ance that this is the conformation of the configurationally related heptu-
lose, a-p-gluco-heptulose (2), because the latter possesses an additional
equatorial primary carbinol group to anchor the molecule securely in
this conformation. NMR spectroscopic examination gives experimental
evidence to support these theoretical considerations. Thus, the O-H
NMR spectra of 1 and 2 in methyl sulfoxide (Figure 1) (see Reference 9),
being closely similar, suggest a strong steric affinity between 1 and 2 as
well. The chemical shifts of signals OH-2 to -5 in the two spectra are
almost coincident, and the spacings of the corresponding doublets are
about the same. Furthermore, the ¥*C NMR (and also O-H NMR)
spectrum of o-L-sorbose shows a pattern strikingly analogous to that of
the configurationally related aldo-pentose, o-D-xylopyranose (Figure 1;
spectral data for the methyl glycosides and for «-p-xylopyranose are in-
cluded). From what is now known about *C chemical shifts of carbo-
hydrates (10, 11), this strongly indicates a close conformational identity
between these two sugars.

These spectra have detected only one species of L-sorbose in aqueous
solution. However, after prolonged storage in methyl sulfoxide 5-10%
of a second component is generated. Although it has not as yet been
properly identified, there is no counterpart in spectra of the heptulose,
and most likely it is the g-pyranose—i.e., the existence of furanose forms
of 1 and 2 should have about equal probability, whereas the g-pyranose
form of 2 in a chair conformation should be much less stable than that of 1.

o-D-Tagatose (3) shows a greater, although still small, rotational
change in water (3, 12). As seen in the ¥C and O-H NMR spectra
(Figure 2), the minor component accounts for about 10% of the mix-
ture (and its percentage does not change on storage in methyl sulfoxide).
This second species likely is g-p-tagatopyranose because its *C chemical
shifts correspond closely to expectation (Table I), the 1C(p) chair con-
formation being assumed, and they are upfield relative to the shifts of
furanoses (see below). As to the o-anomer, one may again use the
analogy between its spectra and those of the related heptulose and aldo-
pentose ( Figure 2)—i.e., a-D-manno-heptulopyranose (4) (OH spectrum)
and a-p-lyxopyranose (!*C spectrum) to support the expectation (5, 6, 9)
that 3 adopts the Cl(p) chair shown. Also suggested, is that relative to
1 the shape of this chair is not altered by introducing an axial hydroxyl
group at position-3 in place of an equatorial one. This follows from the
close agreement found (Table I) between observed *C chemical shifts
and those calculated from interaction-shift relationships of the kind found
earlier with aldopyranoses (11).

In the crystalline state 8-p-fructopyranose (5) possesses the 1C(p)
conformation (13), and it is clear that it retains this conformation in solu-
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Figure 2. Hydroxyl PMR signals for a-p-tagatopyranose (upper left) and a-p-

mannoheptulopyranose (lower left) in methyl sulfoxide-ds. 1C NMR spectra

of a,B-p-tagatose (3) and a-p-lyxose in water and of a,B-pD-tagatose in methyl
sulfoxide-d; (ppm relative to downfield 13CS,).

tion (5, 6). As with 1 and 3, the overall close analogy between spectra
(Figure 3) of 5 and those of a-L-gala-heptulose (6), its 7-carbon homo-
log, and B-p-arabinopyranose favors this 1C(p) conformational assign-
ment. However, the C chemical shifts of g-p-fructopyranose are not
as readily related to those of 1 as are the chemical shifts of 3 (Table I).
This discrepancy parallels earlier findings with respect to p-glucose vs.
p-galactose or p-xylose vs. p-arabinose (11). In all three instances, keto-
hexose, aldo-hexose, and aldo-pentose, the designation of OH-5 (ketose)
or OH-4(aldose) as an axial substituent does not correspond well to its
expected impact on shielding of the adjacent carbons. Tentatively, these
observations raise the possibility that the exact shape of the g-p-fructo-
pyranose chair differs slightly from that of 1 and 3. By extrapolation
this same possibility applies for the related aldoses and, agreeing with
the above comment, for 8-p-tagatopyranose (i.e., the latter is correlated
with B-p-fructopyranose in Table I).

Mutarotation changes and rates of change for p-fructose show that
B-p-fructofuranose is a plentiful component at equilibrium in water and
that both of the a-anomers are relatively unimportant (2). The recently-
described *C NMR spectrum of p-fructose (14) confirms and amplifies
this early polarimetric evidence, giving an equilibrium composition of
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about 6:3:1:trace for B-pyranose:B-furanose:e-furanose:e-pyranose. Fig-
ure 4, which shows the anomeric *C signals detected in our experiments
at 25.15 MHz, reproduces essentially these data of Doddrell and Aller-
hand (14).

When the mutarotated solution of p-fructose is concentrated and
the water replaced by methyl sulfoxide, the anomeric-OH signals (Figure
4A) present a quantitative relationship close to that shown by the 3C
NMR spectrum. This analogy allows the assignments designated and
gives an isomeric ratio of 6.5:2.7:1:trace—i.e., in good agreement with
the 13C data. However, during storage in methyl sulfoxide, the composi-
tion changes slowly so as to favor more strongly the furanoses. At equi-
librium the latter comprise 85% of the total (dimethylformamide seems
to exert a similar effect; in this solvent p-fructose exists as furanose to the
extent of 80% (15)), and the ratio is 1:3:1.3:trace (Figure 4B). The
corresponding partial spectra for L-gala-heptulose (6) are virtually super-
imposable on Figures 4A and 4B.

This pronounced tendency for an increase in the relative stability
of the furanose forms in methyl sulfoxide has been observed earlier with
L-arabinose, p-galactose, and some other aldoses (16, 17). Its origin is
obscure; pyranose forms are possibly stabilized preferentially by solva-
tion with water (18), or, alternatively, methyl sulfoxide might enhance
the relative stability of furanose forms. Figures 4A and 4B, together
with related data, indicate that the 1-carbinol group of g-p-fructofuranose
(7), which produces the doublet of doublets at 5.0 ppm, is involved in
hydrogen bonding, probably with OH-4. (This surmise is based on the
fact that signal OH-1 of lactulose (Figure 4E) is not shifted downfield
as observed with g-p-fructofuranose.) Although this association would
favor 7, it probably is not a major factor because a similar H-bonding
arrangement does not seem to apply for the o-furanose, which also be-
comes more prominent in methyl sulfoxide, nor can it be invoked for the
arabino- and galacto-aldofuranoses.

The disaccharide, leucrose (5-O-a-p-glucopyranosyl-g-p-fructopyran-
ose) (8) exhibits an OH-2 singlet having the same chemical shift as
that of B-p-fructopyranose and two clearly separated groups of four OH
signals each (Figure 4C)—the upfield group derives from the p-fructose
moiety whereas the other group corresponds more closely in shift to
OH signals of a-p-glucosides (16, 19, 20). After equilibration in water
or in methyl sulfoxide, a small proportion of the a-anomer of 8 becomes
detectable—i.e., as with p-fructose. The 1,3-linked analog, turanose,
(9), produces an OH-2 singlet (Figure 4D) that is intermediate in shift
between those of g-p-fructopyranose and the g-furanose (7). However,
after equilibration in water or in methyl sulfoxide, two additional singlets
appear at lower field (as indicated by the arrows), and the relative in-
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Table I. '*C Shielding

Chemacal
Inversion® Carbon Shift (A)
o) 1 127.9
(A) 2 94.3
3 121.1
a—D—8 4 1177
‘ 5 122.3
o 6 130.0
(B)
(A) 1 128.0
0 2 94.6
g—D—F 3 123.5
; 4 122.8
5 124.8
0 —D—T 6 129.4
(B)
(A)
0 1 127.9
a—L—8 2 94.3
3 121.1
‘ 4 1177
5 122.3
0 6 130.0
B—D—F
(B)

s Interconversion of A into B: S, sorbopyranose; T, tagatopyranose; F, fructo-
pyranose.

bax., axial substituent; adj., adjacent to axial substituent; H//O, syn-diaxial;
H,0, interaction; O/0, gauche, 0,0 interaction; O//0, syn-diaxial; 0,0 interaction.

tensities of these three peaks closely mirror the pattern exhibited by
p-fructose. (These similarities are evident also from *C spectra of tu-
ranose and fructose (14).) Therefore, erystalline turanose is a g-p-fructo-
pyranose derivative. Figure 4D indicates from the relatively low field
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Differences Between Epimers

Change in Chemical Shift (B)

Interaction® Shielding Calc.¢ Found
(0] (0] 127.5 127.0
adj.3,—0/0—3 +,— 94.3 94.3
ax.0,—0/0—2 +,— 121.1 121.4
adj.3 + 120.7 120.6
H//0—3 + 125.3 125.0
(0) Q) 130.0 129.3
(0] 0) 128.0 127.6
0//0—4,—0//H—4 +— 93.6 93.5
adj.4 + 126.5 127.4
ax.0,0//0—2,0//H—6 +4++ 120.8 120.6
-H//0—2,—0/0—5 ——
adj.4,—0/0—4 +— 124.8 122.7
H//0—4 + 132.4 132.3
0) 0 127.9 128.0
o) 0] 94.3 94.6
H//0—5 + 124.0 123.5
adj.5 + 120.7 122.8
ax.0 + 125.3 124.8
adj.5 + 133.0 129.4

¢ Based on shielding effects given in Ref. 10 and 11; a value of 2.5 ppm is added to
or subtracted from the value for A, depending upon whether an increase (4) or decrease
(=) in shleldmg is anticipated for ge interaction listed. For an O//O interaction,
the value is 2.0 ppm.

position of two doublets (at 5.0 and 5.5 ppm) that two secondary hy-
droxyl groups are hydrogen bonded, an association analogous to that
found by Casu et al. (20) with maltose. Reference to molecular models
suggests that such an association is most likely to involve OH-2 of the
p-glucosyl residue and OH-4 of the p-fructosyl residue.
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Figure 3. Hydroxyl PMR signals for B-p-fructopyranose (5) (upper left) and
a-L-gala-heptulose (6) (lower left) in methyl sulfoxide-d;. 13C NMR spectra of
5 and 6 (in water). The diagonal line relating the 13C-6 resonances of 5 and 6
reflects the large downfield shift attributable to replacement of one H-6 with
the 7-carbinol group. 13C chemical shifts for a- and B-p-arabinopyranose (a
and b, respectively) (10, 11) are inserted to illustrate the close conformational
affinity between 5 and -, though n011:3a-, D)-arabinose (ppm relative to downfield
C

2/

Based on these hydroxyl proton spectral patterns and that of Figure
4E, crystalline lactulose (4-O-8-p-galactopyranosyl-p-fructose) can be
designated a derivative of g-p-fructofuranose—i.e., 10. This supports
the conclusion derived by Isbell and Pigman (2) from the rotatory prop-
erties of the compound. Despite repeated purification small proportions
of B-fructopyranose and o-fructofuranose forms are retained in the crystal
(Figure 4E). Their relative proportions increase in water so that the
OH-2 pattern becomes closely similar to that in Figure 4A and resembles
that in Figure 4B after equilibration in methyl sulfoxide—all of which
agrees with the given assignments.

NMR spectral information about p-psicose (p-allulose) is particularly
interesting because little is known of the solution characteristics of this
keto-hexose. Having not as yet been obtained in any crystalline modifica-
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tion and with an equilibrium specific rotation close to zero, its preferred
anomeric configuration and ring size have not been deducible. The O—H
and ¥C NMR spectra (Figure 5) recorded for this syrupy sugar concur

OH-2 |f-p OHp
. f-p
-t equil. H,0 3c Bt
B-p:B-t:a-fa-p — rell
Q- “'f — 65:27: | :tr f gl Allerhand (1971)
_Ap_l_oJ A 6 3 : 1 :tr -— L‘”‘;:jo( )L""
.0(p.p.m
o-f ] o CHyOH
equil. DMSO
OH D-FRUCTOSE

f-p:f-fa-f:a-p  Om

ag |Pe 1:3:13:tr \

OH-| HOTH 0 o
§§ o %

‘eHp

/

a-p B wOHn—0
8-Fp
equil. Ho0 LEUCROSE
HO e H (1—=5,a)
HO o CH.
HO 07 ou 20H
a-F H
° C 8
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cryst.
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Figure 4. Hydroxyl PMR signals (solvent, methyl sulfoxide-d,) for A)
D-fructose after prior equilibration in water; B) p-fructose at equilib-
rium in methyl sulfoxide-ds; C) leucrose, freshly dissolved crystals; D)
furanose, freshly dissolved crystals (arrows show the positions o£ sign

that increase in intensity with time) G2-hydroxyl proton-2, F4-hydroxyl
proton-4; E) lactulose, freshly dissolved crystals. At the upper right
are 13C-2 signals at 25.15 MHz for p-fructose in water (see Reference
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Society Library
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OH
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Figure 5. 13C NMR spectrum of p-psicose in water; the ratios of the ano-

meric pyranoses and furanoses (upper right) are derived from the relative

intensities of the 13C-2 signals in the region of 90 ppm (ppm relative to

13CS,). At the upper left are hydroxyl PMR signals for p-psicose (solvent,

methyl sulfoxide-dg) after prior equilibration in water and at equilibrium in
methyl sulfoxide-d,.

in showing that three major components and a minor one are present in
solution, the overall pyranose-furanose ratio being about 1:1. A furanose,
tentatively the a-anomer, accounts for the strongest *C signal (by refer-
ence to 6-O-methyl-p-allulose ), whereas the two pyranoses each constitute
about one quarter of the mixture. In methyl sulfoxide the relative intensity
of the C-2 signal furthest downfield (resulting from the other furanose)
increases, and that of the most upfield C-2 signal (probably resulting from
the B-pyranose) decreases, each by 40-50%. Thus, energy differences
between all four p-allulose species are small, which is to be expected
because of the destabilizing interactions that are inherent in each structure.

One further aspect of the *C NMR data merits comment. In the
spectra of p-fructose and p-allulose, the anomeric *C signals of furanose
forms appear downfield from those of pyranose forms. As already noted
by Hall and Johnson (21), this same kind of distinction is observed with
p-ribose. Broader examination of these spectra and also those of various
other aldoses shows that stronger deshielding of furanose '*C nuclei is
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not confined to the anomeric position but is much more general. Thus,
total shielding for a given furanose sugar, as reflected in the sum of its
13C chemical shifts, is always substantially less than that of its pyranose
counterpart, amounting to 25-65 ppm for the group of compounds ex-
amined (22). Now the *C chemical shifts of aldopyranoses and keto-
pyranoses, as well as those of cyclohexane derivatives (23, 24), show
consistently that destabilizing non-bonded interactions are associated
with increased shielding. Generally, therefore, the less stable the com-
pound in these series, the greater is its total shielding in comparison with
isomeric compounds (25). Thus the order of shielding in furanose rela-
tive to that of pyranoses seems to be inconsistent with the fact that
furanoses are the less stable and should accordingly incorporate greater
destabilizing (stronger shielding ) interactions (except in a few instances).

It is possible that this difficulty can be resolved by a fuller evaluation
of the *C chemical shift data. Basically, it may not be feasible to compare
chemical shifts of 5- and 6-membered ring isomers directly. From pre-
liminary studies (26, 27) it appears that within a given series of 6-mem-
bered ring compounds the contribution of the diamagnetic contribution
(0a) is highly important in determining shielding differences between
isomers and that the paramagnetic term (¢,) does not obscure these differ-
ences. This situation may or may not apply for 5-membered ring com-
pounds. However, limited data now available on furanose sugars (27)
indicate that the latter should contain overall less shielded *C nuclei than
the corresponding pyranoses, as far as the diamagnetic contribution is con-
cerned. The electronic effect, as expressed in electron density calculations
(28), may be relatively small. Therefore, as found above with p-fructose
and p-allulose and also with a substantial group of aldosides (22), the
fact that 3C nuclei of furanoses are on the average relatively deshielded
does not necessarily alter previous conclusions about chemical shift-inter-
action relationships in pyranoses and cyclohexanes. Furthermore, it is to
be hoped that an extension of this more rigorous treatment of the *C
chemical shift information will help to define the conformations of fura-
noses in solution.
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Ionization of Carbohydrates in the Presence
of Metal Hydroxides and Oxides

J. A. RENDLEMAN, JR.
Northern Regional Research Laboratory, Peoria, Ill. 61604

Metal hydroxides interact rapidly and reversibly with carbo-
hydrates to form metal hydroxide-carbohydrate adducts and
through hydroxylic proton abstraction to form alcoholates.
The formation of an alcoholate, or oxyanion, is an essential
step in numerous inter- and intramolecular reactions of poly-
hydroxy compounds. Bases also attack aldehydo and keto
sugars to give carbanions that are precursors for isomeriza-
tion, epimerization, internal oxidation and reduction, and
group migration. Carbohydrate acidity can be explained in
terms of statistical factors, electrostatic field effects, polar
group interactions, intramolecular hydrogen bonding, steric
hindrance, and entropy of ionization.

Studies of the interaction of metal bases with carbohydrates were begun

in the early half of the 19th century with chemists such as Berzelius
(50) and Peligot (36). Peligot was perhaps the first to prepare alkali-
metal and alkaline-earth metal alcoholates of sugars. He deserves recog-
nition for initiating the investigation of reactions between reducing sugar
and alkali that ultimately lead to saccharinic acid formation (37). Alco-
holates result simply from the loss of a proton from a hydroxyl group
whereas saccharinic acid formation and numerous alkali-induced isomeri-
zations, except for anomerization, are initiated by carbanion formation.
These carbanions stem from carbon-hydrogen ionization at a carbon
atom adjacent to a strongly electron-attracting substituent such as a car-
bonyl or carboxyl group and are stabilized by delocalization of the
negative charge over several atoms. One of the resonance structures
contributing to this hybrid anion is an enolate ion.

51
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Ionization of the Hydroxyl Group

Monohydric aliphatic alcohols having no strong electron-withdrawing
substituent to facilitate ionization of the hydroxyl group are extremely
weak acids in either aqueous or alcoholic media. The dissociation con-
stant in aqueous solution at 25°C for methanol (4) is 2.9 X 107, for
ethanol (4) and possibly other primary and secondary alkyl alcohols,
~1 X 1078, In alcoholic media ionization constants may be 1/10-1/100
as large as those in aqueous media (22).

Studies in aqueous solution (4) have shown that pK values for
various substituted methanols correlate well with the inductive effects
of the substituent groups as measured by Taft-Ingold o values.

In contrast to the low acidity of monohydric aliphatic alcohols is the
high acidity of polyhydroxy compounds in which the hydroxyl groups
are located near one another. The greater the number of hydroxyl
groups, the greater the acidity. The ionization constants for carbohy-
drates generally are in the range of 1012-10'*. Electrophoretic migra-
tion in aqueous 0.IN sodium hydroxide solution (19) indicates that
reducing sugars are the most easily ionized and that straight-chain alditols
have on the average about the same acidity as cyclitols and glycosides
of similar molecular weight and hydroxyl content. Small differences in
electrophoretic rates are not significant as far as acidity is concerned
because many factors in addition to proton lability contribute to the
observed electrophoretic movement.

High acidity of reducing sugars is caused by high lability of the
hydrogen atom of the hemiacetal (anomeric) hydroxyl group, a condition
that apparently stems from an electron-withdrawing polar effect exerted
upon this group by the ring oxygen. This polar effect, often called an
inductive effect, is propagated by (a) successive polarization of ¢ bonds
between substituent and reaction site or by (b) electrostatic field inter-
action between dipoles (3). The former mechanism depends upon the
number and nature of the bonds and the number of the paths between
substituent (e.g., ring oxygen atom) and reaction site (e.g., C-1 hydroxyl
group ), whereas the field-effect mechanism presumes that the polar effect
originates in bond dipole moments and is propagated according to the
classical laws of electrostatics. Distance rather than number of bonds
between substituent and reaction site would be important, and the polar
effect would show an angular dependence (20, 51).

In view of recent work by Neuberger and Wilson (33) pertaining
to the relative acidities of various methyl glycosides as determined by
retention times on a strongly basic ion-exchange resin (OH™ form), the
field-effect process may well be the operative mechanism. Neuberger and
Wilson offer reasonable explanations for the acidities of these glycosides,



Published on June 1, 1973 on http://pubs.acs.org | doi: 10.1021/ba-1971-0117.ch004

4. RENDLEMAN, JR. Ionization of Carbohydrates 53

based upon the angles of the various dipoles to each other and to the
hydroxyl group that ionizes. Methyl a- and g-p-glucopyranoside will
illustrate this (Figure 1). In the g-anomer the dipole moment of the
ring oxygen atom and the dipole moment of the glycosidic C-O bond
largely reinforce each other and cause the ionization constant for the C-2
hydroxyl group to be high, compared with the ionization constant for
the same group in the o-anomer. In the a-anomer the dipole moments
cancel each other to a significant extent. Evidence that the g-anomer is
more acidic than the a-anomer was obtained earlier by Derevitskaya and
co-workers (16) who titrated electrometrically these glycosides with po-
tassium hydroxide in ethylenediamine solution (38). In ethylenediamine
simple carbohydrates behave more strongly as polybasic acids than they
do in aqueous media where there is only a slight tendency for more than
one hydroxyl group to ionize (38). Presumably, the most acidic hydroxyl
group in an unsubstituted methyl glycoside is the one at position 2 be-
cause of the proximity of this hydroxyl group to the electron-withdrawing
acetal function. Chemical evidence for this high acidity has been ob-
tained in several rate studies of Williamson-type reactions where carbo-
hydrate oxyanions are attacked by various electrophilic reagents (34, 38,
40). Thus, the magnitude of the ionization constant of the 2-hydroxyl
group is a major factor determining the overall acidity of a glycoside.

0, 0o
7 e
@ 02

H H

; H H

H 2 0CH;
1 1

Ho 0CH; Ho N
a-Pyranoside B-Pyranoside

Figure 1. Methyl a- and B-p-glucopyranoside,

showing orientation (dotted line) of the resultant

negative end of ring oxygen dipole (the hydro-

gens and hydroxyl groups on C-3, -4, and -6
have been omitted for clarity)

Ionization constants have been determined for numerous simple
carbohydrates (10, 13, 15, 25, 45), as well as for cellulose (32, 43), wheat
starch (43), and alginate (43). Selected carbohydrates with their cor-
responding pK values are presented in Table I. The analytical methods
involved in these determinations include conductimetry, potentiometric
titration, thermometric titration, and polarimetry. Polarimetry was used
by Smolenski and co-workers (45) to calculate a first and a second
ionization constant for sucrose at 18°C (K; = 3 X 1073 K, = 3 X 107*).
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Table I. Ionization Constants (Hydroxyl Group) of
Carbohydrates in Water*

pK

Compound 0°C 10°C 25°C 40°C
p-Glucose 12.92 12.72 12.35
p-Galactose 12.82 12.35
p-Mannose 12.45 12.08 11.81
p-Arabinose 12.43
p-Ribose 12.21
p-Lyxose 12.11
p-Xylose 12.29
2-Deoxy-p-glucose 12.89 12.52 12.28
2-Deoxy-p-ribose 12.98 12.65
Lactose 11.98
Maltose 11.94
Raffinose 12.74 (18°C)
Sucrose 12.51
p-Fructose 12.53 12.03
p-Glucitol 14.14 13.57 (18°C)
p-Mannitol 14.09 13.50 (18°C)
Glycerol 14.4

¢ Values from References 10, 13, and 15.

They found that their optical rotation data could best be explained in
terms of two ionizations. For simplicity in their calculations, all other
workers assumed that only one hydroxyl group per molecule was ionizable.
Table I shows that the acidities of the aldoses are similar to one another,
except for 2-deoxy-p-ribose whose somewhat lower acidity can perhaps
be explained through the concept of intramolecular hydrogen bonding,
which will be discussed later. At 25°C glycerol (pK = 14.4) has about
the same acidity as water (pK — 14.0) and is about 10 times more acidic
than methanol (pK = 15.5). Lactose and maltose, which are reducing
disaccharides, seem to be somewhat more acidic than aldopentoses. This
higher acidity can be explained by the larger number of hydroxyl groups
in the disaccharides. In other words, a statistical factor is important.
On a purely statistical basis where such factors as polar and steric
effects are disregarded, a diol should be twice as acidic as a monohy-
droxy compound, and sucrose should possess a first ionization constant
that is as large as that of an alditol containing the same number of
hydroxyl groups. Evidence to support this view may be found in the
electrophoretic measurements of Frahn and Mills (19) who found, for
example, that in aqueous sodium hydroxide solution the rate of migration
of sucrose (which has eight hydroxyl groups) is roughly the same as that
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of certain heptitols. Furthermore, a trend toward higher acidity with
an increase in the number of hydroxyl groups is evident in a homologous
series of sugar alcohols (19). Any purely statistical treatment of carbo-
hydrate ionization would be similar to the treatment given to ionization
of polycarboxylic acids (9, 21).

The second ionization constant K; of a dicarboxylic acid should, from
statistical considerations alone, equal K;/4. However, experimentally,
values of K; for all dicarboxylic acids are less than K;/4, but approach
K,/4 as the distance between ionized carboxyl group and incipient ionized
carboxyl group increases. Presumably the negative charge of the mono-
anion alters the electrostatic field about the remaining carboxyl group
and increases the work required to remove the unit positive charge of
the proton. The same relationship between K; and K: should hold for a
diol. Calculation of an approximate value for K;/K; should be possible
with Bjerrum’s equation (9)

nki _ _Ne
K, RTDr

where N is Avogadro’s number, R is the gas constant, T is the absolute
temperature, e is the charge on the proton, D is the effective dielectric
constant of the region between ionized group and unionized group, and
r is the distance separating the two groups. On the one hand for most
practical purposes, second ionizations of simple carbohydrates may be
ignored because of the low magnitude of the second ionization constant.
On the other hand, in polysaccharides the great distances between hy-
droxyl groups in the same chain facilitate multiple ionization.

In addition to the effect of polar groups (discussed above) and the
electrostatic effect of neighboring anionic charge, there are other factors
that affect carbohydrate acidity. Among them are steric and entropy
effects and intramolecular hydrogen bonding.

Steric effects are probably important because molecular geometry
and bulky substituents can influence intramolecular hydrogen bonding.
Intramolecular hydrogen bonding between hydroxyl groups is possibly
nonexistent in dilute aqueous solutions where carbohydrate hydroxyl
groups perhaps hydrogen bond exclusively with the solvent. However,
in nonaqueous solvents, particularly aprotic solvents, intramolecular hy-
drogen bonding between neighboring hydroxyl groups is a well-estab-
lished phenomenon (11, 26) and could have an important influence on
hydroxyl acidity. Of perhaps greater importance than intramolecular
hydrogen bonding between hydroxyl groups is intramolecular hydrogen
bonding between hydroxyl group and anionic oxygen. This type of bond-
ing should occur easily in aqueous and nonaqueous media. The orienta-
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tion of an anionic oxygen and a neighboring hydroxyl group with respect
to each other determines whether hydrogen bonding can occur. As can
be seen in Figure 2, only the relationships, ¢,e and e,a, allow bonding
between vicinal groups on a pyranose ring. However, a 1,3-cis-diaxial
relationship would also allow bonding. Such bonding would stabilize
the incipient anionic charge and promote ionization of the nonbonded
hydroxyl proton.

°  0—H-0°
(a) e (b) ee () a,0 (d) a0

Figure 2. Pyranose structures showing axial-

equatorial orientations that favor intramolecular

hydrogen bondin}g' between anionic oxygen and
ydroxyl group

Brown, McDaniel, and Hifliger (9) pointed out that if there are
two acidic groups close to each other in a molecule, the mutual electro-
static influence can substantially increase the pK difference between the
two groups. This pK difference would be especially large if a hydrogen
bond could form between the two acidic groups, as shown in Figure 3.

bk
WA

Figure 3. Three types of dibasic acids and
their corresponding anionic forms

The energy required to remove the first proton is partly compensated for
by the energy gained in the transition of compounds A, B, and C into
the corresponding oxyanions A-, B, and C. The acidity of the second
group (i.e., unionized hydroxyl) is lowered if its proton is held more
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0 Com

Fi;glure 4. Structures of phenol and various mono- and

dihydroxybiphenyls showing steric relationships that permit

intramolecular hydrogen bonding. Values of pK are for
aqueous solutions at 20°C (31).

firmly in the hydrogen bonding with an anionic oxygen than it is without
such bonding.

Study of the literature has revealed only one important publication
concerning the effect that intramolecular hydrogen bonding between
hydroxyl groups and anionic oxygen has on the acidity of hydroxyl groups.
Working with numerous biaryl compounds, Musso and Matthies (31)
showed by spectrophotometric analysis and potentiometric titration that
interactions like that shown in C~ (Figure 3) do occur. Figure 4 shows
the results of some of their studies in aqueous solution. Note the great
effect that intramolecular hydrogen bonding has on Compound (a); Com-
pound (e) is less acidic than Compound (d). This difference could be
caused by intramolecular hydrogen bonding of the lone hydroxyl group
in Compound (e) to the oxygen of the methoxyl group. Baker and Shulgin
(2) have reported that methoxyl groups are better hydrogen-bond formers
than hydroxyl groups.

At this stage of our knowledge, the occurrence of hydrogen bonding
between hydroxyl groups and anionic oxygen in carbohydrate alcoholates
has not been shown conclusively. That it probably does occur is strongly
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indicated by various published data. Examples of carbohydrates whose
behavior in alkaline media can perhaps be explained best by such intra-
molecular bridging are shown in Figures 5, 6, and 7. When g-p-levo-
glucosan (Figure 5) is methylated with dimethyl sulfate in 19% sodium
hydroxide solution, the hydroxyls at C-2 and C-4 are reactive as compared
with the one at C-3 (34). Hydroxyls at C-2 and C-4 are capable of intra-
molecular hydrogen bonding whereas the hydroxyl at C-3 is not. In

Figure 5. Hypothetical anionic forms of [B-p-
levoglucosan capable of intramolecular hydrogen
bonding (the hydrogens on the carbon atoms have

been omitted for clarity)
“o\cuz 0 N "0\3"2 0 M
H H
H ° K 0°
00— 0 H
(a) (b)

Figure 6. (a) a-p-Ribofuranose oxyanion; (b)
2-deoxy-a-p-ribofuranose oxyanion

Figure 6 are shown p-ribose and 2-deoxy-p-ribose. In p-ribose an anionic
oxygen at C-1 is capable of bonding with the adjacent hydroxyl on C-2;
whereas in the deoxy compound, such bonding cannot exist. p-Ribose
would, therefore, be expected to have the higher acidity, and it does.
Adenosine (Figure 7) is acidic with a reported pK value of 12.4 (£0.1)
(25). This acidity is identical with that of p-glucose. Replacing either
the 2’- or the 3’-hydroxyl group with either a hydrogen atom or a methoxyl
group results in a great loss of acidity (25). Because both hydroxyls are
essential for the high acidity of adenosine, intramolecular hydrogen bond-
ing between hydroxyl group and anionic oxygen could be involved here
also.
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NH,

Figure 7. Adenosine

To a large extent, hydrogen bonding could explain relative reactivi-
ties and, thus, relative acidities of the different hydroxyl groups within a
polyhydroxy compound. That such bonding does in some way influence
acidity has been suggested by Roberts, Wade, and Rowland (39, 40) and
Croon (14). It is possible to apply the concept of hydrogen bonding
between a hydroxyl group and anionic oxygen to explain the acidities
of the hydroxyl groups in methyl p-glucopyranoside. In aqueous media
the acidity of the hydroxyls decreases in the order 2-OH >> 6-OH >
3-OH > 4-OH (38, 40). Activated by the ring oxygen, the 2-hydroxyl
group ionizes most easily, and as shown in Figure 8, the resulting anionic
oxygen causes the 3- and 4-hydroxyl groups to become oriented prefer-
entially in its direction. (If there were no alkali present to enhance the
negative character of O-2, there would probably be little if any hydrogen
bonding between the 3- and 4-hydroxyl, and 3- and 4-hydroxyl would
more than likely be bonded preferentially to solvent molecules of the
aqueous medium.)

Figure 8. Hypothetical equilibria between

oxyanionic forms of methyl B-p-glucopy-

ranoside. The dotted lines represent hy-

drogen bonds; weaker bonds are indicated
by the lighter dots.
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Intramolecular hydrogen bonding increases the negative charge on
the oxygen atoms of the 3- and 4-hydroxyl groups and lowers their acidi-
ties below that which they would normally possess in the absence of an
anionic oxygen at C-2. All four oxyanions would exist in equilibrium
with one another with anion A (Figure 8) predominating. Reactivity of
the 6-hydroxyl group cannot be satisfactorily explained now. Perhaps
the preference shown by an attacking reagent for a less sterically hindered
hydroxyl (28) is sufficient reason for the 6-hydroxyl to be more reactive
than the 3- or 4-hydroxyl group. In other words steric hindrance, as well
as relative acidity, could be important in determining relative reactivity
(41). It is possible, however, that there are polar effects that increase
the positive character of the hydrogen of the 6-hydroxyl group. Molecular
orbital calculations on the aldohexose molecule (42) indicate a slightly
higher positive charge on the hydrogen of the 6-hydroxyl than on that
of either the 3- or 4-hydroxyl group. Substitution of a methoxyl for a
hydroxyl group at C-2 should increase the acidities of the 3- or 4-hydroxyl
groups because in the absence of intramolecular hydrogen bonding with
an anionic oxygen at C-2 there would be a lower negative charge on the
oxygens of the 3- and 4-hydroxyls. A low negative charge favors O-H
ionization. It should be remembered, however, that superimposed upon
this hydrogen-bonding effect is a possible polar effect caused by the
proximity of an alkoxyl dipole. Various studies have strongly indicated
that the reactivity of one secondary hydroxyl group can be increased by
the substitution of an adjacent hydroxyl group (14, 28).

The 6-hydroxyl group of methyl 3-O-methyl-g-p-glucopyranoside has
recently been shown (39) to be about one-fourth as reactive as the 6-hy-
droxy! of methyl 3-O-methyl-g-p-glucopyranoside toward substitution in
dilute alkaline solution. It was proposed that the higher reactivity of the
3-O-methyl derivative is possibly caused by a greater tendency for hydro-
gen bonding between the C-6 anionic oxygen and the C-4 hydroxyl.

Differences in entropy of ionization are often largely responsible for
differences in acidity between weak acids of similar strength (1). The
anomers of p-glucose give an example of such a situation. From a study
in which ionization constants and thermodynamic parameters of ioniza-
tion were determined, Los and Simpson (29) have shown that at 25°
a-D-glucose is one-half as acidic as g-p-glucose. Their data indicated that
B-p-glucose is the stronger acid because the magnitude of the entropy
decrease on ionization is much less for the g8-anomer. Furthermore, tem-
perature coeflicients indicate that the two anomers are equal at —38°C.
Such a phenomenon is not easily explained by polar effects that alter
the strength of the O—H bond. However, an interpretation based on
entropies is likely since there are examples in the literature (18) of pairs
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of carboxylic acids whose order of strength can actually be reversed by
a temperature change. These reversals have been attributed to entropy
effects.

At present a complete physical interpretation of entropy change and
of the variation in entropy change from one weak acid to another is not
possible. The ionization of acids, weak or strong, is accompanied by a
decrease in entropy; in other words, the system becomes more highly
ordered. To a large extent, differences in entropy of ionization between
various weak acids of similar structure probably reflect differences in
degree of solvation of the anion; even effects that electron-withdrawing
substituents have on ionization can be interpreted in terms of entropy
differences arising from differences in solvation of anions (1). Internal
chelation, or intramolecular hydrogen bonding, in the anion should cer-
tainly determine somewhat the magnitude of entropy change. The larger
the extent of intramolecular hydrogen bonding, the smaller the decrease
in entropy during ionization of the acid.

Free energies, enthalpies, and entropies of ionization for a number
of reducing sugars have been determined by Christensen and co-workers
(13). Their data, however, are for equilibrium mixtures of anomers
rather than for individual anomeric forms.

In nonaqueous media intramolecular hydrogen bonding should be
more pronounced than in aqueous media, and the formation of cation-
containing chelates of the general types shown below becomes a distinct
possibility (38).
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Alcoholates of this type are often capable of associating with an addi-
tional molecule of carbohydrate, and reaction stoichiometry is signifi-
cantly influenced by size of metal cation and concentrations of reactants.

Alcoholates formed from polyvalent cations are more stable than
those from monovalent cations. Charley and co-workers (12) have pre-
sented evidence that sugars and polyols interact with Fe® in mildly
alkaline, aqueous solution to form somewhat stable, soluble chelates.
Under similar conditions, p-fructose was shown to react with various
polyvalent cations: Fe*, Fe?', Mn?, Co%, Ni**, Zn*, Ca*, Sr*, and Ba*".
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By pH titrations when Fe?* interacts with excess p-fructose, two protons
are released by the sugar; similarly, Fe?** effects the release of three pro-
tons. A sample of ferric alcoholate of p-fructose was shown by elemental
analysis to consist of p-fructose, iron, and sodium in the ratio 2:2:1. Alco-
holates of TI¥*, Cu?‘, Cr®, AI*, and Pb* have also been reported (49).
Sugars seem to be able to react directly with PbO in aqueous solution;
however, nothing is known about the structure of the product or the
mechanism of the reaction.

In partially aqueous media the isolated products of reaction between
alkali-metal hydroxide and carbohydrate seem to be metal hydroxide
adducts rather than alcoholates (38). With simple sugars, the ratio of
metal hydroxide to carbohydrate in these adducts is greater than 1.0 at
high alkali concentration. Rowland (40) has found that the relative
reactivities of hydroxyl groups in methyl «- or 8-p-glucopyranoside vary
with sodium hydroxide concentration, and he has invoked the concept of
sodium hydroxide adduct formation to explain this phenomenon. At low
alkali concentration (< 0.1M), the relative reactivities are those that
would normally be expected (2-OH > 6-OH > 3-OH > 4-OH). How-
ever, at high alkali concentration (= 1M), reactivities of the 2-, 3-, and
4-hydroxyl groups are greatly lowered; no significant change occurs in
that of the 6-hydroxyl. A tendency for sodium hydroxide adduct for-
mation in the region of C-2, C-3, and C-4 could explain the decreased
reactivity of the hydroxyl groups at these positions.

Ionization of the Carbon—-Hydrogen Bond

Ionization of a carbohydrate hydroxyl group to form an alcoholate
ion is generally favored over ionization of a C-H bond to form a car-
banion (see Table II). Without a strongly activating substituent (such
as a free carbonyl group), carbanion formation would be negligibly
small. The introduction of a hydroxyl substituent at a carbon atom
containing an ionizable hydrogen atom decreases the tendency for C-H
ionization (8). In Table III the effect of hydroxyl substituents is clearly
evident. Acetate and glycolate anions are included to illustrate the effect
of a negative charge close to the reaction site. To explain the reducing
effect of the hydroxyl substituent, Bonhoeffer and co-workers (8) sug-
gested that either steric hindrance or competing ionization of a hydroxyl
substituent might be responsible. Certainly these two possibilities can-
not be ignored, especially the latter. However, additional explanations
can be offered, and perhaps these, in addition to steric hindrance and
oxyanion formation, contribute in varying degrees to the observed in-
fluence of hydroxyl substituents on carbanion formation. For example,
glycolate ion may be less ionizable than acetate ion because of a possible
ability to form an intramolecular hydrogen bond as shown below.
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Table II. Comparison of O—H Ionization with C—H Ionization®

Type of Refer-

Compound Ionization K pK °C  ence
Diphenylmethane C-H 10-3 35 ~25 30
Acetonitrile C-H 10— 25 25 8
Acetone C-H 1 X 10~% 20.0 25 5
Acetaldehyde C-H 2 X 1020 19.7 25 5
Methanol O-H 2.9 X 1016 15.54 25 4
Glycerol O-H 4.0 X 101 1440 25 4
Acetaldehyde hydrate O-H 3.3 X 10 13.48 25 7
p-Glucitol O-H 2.7 X 101 13.57 18 48
p-Glucopyranose O-H 4.5 X 1013 1235 25 15
Malononitrile C-H 6.5 X 102 11.19 25 35
2-Acetylcylohexanone C-H 8.1 X 10™ 10.09 25 44

2,4-Pentanedione C-H 1.0 X 10— 90 25 6,17
2-Acetyleyclopentanone C-H 1.5 X 108 782 25 44
1,3-Butanedione C-H 1.2 X 10-¢ 592 25 35
Malonaldehyde C-H ~10-% ~5 25 44

¢ Water is solvent for all compounds except diphenylmethane, in which case ethyl
ether is used. Ionization constants for carbonyl compounds and nitriles are gross acid
constants, uncorrected for tautomerism.

5 Estimated.
O—H ... O
|
HC—— C=0
H

The result of this bonding would be a greater negative charge on the
hydroxyl oxygen, a condition that should reduce the ionizability of the
C—H bond. The low ionizabilities of glyceraldehyde and dihydroxy-
acetone, compared with those of acetaldehyde and acetone, respectively,
could reflect a tendency for the hydroxy compounds to exist as cyclic
dimers. Only the monomeric form would be expected to give a carbanion.

H H
HOCHz—(ll—(|3—OH
2(|3HQCHCHO 0 0
| =
L
OH OH HO—C—C—CH,0H
H H

It is reasonable to assume that reducing sugars which exist in the
pyranose or furanose form must revert to their open-chain aldehydo or
keto forms before any significant C—H ionization occurs. This reversion
is brought about by ionization of the acidic hemiacetal hydroxyl group,
followed by ring opening. Subsequent carbanion formation at the carbon
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Table III. Rate Constants’ of C—H Ionization in
Aqueous Alkaline Solution (8)

I Ll
R—C—C—H 4+ 0OD- k R—C—O- + HOD
——ﬁ I
RII RII
Compound Structure k (min™Y) 25°C
I
Acetone CH;CCH,; 14.5
Acetaldehyde CH;CHO 11
i
Dihydroxyacetone HOCH.CCH,OH ~5
Glyceraldehyde CngCIiICHO 1-2
OH OH
i
Acetate ion CH,C—O0- 10-¢
i
Glycolate ion HOCH.,C—O- 107

@ These are velocity constants for deuterium exchange between aliphatic compounds
and solvent D,O at 1N OD~ concentration.

atom adjacent to the carbonyl group then leads to enediol formation,
isomerizations, B-eliminations, and rearrangements—all of which have
been given intensive, but not complete, study and have been reviewed
several times (23, 27, 46, 47, 52). I shall treat only the earliest stages of
sugar transformation in alkaline media because all others generally lie
far beyond the scope of this paper.

Isbell, Frush, Wade, and Hunter (24) have proposed in a mechanistic
scheme for alkali-induced anomerization that ring opening is a fast,
momentary event which does not produce a completely free acyclic inter-
mediate but instead a pseudoacyclic intermediate which has a conforma-
tion similar to that of the parent sugar. Isbell and associates suggested
that the reaction of the pseudoacyclic intermediate with base to form a
carbanion would lead to a cis-enediol or to a trans-enediol, depending
upon the orientation of the aldehyde group with respect to the neighbor-
ing hydroxyl group. In Figure 9, p-glucose and p-mannose illustrate the
basic features of this transformation. «-pD-Glucose and 8-p-mannose would
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a-0-Glucopyranose B-0-Mannopyranose

OH OH
cis- Enediol

B-0-Blucopyranose

> |

a-0-Mannopyranose

OH
OH H
trans-Enediol

Figure 9. Formation of postulated (24) cis- and

trans-enediols from pseudoacyclic intermediates of

two epimeric aldohexopyranoses (the hydroxyl

groups have been omitted from C-3, -4, and -6
for clarity)

give a cis-enediol, and B-p-glucose and «-D-mannose would give a trans-
enediol. These two isomeric enediols, being stereochemically different,
could conceivably follow different paths in subsequent transformations.
Molecular orbital calculations (53) on an enediol similar to these indicate
a high, positive charge on the hydrogen of the terminal hydroxyl group
of the carbon—carbon double bond. If this condition does actually exist
then in alkaline solution, ionization of the terminal hydroxyl group on the
carbon—carbon double bond would be expected to occur preferentially to
ionization of the other hydroxyl group. This occurrence would explain
why in an isomerization of p-glucose to p-fructose equilibrium between
sugar forms is in favor of aldose. p-Fructose would be formed only by
ionization of the nonterminal hydroxyl group on the carbon—carbon
double bond.
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Table IV. Relative Rates of C—H Ionization (Enolization)
in Water at pH 11.0-11.2 (24)

Range of Relative

Sugar Reactivity®
Aldo-hexoses 0.5~ 4.8
Aldo-heptoses 0.5- 10.7
Aldo-pentoses 4.1- 28
2-Ketoses 2.6- 25
6-Deoxy-aldo-hexoses 0.3- 0.8
2-Deoxyaldoses 90 -155
Disaccharides 2.0-240

@ Rates are relative to that of p-glucose (1.0) and are based upon rates of tritium
uptake from the solvent water-t at 25°C.

A reasonably successful attempt to determine relative ionizabilities
of the C—H bond in various reducing sugars was also made by Isbell and
co-workers (24). By measuring rates of tritium uptake in alkaline, tri-
tiated water, they found that the aldohexoses were among the lowest
in reactivity. Table IV shows the reactivities (or rates of tritium uptake)
for different types of sugars, based upon p-glucose as unity. Sugars of
like configuration in the aldo-hexose and aldo-heptose series react at some-
what similar rates. The aldo-pentoses, as a group, react more rapidly than
the aldo-hexoses and aldo-heptoses. 6-Deoxy-aldo-hexoses seem to have
about the same reactivity as aldo-hexoses. The generally higher reactivity
of ketoses, compared with that of aldoses, can be explained by the greater
number of ionizable C—H bonds in the ketose. The 2-deoxy sugars react
at high rates. Possibly these much higher rates for the 2-deoxy sugars
reflect a higher proportion of open-chain aldehydo intermediate in the

Figure 10. Hypothetical equilibria between the

oxyanionic pyranose form and the oxyanionic alde-

hydo form of an aldo-hexose and of a 2-deoxy-

aldo-hexose (the hydroxyl groups have been omit-
ted from C-3, -4, and -6 for clarity)
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reaction medium. Furthermore, differences in reactivity between mem-
bers of a particular sugar group (such as aldo- or ketohexoses) might
likewise be caused, at least partly, by variations in the proportion of
aldehydo or keto form. It is the carbonyl form that is the precursor of the
carbanion. Any factor, steric or otherwise, that would influence the con-
centration of carbonyl intermediates would therefore affect the observed
degree of C—H ionization. The concentration of aldehydo intermediate
of a 2-deoxyaldopyranose might be high compared with that of the
corresponding aldopyranose because of a possibly lower stability of its
precursor, the pyranose oxyanion. In Figure 10, the absence of intramo-
lecular hydrogen bonding in the 2-deoxy sugar oxyanion (b) should favor
a greater proportion of aldehydo intermediate compared with the pro-
portion formed from aldopyranose oxyanion (a). In the aldopyranose
oxyanion, intramolecular hydrogen bonding would stabilize the oxyanion
structure so much that chain opening is difficult.

There are no published pK values (C—H ionization) for the com-
pounds listed in Tables III and IV, except for acetone (pK 20) and
acetaldehyde (pK 19.7). Consequently, in the preceding discussion rela-
tive rates of C—H ionization for these compounds were assumed to be
measures of relative acidity. This assumption was not strictly valid since
acidity of weak acids is accurately defined only in terms of ionization
equilibria. However, in the absence of equilibrium data, one is reason-
ably well justified in using rate constants to obtain estimates of relative
acidity. Pearson and Dillon (35) examined rate and equilibrium data
for various weak carbon acids in aqueous solution and found a definite,
although rough, correlation between rate constant and equilibrium (ioni-
zation) constant K for nearly all of the compounds. In particular, for
those compounds having only one strongly activating substituent (e.g.,
carbonyl group), there is an almost linear relationship between pK and
the logarithm of the rate constant.

There is much to be learned about carbohydrate ionization. Only
now are chemists breaking the surface to gain this understanding. Simple
explanations for chemical behavior will not always suffice because with
carbohydrates the systems are much too complex. Some of the concepts
and interpretations of data presented here may be incorrect. A more
accurate and detailed description of carbohydrate ionization in alkaline
solution, however, will be possible only after much additional research.
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Enolization and Oxidation Reactions of
Reducing Sugars

HORACE S. ISBELL
American University, Washington, D. C. 20016

Recent progress is reported in investigations of enolization
and ketonization of reducing sugars, oxidation of sugars
with oxygen, and oxidation of sugars with sodium peroxide.
The enolate mechanism for isomerization of aldoses and
ketoses was confirmed by production of tritium-free fructose
from p-glucose-2-t. The proportions of p-glucose, p-fructose,
and p-mannose obtained by alkaline rearrangements of these
sugars suggest that rearrangements of the three sugars occur
through slightly different enolic intermediates. Mechanisms
are suggested for degradation of the sugar to p-arabinonic
and formic acids with and without hydride transfer. Alkaline
peroxides are shown to convert aldoses almost quantitatively
into formic acid. Ketoses yield formic and glycolic acids,
and 6-deoxy-aldoses yield formic and acetic acids. Mecha-
nisms are presented for oxidative degradation of o-hydroxy
carbonyl compounds by alkaline hydroperoxide.

For many years the complex and manifold reactions of reducing sugars
in alkaline solutions have fascinated chemists and engaged their
attention. Notwithstanding painstaking and extensive investigations (I, 2,
3, 4, 5), knowledge of the enolization and oxidation reactions of reducing
sugars is still fragmentary. Presumably, the reactions begin with an
acyclic or carbonyl modification formed by the mutarotation reaction
(6, 7). Spectrometric and polarographic measurements show that the
equilibrium proportion of this modification is low (8, 9, 10, 11). The
acyclic modification, which exists in ionic equilibrium with acid and base
catalysts, is also hydrated. Horton and co-workers (12) found that
acyclic sugar derivatives in aqueous solution exist almost entirely as
hydrates. Hydration is reversible, and the acyclic forms of the sugar
are available in low concentration for a variety of reactions.

70
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Transformation Reactions of Sugars in Alkaline Solution

Enolization Reactions. In 1900 Wohl and Neuberg (2) advanced
the concept that the interconversion of p-glucose, p-mannose, and p-fruc-
tose occurs through reversible enolization. Subsequently, this concept
has been largely confirmed, but there is still doubt as to whether the
enolate mechanism is the only pathway for the interconversion (13, 14,
15). According to the conventional reaction scheme (3, 5, 16), p-glucose
(1a), p-mannose (2a), and p-fructose (3a) should give the same enediol
(4a) and would be expected to yield the same proportions of the three
sugars in the rearrangement products (Scheme I). Isbell and co-workers
(17, 18) tried to test this hypothesis by using sugars position-labeled
with carbon-14 and tritium. For each of the three sugars, they found
wide differences in the proportions of the resultant sugars, previously
assumed to be formed from a common enolic intermediate. Recently
MacLaurin and Green (19) also investigated the interconversion reac-
tions of the three sugars. They postulated a triangular reaction system,
consisting of direct, reversible interconversions, and obtained satisfactory
rate constants. However, they noted that the reactions are so complex
that it is difficult to draw definite conclusions from kinetic data.

[ H T OH H
R—C=C = R—C—=C
|| H ||
OH O- o)
2
H H
R—C—~C =
OH || It
0
1
H H
R—C=C = R—C——CH
| | OH
O- OH |
4 3
H H OH
la, 2a, 3a,4a R = CH,-C C C
OH OH H
H H
1b, 2b,3b,4b R = CH,OH.-C——C——
OH OH

Scheme 1. Conventional enolate interconversion reaction
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To account for the differences in the proportions of the sugars in the
rearrangement products, Isbell and co-workers (18) suggested that the
nascent enediol derived from each sugar may retain during the reaction
period stereomeric features characteristic of the original sugar. Although
this type of isomerization accounts for the variation in the proportions
of the rearrangement products, other reaction mechanisms need con-
sideration.

Hydride-Transfer Reactions. The hydride-transfer mechanism for
rearrangement of sugars (20) yields a ketose anion (5) by direct transfer
of the C-2 hydrogen atom with its electrons to C-1. Reversal of the
process leads to epimerization at C-2 (Scheme II).

0 o- 0
(i G %
(|3—H H (I)—H H—(?
H—(lzf\o— o (lzzfo\v_ —6\L(I:—H
R R R
5

Scheme I1.  Isomerization by hydride transfer
Fieser and Fieser Mechanism (20)

Recently, Gleason and Barker studied the behavior of p-ribose in
aqueous potassium hydroxide under aerobic and anaerobic conditions
(15). They found that the p-arabinose formed from p-ribose-2-t contains
a substantial amount of radioactivity at C-1 and concluded that rear-
rangement of bp-ribose occurs principally by the hydride-transfer
mechanism.

Rearrangement of sugars by hydride transfer rather than by enoliza-
tion is contrary to much published work on the interconversions of p-glu-
cose, D-mannose, and p-fructose in alkaline D,O solutions (21, 22, 23, 24).
Because of the conflicting results in the literature, a critical test was made
in our laboratory for the presence or absence of the hydride mechanism
in the rearrangement of p-glucose. A sample of p-glucose-2-t was rear-
ranged by treatment with aqueous calcium hydroxide at 35°C for 18
hours. Aldoses were removed by oxidation with bromine; the p-fructose
was separated and purified by crystallization. It was shown to be pure
by paper chromatography and by its optical rotation ([«]p — 93.3°).
The original p-glucose-2-¢ gave 3,400 counts per minute per mg, but the
resulting p-fructose gave only 0.3 count per minute per mg. Thus, hydride
transfer is not significant in the rearrangement of p-glucose to p-fructose
under the conditions used, and no general conclusion can be drawn at
this time concerning the rearrangement pathways for all sugars.
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Rates of Enolization Reactions. For a better understanding of the
transformation and oxidation reactions of reducing sugars, methods have
been developed to measure the primary rates of enolization (18). One
of these methods depends on the rate at which tritium ions are released
from aldoses-2-t to the solvent. This is measured by separation of the
water-t, sublimation, and radiochemical assay of the water as the reac-
tion proceeds. The rate constant is calculated from the first-order
equation:

kr = 1/t [In A/(4 — X)]

where A* is the tritium in the sample at the beginning of the measure-
ment, and X* is the amount of tritium released to the solvent in time t.
The method requires tritium-labeled sugars which are not readily avail-
able and involves a primary isotope effect.

Isbell and co-workers have now developed a more convenient method
for measuring the primary rate of enolization that does not involve a
primary isotope effect (25). The method (Scheme III) uses infrared
absorption at 2.95 microns for measuring the amount of DOH formed
by enolization of the deuterated sugar in alkaline D,O. The rate constant,
ky, is calculated from the usual first-order equation:

kr = 1/tln[A/(A — X)]

where A is the milliequivalents of enolizable hydrogen in the sample,
and X is the milliequivalents of DOH formed in time t. The method
gives satisfactory rate constants for short reaction periods. However,
as the reaction proceeds, the rates for aldoses increase, presumably from
accumulation of the more reactive ketose in the reaction mixture.

H* _H ke _H
C R—C=C{__ + DOH*
OD 0 inD,O oD NOo-

Scheme III. Measurement of primary rate of enolization

The two preceding methods have been combined to determine the
tritium isotope effect. In a tritium-labeled substrate in D,0O, the change
in infrared radiation absorption arises almost entirely from release of
protons because the concentration of the tritium species in the reactant
is small. Thus, the rate constant ky (determined by the change in the
DOH absorption) represents release of protons. The constant kr for re-
lease of tritium to the solvent is determined from radioactivity measure-
ments of water from the same reaction mixture. In the enolization of
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p-glucose-2-¢ in 1M K>COj3 in DO at 35°C, values of 0.0018 and 0.00023
were found for kx and kr, respectively. Thus, the isotope effect, expressed
as ky/kr is 7.8, or expressed as kr/ky is 0.13.

Griffiths and Gutsche (23) recently studied the interconversion of
deuterated mandelaldehyde dimer and 2-hydroxyacetophenone in pyri-
dine to obtain information concerning the glyceraldehyde—dihydroxy-
acetone rearrangement. Their results support an enolization mechanism
requiring a base and an acid catalyst. They found a deuterium isotope
effect of ca. 1.3 for the transformation of the aldehyde to the ketone.
When they corrected this for the apparently differing amounts of the
aldehyde form in equilibrium with the proteo dimer and the deuterio
dimer, they obtained a value of 3.9. By the Swain-Schaad equation (26):

In (ka/kr) = 1.442 + In (ku/kp)

and values of 1.3 and 3.9, respectively, for the uncorrected and corrected
deuterium isotope effects, one may estimate corresponding values for the
tritium isotope effects of 5.5 and 16.5. The value of 7.8 found by Isbell
and co-workers for the primary isotope effect in the enolization of
p-glucose-2-t falls in this range.

A method developed earlier for measuring rates of enolization (18)
depends upon the amount of tritium incorporated in the sugar by revers-
ible enolization in water-t. The method, which measures the overall
process of enolization and deenolization, is applicable to any available
sugar. However, the process is complicated by an isotope effect that has
not been evaluated. Rates of tritium uptake for monosaccharides in 0.5M
sodium carbonate at 25°C ranged from 0.00014 for rL-rhamnose to 0.072
for 2-deoxy-p-glucose (expressed as equivalents of tritium-labeled hy-
drogen per mole per hour). A summary of the relative rates for classes
of sugars is given in Table IV of Chapter 4 of this volume. There is an
approximate correlation between the rate of tritium uptake and the con-
centration of the acyclic sugar in solution. Table I presents a comparison

Table I. Relative Rates of Tritium Uptake and Enolization

Tritium Uptake in H,0-t° Enolization in D,O®
Equiv/Mole Relative ku Relative
Sugar of Sugar/Hr Rate Rate
p-glucose 0.00046 1.0 0.018 1.0
D-Inannose 0.00024 0.5 0.011 0.6
p-fructose 0.0049 10.7 0.292¢ 16

e Conditions: 36 mg of sugar in 1 ml of 0.5M Na.CO; at 25° C.

b Conditions: 90 mg of sugar in 0.6 ml of 1M K,COj; at 30° C.

¢ The value of kx based on the equivalent weight of the sugar with respect to two
enolizable hydrogens is 0.146; for comparison with the aldoses, this constant is doubled.
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of the rates of tritium uptake and the primary rates of enolization deter-
mined by the deuterium oxide method for p-glucose, p-mannose, and
p-fructose. The rates of tritium uptake approximately parallel the rates
of enolization. The fact that there is some variation is not surprising
because ions formed by enolization may undergo reactions besides the
reverse reaction leading to tritium uptake.

Oxidation of Sugars in Alkaline Solutions with Oxygen

Life as we know it on this planet depends upon reactions of com-
pounds of carbohydrate origin with oxygen from air. Photosynthesis,
respiration, and combustion have been thoroughly investigated, but there
are many less spectacular processes that are not clearly understood. One
of these is the reactions of sugars and polysaccharides with oxygen under
alkaline conditions. The reactions are important not only in biological
systems, but also in many technological and industrial operations—e.g.,
in the treatment of wood pulp and the aging of cellulose in the rayon
industry (27, 28). A basis for understanding these complex systems may
be derived from the study of the reactions of monosaccharides with
oxygen.

Ionic Enolate Mechanism. The first systematic investigation of the
reactions of sugars in alkaline solutions was conducted by Nef (4). He
found that p-glucose in alkaline solution in the presence of air yields
principally formic and p-arabinonic acids, also small amounts of CO, and
saccharinic, p-ribonic, p-erythronic, p,L-glyceric, glycolic, and oxalic acids.
He suggested that these products, except for the saccharinic acids, are
formed by oxidative cleavage of 1,2-, 2,3-, and 3,4-enediols. Later work-
ers have followed this concept with modification of the mechanism for
oxidative cleavage of the double bond (29, 30, 31, 32, 33).

Bamford and Collins (30) found that the auto-oxidation of p-glucose
and p-fructose under high oxygen pressure and hydroxyl ion concentra-
tion results predominantly in the formation of formic and p-arabinonic
acids. They represented the overall reactions by pseudo first-order equa-
tions, based on the parallel formation of ionic intermediates. They as-
sumed that the intermediates, presumably enolate ions, react with oxygen,
forming peroxides which decompose into p-arabinonate and formate ions.
Other workers have not obtained as high yields for formic and arabinonic
acids. They found with lower oxygen pressures and hydroxyl ion con-
centrations substantial amounts of the lower acids, presumably formed
by oxidative cleavage of the 2,3- and 3,4-enediols and from products of
a reverse aldol reaction.

Several mechanisms have been proposed for the cleavage reactions.
One involves formation of an osone from the 1,2-enediol, followed by
oxidation to a 2-keto-aldonic acid, which in turn gives the next lower
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aldonic acid by decarboxylation (33). This mechanism has little impor-
tance in the reaction of oxygen because the osone from p-glucose, for
example, would yield p-gluconic acid by a benzylic acid rearrangement
whereas little or no p-gluconic acid is formed in the reaction. 2-Keto-p-
gluconic acid would yield carbon dioxide rather than formic acid by
decarboxylation. A small amount of carbon dioxide is produced, but it is
not a major product. In the absence of free-radical initiators the reaction
may take place by the ionic mechanism of Doubourg and Naffa (32), as
depicted in Scheme IV. In the presence of free-radical initiators, how-
ever, a free-radical chain mechanism seems more reasonable.

H (o- H
\/ 0. |
L TS
g ( I_OH ‘O—O—(IJ—OH O—((l]—OH
R R R
i
-0—C=0
+

O=(|3—OH

(lower aldonic acid)

Scheme IV. Enolate mechanism for reaction of sugars with oxygen
Dubourg and Naffa Mechanism (32)

Free-Radical Reactions. Much literature covering free-radical reac-
tions is available (34, 35, 36, 37, 38, 39, 40, 41), but there is no compre-
hensive review covering the free-radical chemistry of sugars and poly-
saccharides. Hydrogen peroxide and alkaline peroxides have been widely
used to modify starch (42) and to bleach textiles and cellulose products.
Presumably, the peroxide acts as a source of free radicals. Control of the
production and type of free radicals in solutions is important with respect
to natural processes such as aging (40), hydroxylation of collagen, connec-
tive tissue disorders, and alteration of structural carbohydrates (43). In
these processes carbohydrates and their derivatives play important roles.
One of these is the regeneration of free-radical catalysts such as ferrous
iron in systems containing oxygen and hydrogen peroxide.

Hydrogen peroxide in solution decomposes slowly at room tempera-
ture with liberation of oxygen, but it decomposes rapidly at higher tem-
peratures. The decomposition is accelerated by trace amounts of transition
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metal salts. With iron salts the following reactions occur (44):

Fe** + H,0, — Fe* + OH- 4+ -OH

-OH + H,0, —» H,0 4+ -OOH

-OOH + H,0, — O, + H;0 + -OH

-OH + Fe** — OH- + Fe’t (chain-breaking process)

Under suitable conditions ferrous ions may be regenerated by reduc-
tion of ferric ions, giving a continuous supply of either hydroxyl or
hydroperoxide radicals. The reductant for converting ferric ions to fer-
rous ions may be a sugar as, for example, in mixtures used to effect
polymerization of butadiene in the production of synthetic rubber (44).
In biological systems the reductant may be a more reactive compound
such as ascorbic acid. Chain reactions involving the regeneration of radi-
cals in single-electron steps provide a way to effect structural changes
and oxidations with low energy barriers. Some reaction systems are
complex and yield numerous products, but the fundamental reactions are
simple.

Regenerative free-radical reactions are highly important in many
industrial processes. For example, in the treatment of wood pulp traces
of iron salts cause loss by initiating Ruff—-Meller type depolymerizations
(45). Many biologically important polysaccharides undergo oxidative—
reductive depolymerizations by free-radical reactions. Thus, Pigman and
co-workers (43) have shown that depolymerization of hyaluronic acid
and of alginic acid occurs by a series of reactions involving ferrous iron,
oxygen, and ascorbic acid. Regenerative free-radical processes are com-
mon and warrant more consideration by carbohydrate chemists.

Although the reactions of reducing sugars with oxygen have been
widely investigated, little attention has been given to free-radical mecha-
nisms. An induction period at the start of an autoxidation is evidence
of a possible free-radical reaction. Recently Gleason and Barker (14)
reported a lag in the consumption of oxygen at the beginning of the
reactions of numerous sugars with oxygen in alkaline solutions. De Wilt
and Kuster (46) also observed this lag at the beginning of the reaction
of p-glucose but not of p-fructose. They explained the lag by a relatively
slow attainment of the enolate equilibrium of p-glucose and concluded
that the enolate equilibrium of p-fructose is reached almost instantane-
ously. This conclusion does not seem valid because the measured rates
of enolization of p-glucose and p-fructose are relatively slow (25). The
rate of enolization of p-glucose (Table I) is about one-sixteenth that of
p-fructose whereas the De Wilt and Kuster rate of oxidation of p-glucose
is only one-fourth that of p-fructose.
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Gleason and Barker considered the possibility that the induction
period might result from a free-radical reaction but did not pursue the
matter, probably because Bamford and Collins had been unsuccessful in
accelerating the reaction by free-radical initiators. In a subsequent paper
(15) Gleason and Barker found that the formic acid, produced from
p-ribose-2-t by the action of oxygen, contains a substantial proportion of
tritium. To account for this important discovery, they suggested two
concurrent mechanisms: (1) enolization and oxidation and (2) hydride
transfer of the C-2 hydrogen atom to C-1, followed by enolization of the
resulting ketone, and oxidation of the enediol. Concurrently, Isbell and
Hepner (47) studied the oxidation of p-glucose-2-t and found that it
yields a small amount of tritium-labeled formic acid, as well as the ex-
pected non-labeled acid. These results, like those of Gleason and Barker,
may be explained by the existence of more than one reaction path.

Two free-radical chain reactions, in addition to the ionic enolate
mechanism, seem reasonable for the oxidation of the sugars by oxygen.
With an aldose-2-t one of the free-radical mechanisms would yield non-
labeled formic acid and the next lower aldonic acid; the other would
yield labeled formic acid and the same aldonic acid.

H—(|3=0 H—('3=O o
| 2
H—Cl‘—OH +R. — -(ll—OH e
R R + HR’
g on
aldose . + -
-O—O—(ll—OH _— H ("CTTO D for(llnlic acid
1N and lower
R HO_:O (? OH alcj(cl)nic
acl
6 0, k7
+
H—(|)=O
-(ID—OH
R

Scheme V. Free radical oxidation of aldoses (Pathway I)

Ordinarily, free-radical chain reactions begin by abstraction of a
weakly bonded hydrogen atom (34) from the substrate by a radical
which is regenerated in a subsequent step in the process. The resultant
substrate radical may then rearrange or undergo decomposition reactions
similar to the elimination of ions by consecutive electron displacements
(48, 49). The path to the non-labeled formic acid begins with abstraction
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H—C=0 C=0

| | 0.
H*—(ll—OH + R -— H*—CI—OH —
R R + HR’
.0—0—C=0 aldose = HO—0—C=0 0I—OH
—_— fo~\Y — |
H*—C—OH H*—C—O—:H H*—CL—OH
| | | S
R R 9 HO- (|3=
8 + R 10
0,
C—0 | +OH-
!
H*—(f—OH labeled formic acid
R lower aldonic acid

Scheme V1. Free radical oxidation of aldoses (Pathway I1)

of the C-2 hydrogen atom (Scheme V). The resulting radical is con-
tinuously regenerated by reaction of the oxygen adduct (6) with a new
supply of the aldose. By addition and elimination of either a hydroxyl
ion or a hydroxyl radical, the glycosulose peroxide (7) yields formic
acid and the next lower aldonic acid. The second pathway (Scheme VI)
begins with the abstraction of the C-1 hydrogen atom, forming a glyconyl
radical, which is continuously regenerated by reaction of the oxygen
adduct (8) with a new supply of the aldose. An intermediate peraldonic
acid (9) is formed, which rearranges to a glycosulose peroxide (10) by
hydride transfer from C-2 to C-1. Addition of a hydroxyl ion to 10 with
rupture of the C-1-C-2 bond and elimination of a hydroxyl ion yields
labeled formic acid and the next lower aldonic acid.

Ketoses may be oxidized by a similar free-radical chain mechanism
(Scheme VII). The reaction begins with the abstraction of a hydrogen
atom from C-1. The resulting radical is continuously regenerated by
reaction of the oxygen adduct (11) with a new supply of the ketose.
The resulting peroxide (10) is the same as that derived from the aldose
and gives by fragmentation formic acid and the next lower aldonic acid
by either a free radical or an ionic mechanism.

Oxidation of Sugars in Alkaline Solutions with Sodium Peroxide

Early workers reported that treatment of p-glucose, p-mannose, and
p-fructose in alkaline solutions with hydrogen peroxide yields products
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H H
H—C—OH -C—OH
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| | + HR’
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H | H
-0—0—C—OH HO—+0—C—OH
| ketose NN + OH- formic acid
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| I lower aldonic acid
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(028 +
H
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Scheme VII. Free radical oxidation of ketoses

Table II. Oxidation of Monosaccharides by Sodium Peroxide®

Reaction Total Acid® Formic Acid®
Trme,
Sugar hours Found Theory Found Theory
aldo-Hexoses
Allose 312 5.72 6 5.61 6
Altrose 143 6.05 6 5.67 6
Galactose 120 5.63 6 5.55 6
Glucose 480 5.30 6 5.28 6
Mannose 310 5.50 6 5.84 6
Talose 46 5.86 6 6.06 6
aldo-Pentoses
Arabinose 261 5.19 5 4.97 5
Lyxose 93 5.04 5 5.02 5
Ribose 93 4.97 5 4.65 5
Xylose 93 4.74 5 4.89 5
Ketoses And 6-Deoxyhexoses

Fructose 143 497 5 4.38 4
Sorbose 120 4.96 5 4.05 4
Rhamnose 490 4.89 5 3.44 4
Fucose 190 4.47 5 4.09 4

20.075 gram of sugar + 0.01 gram of EDTA in 5 ml of 1M Na,0: at 0°C.
® Mmoles of acid per mmole of sugar.
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similar to those obtained by oxidation of the sugars by air or oxygen (4,
50). None of the prior workers carefully distinguished between the reac-
tion of oxygen and those of the peroxide anion. Thus, it seems probable
that the products reported in the literature arise from reactions of the
sugar with oxygen and peroxide.

Isbell and co-workers (51) have tried to minimize the oxygen reaction
and to maximize the peroxide reaction. When a large excess of peroxide
and a low temperature were maintained, they found that the monosac-
charides are converted almost quantitatively to formic and two-carbon
acids. Table II presents results for the peroxide oxidation of 14 sugars.
The total acid produced from aldo-hexoses under favorable conditions is
about six moles, consisting almost entirely of formic acid. Aldopentoses
react more rapidly than aldo-hexoses and yield about five moles of formic
acid per mole of pentose. Fructose and sorbose yield approximately five
moles of total acid of which four moles are formic acid. Glycolic acid
was identified qualitatively but not determined quantitatively. L-Rham-
nose and L-fucose yield about five moles of acid, including four moles of
formic acid. Acetic acid was identified only qualitatively.

Consideration of reasonable mechanisms for producing formic acid
from an aldose led to the hypothesis that the sugar forms an addition prod-
uct with the hydroperoxide anion, comparable with an aldehyde sulfite or
the addition product of aldoses with chlorous acid (52). The intermediate
product (12) could decompose by a free-radical or an ionic mech-
anism. In the absence of a free-radical catalyst, the ionic mechanism of
Scheme VIII seems probable. By either mechanism the products are
formic acid and the next lower sugar. The lower sugar then repeats
the process, with the result that the aldose is degraded stepwise to formic
acid. Addition of the hydroperoxide anion to the carbonyl carbon is in
accord with its strong nucleophilic character (53) and with certain reac-
tion mechanisms suggested in the literature (54) for related substances.

H~ . H
C=0 HO—+0—-C—0- formate anion
| + OOH- —— ! :\_L -, ——— { lower aldose
Hg—OH HC—O—H + H,0

R

12
Scheme VIII. Peroxide oxidation of aldoses
Oxidative degradation of a ketose may proceed by two pathways
(Scheme IX). Hexuloses by addition of a peroxide anion form a ketose
peroxide (13). Cleavage of this intermediate at the C-2-C-3 bond gives

glycolic acid and an aldo-tetrose. The aldo-tetrose is smoothly converted
to four moles of formic acid. Alternatively, the ketose peroxide (13)
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may be cleaved between C-1 and C-2 to yield formaldehyde and an aldo-
pentonic acid. Under the described reaction conditions, formaldehyde
is oxidized to formic acid, whereas the aldopentonic acid is inert. Table II
shows that the oxidation of a ketose yields largely formic and glycolic
acids.

Principal pathway

H H
HCOH HCOH
| | glycolate anion
0=C + OOH- —— -0—C,0~0H —— % aldotetrose
I .._I_/(\ ] + H2O
HCOH HC—0—H
R R !
13
Secondary pathway
H
HCEo-n
|\ , formaldehyde
-0—C—0—0H —— 3 aldopentonate
| anion + H,0
HC—0—H
R

Scheme IX. Peroxide oxidation of ketoses

Concurrent Rearrangement and Oxidation Reactions

In many systems rearrangement and oxidation reactions occur con-
currently and produce various products, the proportions of which are
determined by the experimental conditions. An understanding of the
separate reactions enables one to predict the products of the reactions
and the effect of changes in the experimental conditions. Under alkaline
conditions rearrangements of sugars result in glycosuloses and diuloses,
which undergo benzylic acid rearrangements with formation of saccha-
rinic acids (48, 49, 55, 56). Some of the intermediates are readily oxidized
and give characteristic products whose formation may be explained by
mechanisms similar to those proposed here for the oxidation of aldoses
and ketoses.

In alkaline solutions p-glucose forms 3-deoxy-p-erythro-hexosulose
and 4-deoxy-p-glycero-2,3-hexodiulose which yield saccharinic acids.
Machell and Richards (57) have shown that 3-deoxy-p-erythro-hexosulose
(14) is oxidized by 30% hydrogen peroxide to formic acid and 2-deoxy-
p-erythro-pentonic acid (15). Recently Rowell and Green (58) found
that 14 in the presence of oxygen also forms 15 in addition to the sac-
charinic acids. They inferred that the reactions with oxygen and hydrogen
peroxide are very similar, but they did not present reaction mechanisms.
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Scheme X. Reaction of 3-deoxy-p-erythro-hexosulose with oxygen

—=C—H -0—CH HC—O-
_17_ =+ OH-
0= | + OOH- —— 0= | _— +
HCH HCH 0=C—OH
R R |
HCH
R
15
H H
R = CH,OH .C—C—
OH OH
Scheme XI. Reaction of 3-deoxy-p-erythro-hexosulose with alkaline hydrogen
peroxide

Referring to reaction Schemes V and VIII, one would expect the reactions
with oxygen and hydrogen peroxide to be quite different. As outlined
in Schemes X and XI, the reaction with oxygen should give 15 and
carbon dioxide, whereas the reaction with hydrogen peroxide should give
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Scheme XII. Reaction of 4-deoxy-p-glycero-2,3-hexodiulose with alkaline
hydrogen peroxide
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Scheme XIII. Reaction of 4-deoxy-p-glycero-2,3-hexodiulose with oxygen
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15 and formic acid. Apparently, neither formic acid nor carbon dioxide
has been established as a product of the oxygen reaction.

The reactions of 4-deoxy-p-glycero-2,3-hexodiulose (16) under alka-
line conditions are interesting. In an inert atmosphere diulose 16 forms
“p-gluco-isosaccharinic acid,” whereas with hydrogen peroxide it is re-
ported to give a mixture of glycolic acid (17) and 3,