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MENTS OF THE ALPHA- AND BETA-ALDOSES *

By Horace S. Isbell and William W. Pigman

ABSTRACT

Rates of oxidation by bromine water, specific rotations, mutarotation coeffi-
cients, heats of activation, and other data are reported for a-d-glucose, 8-d-glucose,
a-dégalactose, B-d-galactose, a-d-talose, a-d-mannose, B-d-mannose, mannose
CaCly.4H,0, a-d-gulose CaCly.H,0, a-d-xylose, a-d-lyxose, B-d-lyxose, a-l-arabi-
nose, B-l-arabinose CaCl,.4H,0, d-ribose, [-ribose, a-l-rhamnose, a-lactose,
B-lactose, and p-maltose. The bromine oxidation measurements reveal that the
equilibrium solutions are composed for the most part of the normal alpha and
beta isomers. Small quantities of other modifications appear to be present in
the solutions of arabinose, galactose, talose, and ribose. Fundamental char-
acteristics of the alpha and beta sugars which furnish the basis for the changes in
nomenclature previously suggested by Isbell are discussed. It is shown that the
sugars which appear as beta modifications under the proposed classification are
oxidized by bromine more rapidly than the alpha.
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I. REACTIONS OF THE ALPHA AND BETA SUGARS WITH
BROMINE WATER AND A SYSTEM FOR THEIR CLASSI-
FICATION

An examination of the reaction rates of all the members of a stere-
omeric series brings out important information relative to the mech-
anism of the reactions and the structures of the reactive substances
which cannot be obtained by other methods. The determination of

*This paper, with the exception of part of the experimental work, is also published in the Journal of
Organic Chemistry. A résumé of the general method and the results obtained by the oxidation of the vari-
ous modifications of glucose, mannose, galactose, lactose, maltose, xylose, arabinose, and rhamnose, was
gowlen before the Division of Sugar Chemistry of the American Chernical Society in March 1932 at New

rleans.

141



142  Journal of Research of the National Bureau of Standards (ve. 18

the relative reactivity of the various modifications of the sugars is of
value in order to understand their reactions in biological systems and
in aqueous solutions in general. Previously Isbell and Hudson [1]!
found that the aldose sugars on oxidation with bromine water in
slightly acid solution are converted into delta lactones, while Isbell
[2] showed qualitatively that the beta sugars are oxidized more rapidly
than the alpha sugars, and that the pyranose modifications give delta
lactones without the intermediate formation of the free acid. Lippich
[3] found that the alpha sugars react with hydrogen cyanide in neutral
or alkaline solution slightly more rapidly than the beta sugars. Since
the relative rates of reaction for the alpha and beta isomers with
bromine and with hydrogen cyanide are different, the reactions do not
take place in the same manner. Supposedly the aldehyde modification
reacts rapidly with hydrogen cyanide, so that the reaction rate is
determined by the rate at which the free aldehyde is formed. On the
other hand, the cyclic forms of the sugars are oxidized by bromine
water without the intermediate formation of the free aldehyde, so that
the reaction rate is not dependent on the rate of aldehyde formation.
Our studies [4] with d-glucose show that the rate of oxidation of the
sugar by bromine water in the presence of barium carbonate is de-
termined by the concentration of the oxidant (free bromine) and
by the concentrations and proportions of the alpha and beta modifi-
cations of the sugar. The bromine oxidation is particularly suitable
for investigation because it gives nearly quantitative yields of the
free aldonic acids or their lactones and takes place under conditions
such that the change of one sugar to another is slow.

Although there is considerable variation in the reactivity of the
separate sugars, the most striking difference is found for the alpha
and beta modifications of the same sugar. The existence of the alpha
and beta modifications requires the presence of a ring structure and
the difference in the reactivity indicates an important structural
difference in the two modifications. If the sugars had a uniplanar
ring, the oxygen of the ring would lie in the plane of the carbon chain
and the alpha and beta positions would be symmetrical with respect
to the carbon-oxygen skeleton of the sugar. But if the oxygen and the
carbon atoms forming the ring did not lie in one plane [5, 6, and 7]
the alpha and beta positions would not be symmetrical with respect
to the carbon oxygen skeleton. That is, the alpha and beta positions
would beinclined at different angles to the ring and would be influenced
to different degrees by the neighboring groups, especially the oxygen.
It was pointed out by Isbell [8] that if the sugars are divided into two
groups, alpha when the hydroxyl of the first carbon lies in the same
direction as the oxygen of the ring, and beta when it lies in the opposite
direction, in reactions involving the first carbon atom there is marked
similarity in the behavior of all alpha sugars (and derivatives) on the
one hand, and of the beta on the other.

The alpha-beta nomenclature most generally used at the present
time was originated by Hudson [9]. It has been recognized for a long
time that this nomenclature results in classifying as beta those de-
rivatives of [-arabinose which exhibit chemical and physical properties
similar to the properties of the alpha derivatives of d-galactose.

1 Figures in brackets here and elsewhere in the text correspond to the numbered literature references at
the end of this paper.
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Several attempts to avoid this confusion have been made and other
systems of nomenclature advanced. In 1924 Svanberg and Josephson
[11] advocated a classification of the sugars based on the reactivity of
the alpha and beta forms with saccharase and other reagents. Subse-
quently Helferich [12] has shown that the B-glucosidase of emulsin
splits many compounds in which the hydroxyls of carbons 1 and 2 are
in a trans position. From a consideration of the molecular refrac-
tivity and other physical data for numerous sugars Riiber [13, 14] and
his coworkers suggest that those modifications of the sugars in which
the hydroxyl groups of carbons 1 and 2 lie in a c¢is position to one
another be designated «, and those in which they are trans be desig-
nated 8. This classification would require changing the names of
a- and B-d-mannose and would not be of assistance in correlating the
results of the bromine oxidation measurements.

The various systems of nomenclature distinguish between optical
antipodes by the prefixes d and I. The substances are allocated to the
d and [ series according to the system originated by Rosanoff [10].
Substances in which the hydroxyl on the terminal asymmetric carbon
lies to the right are designated d, and those in which it lies to the left
are called [. Thus the antipode of a-d-glucose is a-l-glucose. This d
and [ classification is satisfactory and no changes seem desirable.
The change which is advocated is merely the nomenclature of the
alpha and beta isomers. Hudson’s nomenclature of alpha and beta
compounds is based on two factors, the d and ! configuration, and the
optical rotation. But there is no relation between the d and ! con-
figuration on the one hand and the structure of the reducing carbon
on the other. In the heptose series particularly his nomenclature
results in naming the analogs of certain alpha sugars as beta, and vice
versa. Isbell overcomes this fundamental defect by taking into
consideration another structural characteristic, namely, the config-
uration of the oxygen ring for differentiating between alpha and beta
compounds. Moreover, the oxygen of the ring is united directly with
the first carbon and plays an important part in determining the prop-
erties of the alpha and beta sugars. By using Hudson’s comparison of
optical rotations in conjunction with the position of the oxygen of the
ring, a system of nomenclature is obtained which is based on the
relative positions of all the groups united with the first carbon. The
resulting nomenclature can be applied as readily as that in current
use and has the distinet advantage that it results in the classification
of substances of like structure and similar properties.

According to the nomenclature of Hudson the names for the alpha
and beta sugars are so selected that “in the d series of sugars the more
dextrorotatory substance of an «, g pair is designated the a-form, in
the [-series the more levorotatory one is so named.” This nomen-
clature is not satisfactory because the characterization as « or g de-
pends on whether the sugar belongs in the d or I series, which in turn
depends on the configuration of the terminal asymmetric carbon atom.
This key carbon is frequently situated outside of the pyranose ring
remote from the group being named. It can be observed from the
following formulas that the terminal asymmetric carbon atom (the
carbon marked with an asterisk) determines the position of the
oxygen ring in the hexoses, as for example in a-d-galactose, but in the
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heptoses it lies outside of the pyranose ring and does not have any-
thing to do with the configuration of the first carbon:

H OH H Y gH " 08 H ' OH
BN C/ \C/ \C/ DR
réomn HGOH ! HGOH HCOH

HolHE 0 HOGH © HOCH O HOCH O

HOGH HOGH HOGH : HOGHH
HGr 1o Hé 1 né

brom HE*OH HOGHH I
Smom (!)HgOH

a-d-Galactose  a-d-a-Mannoheptose a-l-g-Guloheptose «-l-Arabinose

In the pentose pyranoses, the terminal asymmetric carbon is not
involved in the formation of the oxygen ring and hence it does not
have any direct bearing on the configuration of the first carbon. The
four sugars illustrated above have the same structure for the pyranose
ring and exhibit similar properties, yet according to Hudson’s nomen-
clature two of these are designated alpha and two beta. According
to the nomenclature suggested by Isbell [8] all four of these sugars
would be designated alpha. The names of the members of the alpha
and beta pair of sugars or sugar derivatives are so selected that when the
oxygen ring lies to the right, as in d-glucose, the more dextrorotatory mem-
ber of the a-B pair shall be designated o, and the less dextrorotatory mem-
ber B; when the oxygen ring lies to the left, as in l-glucose (or in d-gala-
heptose), the less levorotatory member is called B. This results in names
for which the subtraction of the rotation of the beta form from that
of the alpha gives a positive difference whenever the oxygen ring lies
to the right, and a negative difference when the oxygen ring lies to the
left. If the carbon atom united with the hydroxyl forming the
oxygen ring is asymmetric, the oxygen of the resulting ring is con-
sidered to lie in the direction of the parent hydroxyl. This direction
is ascertained by inspection of the Fischer projectional formulas. In
the case of the pentoses the direction of the ring is allocated empiri-
cally after comparison of their properties with those of sugars with
similar configurations. The studies of Hibbert [15], Cox [16], and
others show that the oxygen of the ring in the pentose series is not in
the plane of the carbon atoms. Therefore, the molecule as a whole is
dissymmetric so that it is permissible to postulate structural differences
in the alpha and beta pentoses similar to those of the hexoses. In
this respect it may be noted that the alpha and beta pentoses reveal
differences in the chemical reactions of the first carbon which are
analogous to those found for the alpha and beta hexoses.

A comparison of the structures of the pentoses with the hexoses
reveals certain similarities which aid in their classification. Accord-
ing to the Fischer projectional method the formulas are represented
in the following manner:
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It may be observed from these formulas that crystalline [-arabinose
could be structurally related to either a-d-galactose or to g-I-altrose.
The marked similarity of crystalline l-arabinose (+4-191) to a-d-
galactose has been stressed by Hudson [17], Riiber [13], and others.
The rates of oxidation reported in this paper substantiate the correla-
tion of crystalline l-arabinose with o-d-galactose and indicate that it
should be classified with the alpha sugars. Crystalline d-xylose (+94)
could be related to either a-d-glucose or to B-l-idose. It resembles
a-d-glucose in that it is oxidized slowly and hence it is properly classi-
fied as a-d-xylose. Crystalline a- and g-d-lyxose resemble d-mannose
rather than l-gulose. Since a-d-lyxose is oxidized more slowly than
B-d-lyxose they are properly classified. Classification of crystalline
d- and l-ribose, however, is more perplexing. The d-sugar could be
structurally related to [-talose or to d-allose. Ribose [18] gives a
rapid and complex mutarotation but the total change is small. The
compound character of its mutarotation shows that the equilibrium
solution contains at least three modifications. The mutarotation of
a-d-talose is also complex [19], while the mutarotation of g-d-allose [20]

116226—37——3
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appears to follow the first-order equation at least approximately.
The oxidation of crystalline ribose takes place at a rate faster than
that of any alpha sugar so far investigated but also at a rate slower
than that of any beta sugar. The rate of oxidation appears to de-
crease slightly as the reaction proceeds. This small decrease in rate
might be caused by the formation of less easily oxidizable sugar, or
it might be explained by the presence of two modifications of the
sugar in the original sample. The equilibrium solutions of d- and
l-ribose appear to contain about 10 percent of some modification which
is more easily oxidized than the crystalline substance. As shown on
page 153, the modification which predominates in the equilibrium solu-
tion is the isomer for which the hydroxyls of carbons 1 and 2 are
trans. Since the oxidation measurements show the presence of a large
proportion of sugar in the equilibrium solution similar to the crystalline
modification of ribose, it is probable that the hydroxyl of carbon 1 is
trans to the hydroxyl of carbon 2. Although there is very little known
of the properties of talose and allose, the available data appear to
support the correlation of crystalline d-ribose with a-I-talose rather
than with p-d-allose as originally suggested. When Phelps, Isbell,
and Pigman [18] discovered the mutarotation of crystalline d- and
l-ribose they suggested that these sugars be tentative{y designated as
B-d- and B-l-ribose. The existence of a small quantity of a more easily
oxidizablesugar in the equilibrium solution throws doubt on the correct-
ness of this classification, and until a more thorough study has been
made they will be termed merely crystalline d- and l-ribose.

TaBLE 1.—Rates of oxidation of the alpha and beta sugars in aqueous solutions
containing 0.05 mole sugar and 0.08 mole free bromine per liter and buffered with
barium carbonate and carbon dioxide

Oxidation with bromine water

Ratio of .
Average N Mutarotation con-
vallue.lt‘;or i‘gg&‘:g %(l;re {ggf stants at 0.240.2° C
velocity
Sugar constant rates isﬁ)r;gegs
kx10s | Fevesr | e | o | maxior
ka-d—‘l ucose

a-d-Glucose.

B-d-Glucose A T y02
OSNIATINGSE. - o <0 foe foe L e 15.3
B-d-Mannose. & 5

a-d-Galactose
B-d-Galactose..
a-d-Talose. ...
B-d-Talose (from equilibrium solution)..
a-d-Gulose CaCla.HaO. . ..___.________
B-d-Gulose (from equilibrium solution).....____

37.9
10.8
5.9

17.5
18.6
2.9
5.2
7.5

a-d-Xylose
B-d-Xylose (from equilibrium solutio
a-d-Liyxose.

(5] o Y e ST RS NI R © R
d-Ribose (crystalline) . oo
B-d-Ribose (from equilibrium solution).
{-Ribose (crystalline) .. ._.._.._.._..._.
B-l-Ribose (from equilibrium solution) .

a-l-Rhamnose, hydrate. .. ......_......_._._....
B-l-Rhamnose (from equilibrium solution).....
a-Lactose, hydrate. 224
[ Ve S e e e B O e e e
a-Maltose (from equilibrium solution).........
B-Maltose, hydrate

8.6
32.8
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It may be seen from the results given in table 1 that if the sugars
are classified as suggested, the beta isomers are oxidized by bromine
more rapidly than the alpha isomers. This generalization is based
on all the sugars so far investigated, which include the alpha and beta
modifications of five of the eight pyranose types. Measurements on
the idose, allose, and altrose types are necessary, however, before it
is certain that the generalization applies to all pyranose sugars.

The study of the mechanisms of the reactions is complicated by the
interconversion of the various modifications which exist in the aqueous
solutions. The mutarotation reaction which occurs when the sugar
is dissolved in water results in the formation of either more or less
easily oxidizable modifications. The production of a less readily
oxidizable substance retards the rate of oxidation, while the forma-
tion of more readily oxidizable substance accelerates the rate. Thus
the reaction of the alpha sugars with bromine water can be considered
to consist in two simultaneous reactions. One of these is the oxida-
tion of the alpha sugar directly, and the other the conversion of the
alpha sugar to beta or other easily oxidizable substance and the sub-
sequent oxidation thereof. In the oxidation of a-d-glucose it was
shown [4] that if the concentration of the oxidant (free bromine) is
held constant, and if it is assumed that the beta sugar is oxidized as
fast as it is formed, the usual formula for two simultaneous reactions
gives the equation

SR L AR

il U 7 P

In this equation k, is the velocity constant for the conversion of
a-glucose to easily oxidizable sugar, ¢ is the concentration of free
bromine, k, the velocity constant for the oxidation of the alpha
isomer, and A and A—.X are the quantities of sugar present at the
beginning and end of the time interval, £. There is no reliable method
for determining k;. In our previous paper on the oxidation of d-glu-
cose its value was assumed to be the same as that obtained from the
mutarotation coefficient, k%, (expressed in natural logarithms).
This represents an approximation which permits an evaluation of the
relative importance of the mutarotation and direct oxidation reactions.
Since the mutarotations of many sugars are complex, the value of k,
cannot be determined even approximately, and consequently a cor-
rection for the mutarotation reaction is not feasible. In certain cases
the oxidation of the beta isomers is less rapid than that of glucose,
and hence the assumption that the beta isomer is oxidized as rapidly
as it is formed is not justified. For these reasons the reaction rates
for the alpha and the beta sugars were calculated, using common
logarithms, by the simple formula

0 | A
ak= log o

without attempting to make a correction for the mutarotation reaction.

It can be seen from the data of table 1 that the pentoses, with the
exception of B-d-lyxose, are oxidized more readily than the correspond-
ing hexoses. The more rapid oxidation of the alpha pentoses is prob-
ably caused by the more rapid mutarotation reaction with the accom-
panying production of easily oxidizable modifications; the less rapid
oxidation of B-d-lyxose may result from a similar cause, the formation
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of the less readily oxidizable alpha modification. The values for the
mutarotation constants, m; and m,, are given in table 1 so that the
reader can judge for himself the importance of these reactions in the
interpretation of the oxidations. The constants, m, and m,, were
obtained as described on page 156. m, is the same as the mutarotation
coefficient, k; %, calculated for the later part of the mutarotation;
my also represents the sum of several constants which individually
cannot be satisfactorily evaluated.

It will be noted that the velocity constants given for B-d- and
l-ribose do not agree closely. These constants were obtained from a
very rapid reaction involving only 10 percent of the sugar in the
equilibrium solution and consequently the experimental error is large
and the values are only approximate.

It can be seen from the data in table 1 that a-d-galactose is oxidized
slightly more rapidly than a-d-glucose but less rapidly than g-d-glucose,
while g-d-galactose is oxidized more rapidly than either - or -d-
glucose. The properties of the alpha and beta modifications of
d-galactose and d-glucose in the equilibrium solutions are such that
the oxidation of the equilibrium solution of d-galactose is more rapid
than that of d-glucose. Hence our results confirm and extend the
observation [21] that d-galactose is oxidized by bromine water more
rapidly than d-glucose. It may be noted also that a-d-talose, a-d-
mannose, and a-d-gulose CaCl,.H,O are oxidized more rapidly than
a-d-glucose. On the other hand, the corresponding equilibrium solu-
tions are initially oxidized more slowly than the equilibrium solution
of glucose, while in the latter stages they are oxidized more rapidly.
Therefore it is evident that a comparison of the reaction rates should
not be made in general terms. Although several relationships be-
tween the configurations and the rates of reaction are apparent, such
comparisons will be held in abeyance until sugars containing the
allose, altrose, and idose structures have been investigated.

II. COMPGCSITION OF EQUILIBRIUM SUGAR SOLUTIONS

In 1846, Dubrunfaut [22] discovered that when glucose is dissolved
in water the optical rotatory power of the solution decreases on
standing until finally it reaches a constant value. Subsequently
Pasteur [23, 24], Erdmann [25], Urech [26], and others [27] found
that the optical rotations of freshly prepared solutions of the reducing
sugars in general change on standing, a phenomenon which came to
be known as mutarotation. In the beginning Dubrunfaut suggested
that the change in optical rotation is caused by a change in molecular
structure, but at that time the structures of even simple organic
compounds were not known. The aldehyde structure for glucose was
suggested by Von Baeyer in 1870 [28], but it did not satisfactorily
represent the experimental facts because the sugar did not give the
characteristic aldehyde reactions. In order to explain the absence of
these reactions Colley [29] postulated an ethylene oxide structure and
Tollens [30] a butylene oxide structure. It was pointed out by Von
Lippman [31] that the first carbon in the cyclic sugar is asymmetric
and that two stereomeric isomers are possible. Erdmann [25] had
previously prepared two forms of lactose, one having a higher rotation
than the stable solution and the other a lower rotation. Modifications
of simifar character were found for numerous sugars by Tanret [32]
and others. A ring structure is necessary to account for these isomeric
forms, and for the two methyl glucosides prepared by Fischer [33].
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These glucosides did not give the aldehyde reactions and apparently
contained ring structures. Because they resembled the gamma
lactones they were assigned a 1,4 ring structure and erroneously con-
sidered as such, until later work by Haworth [34] and others estab-
lished that they contain the 1,5 or pyranose ring. In the meantime
other glycosides had been prepared which do contain the 1,4 or
furanose ring [35] so that there are two series of glycosides containing
different ring structures. Supposedly, the 1,4 ring modifications
of the sugars also exist but little is known about the proportions of
these in aqueous solutions or of their part in the mutarotation reaction.
Because products corresponding to both ring types are obtained by
methylation of the sugars [36], other methods must be used to ascertain
their structure.

The methods for determining the ring structure of the sugars are
(1) a comparison of the optical rotations of the sugars with the optical
rotations of the corresponding methyl glycosides whose structures are
known [37, 38, 39, 40]; (2) a correlation of the methyl glycosides with
the alpha and beta sugars by enzymatic hydrolysis [41]; (3) a measure-
ment of the direction of the optical rotation of a solution containing
equivalent quantities of the alpha and beta isomers [42]; (4) a com-
parison of the X-ray diffraction patterns of crystalline sugars and
crystalline glycosides of known structure [43]; and (5) a study of
various chemical reactions under conditions such that the rate of
change from one form of the sugar to another is slow, as in the oxida-
tion of the sugars with bromine water in the presence of a suitable
buffer. According to the last method [1, 2] delta lactones are obtained
by the oxidation of pyranoses, gamma lactones from furanoses, and
supposedly free acids from aldehyde sugars. The reactions are repre-
sented by the following equations:

HO H (0]
% Bocsamiis
H(’JOH H(|JOH
HO(JJH O Br HO(lJH O +2HBr
HéOH = HéOH
H : H
H,(JJOH H,,CIOH
B-d-Gluco-pyranose Gluconic-s-lactone
HO H (0]
e &
HéOH H(’JOH
HOA)H Br, HOéH -+2HBr
H v il
H(EOH H(EOH
HgéOH Hg(JJOH

B-d-Gluco-furanose Gluconic-y-lactone
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0=CH =C—OH
HéOH HéOH
HO(lJH Br; HOéH +2HBr
H(|JOH I;;O HCOH

HCOH HCOH
H,(]JOH Hz(‘JOH
Aldehydo-glucose Gluconic acid

The results obtained by one of us [2] with o- and B-d-glucose,
a- and B-d-mannose, - and g-l-rhamnose, o- and B-lactose, -cello-
biose, and B-ma,ltose show that on oxidation with bromine these
sugars glve delta lactones. Mannose CaCl,.4H,O, however, gives
mannonic gamma lactone and presumably has the furanose structure
[44]. The information thus derived shows that the crystalline
sugars which have been investigated, with the exception of mannose
CaCl,.H,0, have the pyranose structure. The results obtained by the
other methods also lead to this conclusion, but since d-talose, d-ribose,
and l-ribose have not been extensively studied the allocation of the
pyranose structure to these is entirely arbitrary.

The spontaneous crystallization of the alpha and beta pyranoses,
the course of the mutarotation reactions, the solubility measure-
ments with the crystalline sugars [45], and the bromine oxidation
method indicate that the pyranose modifications comprise by far
the largest part of the sugar in solution. Nevertheless, the complex
character of the solutions is plainly apparent from the numerous
products which can be derived from reaction with various reagents.
As shown by Fischer, and by others [46], when a reducing sugar is
treated with methyl alcohof containing hydrogen chloride, alpha
and beta methyl pyranosides, and alpha and beta methyl furanomdes
are formed. Derivatives containing the furanose ring are given by
other reactions, especially when the hydroxyl on the first or fifth
carbon is substituted so that formation of pyranose derivatives is
not possible. Seven isomeric pentacetates of galactose are known
products. These appear to be derivatives of alpha and beta galacto-
furanose [47, 48], alpha and beta galacto-pyranose [49, 50], alpha
and beta d—galacto-septanose [51], and aldehydo-galactose [52]. The
fact that these derivatives can be obtained lends credence to the
concept that minute quantities of the corresponding modifications
of the sugars are present in aqueous solutions. The various ring
isomers may also give rise to several modifications [5, 6] containing
strainless Sache rings, and the open-chain isomers may exist partially
in hydrated [53, 54] and enolic [55, 56] forms. In addition to these the
sugars dissociate slightly, giving 1ons [57, 58] and free hydrogen [59].
Thus an aqueous sugar solution is indeed a complex dynamic system.

The method for studying the composition of the solutions in the
present investigation is based on the oxidation of the sugars in the
equilibrium mixture with bromine water under such conditions that
equilibrium between the various isomers is not established prior to
oxidation. Inasmuch as the beta sugars are oxidized rapidly and the
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al?ha sugars slowly, the proportion of the beta isomer in the original
solution cannot exceed the proportion of the easily oxidizable sub-
stance, and the proportion of the alpha cannot exceed the proportion
of the slowly oxidizable material. It was shown previously [4] that
about 64 percent of the sugar present in the equilibrium solution of
glucose is oxidized rapidly at a rate comparable to the oxidation of
B-d-glucose, and 36 percent is oxidized slowly at a rate comparable
to the oxidation of the alpha isomer. Since these proportions agree
with the amounts of a- and B-d-glucose estimated from the rotation
of the solution, and calculated on the assumption that the solution
contains only two isomers, it appears that the equilibrium solution
of glucose contains, at least largely, the alpha and beta normal forms.

Application of this method to numerous equilibrium solutions of
sugars has shown that a portion of the sugar in each case is oxidized
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Ficure 1.—d-Galactose oxidations.
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rapidly at a rate comparable to the oxidation of the corresponding
beta sugar, while the remainder is oxidized slowly at a rate corres-
ponding to that of the alpha sugar. This can be seen by the results
llustrated for d-galactose in figure 1. The oxidation of B-d-galactose
is rapid and virtually complete in 20 minutes, while a-d-galactose re-
quires 5 hours for approximately 80 percent of oxidation. The equi-
librium solution supposedly containing these constituents is oxidized
rapidly for about 20 minutes and then more slowly. When the per-
centage of oxidation is expressed on a logarithmic scale, the oxidation
curve should be linear for a first-order reaction, or for a second-order
reaction in which the concentration of the oxidant is maintained con-
stant. In figures 2 and 3 the oxidations of lactose and d-mannose are
given on such a scale. It will be noted that the curves representing
a- and B-lactose and o- and B-d-mannose are approximately linear.
The small curvature is largely due to a decrease in the concentration
of the oxidant, free bromine, as the reaction progressed. This ex-
planation may be verified by an inspection of the velocity constants
for these sugars given in table 7. Thus the value of & obtained after
correction for the variation in the free bromine concentration is more
nearly constant than the uncorrected constant, ak. For a-d-gulose,
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a-d-galactose, and a-d-xylose the drifts in the velocity constants (see
table 7) appear to be slightly larger than the experimental error.
This may be due to an accumulation of unknown, less readily oxidiz-
able modifications of the sugars in the solution, or to the production
of other products which interfere with the analytical method.

The latter portion of the curves for the oxidation of the equilibrium
solutions of lactose and d-mannose parallel those for the corresponding
alpha isomers when the semilog scale is used as in figures 2 and 3.
The equal slopes indicate that the reactions proceed at equal rates.
Extrapolation of the portion of the curve representing the oxidation
of the less reactive sugar as represented by the dotted line to zero
time, gives the logarithm of the less reactive sugar at zero time. The
extrapolation can be conducted graphically, or mathematically as
described on page 177. Because the mathematical extrapolation is
impersonal and more accurate, it is used rather than the more rapid
graphical method to determine the proportions of the less reactive
sugars in the equilibrium solutions.

TABLE 2.—Ouzxidation of sugar solutions at 0° C with bromine water in the presence

Of BaCOa‘
Composition of equilibrium solution | Rates of oxidatiz;zé gzlgl bromine water
: Calculated from : :
; Estimatadiion | optea roations | OYalied btk | obtained wih
ugar as: ng on crystalline sugars
measurements two constituents at 0.3°C
Less re- | Morere-
active | active |a-Sugar | 8-Sugar | kaX10® | kaX10® | kaX103 | kgX10¢
sugar sugar
Percent | Percent | Percent | Percent
37.4 62. 36.2 63.8 27.5 1,362 32.4 1, 255
68.9 311 68.8 312 45.2 860 51.1 781
31.4 68.6 29.6 70.4 37.9 1,720 42.3 1, 590
55.9 Y O (SN ol T i 84.8 844 3k (RSP ATS
18.5 0 D B R | Lk i 52.6 418 54.8 328
32.4 67.6 26.5 73.5 84.2 1,608 95.3 1,658
32.1 67.9 534.8 ®65.2 80.3 1,673 80,0 |Lzaieto_
79.7 20.3 76.0 24.0 189 717 156 449
89.3 : [ 5 o] WA R Rl | SRR L TAT, 180 1,010 10678 dyfcee ST
89.0 p s B 1 (% o St AN RS 170 1,456 1988 -lsox i
69.0 3.0 b73.1 526.9 83.4 770 BONT e e=iii
37.5 62.5 36.8 63.2 20.9 1,475 20.3 952
37.7 62.3 b36.0 b64.0 23.7 JHBRBN| = DI TR 1, 528

a The experimental details for the oxidation measurements are given on page 173 and for the optical rotae

tions on page 158. " .
» Percentage calculated from Hudson’s optical rotations derived from measurements of the initial and

final solubilities at 20° C (BS Sci. Pap. 21, 267 (1926) S533.

It may be observed from the data given in table 2 that the propor-
tions of the less reactive and more reactive sugars do not differ widely
from the hypothetical proportions of the alpha and beta sugars, which
were calculated from the optical rotations by assuming that the
equilibrium solutions contain only normal alpha and beta isomers.
Inasmuch as all of the less reactive sugar is not necessarily alpha, nor
all of the more reactive, beta, the proportions of the less reactive and
of the more reactive sugar represent limiting values for the alpha and
beta normal sugars rather than absolute values. The striking agree-
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ment of the proportions obtained from the oxidation studies with
those obtained from the optical measurements, however, makes it
seem probable that the equilibrium solution consists, at least largely,
of the normal alpha and beta isomers.
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It may be observed from the data of table 2 that the equilibrium
solutions of sugars of similar structure frequently have approximately
the same proportions of less reactive and more reactive substances.
Thus the proportions of the two fractions for glucose, lactose, and

LACTOSE ON/LATIONS

o
® e
%z&o B S
L7 o

%/o‘o_lx‘ iz P [
N r P——k_| et T3
N2 D TRz
%,- <ttty 2

120 i Z9% s

< a’?/a L e RG]
O s 7 I
100
1 FOHDATION OF GHLACTOSE

¥

N
]

:‘Q
S

LOG ALR CLVT L)
S /
(Y
S

1Y
N
Q

000
O 20 PO 60 SO WO 20 /0 /0 180 200 220 270 260 280 FOO F20 J¥O

TSN TES
Ficure 3.—Lactose oxidalions.

maltose are nearly the same. Also the proportions for galactose and
arabinose and for mannose and rhamnose are alike, while the propor-
tions for xylose, lyxose, and ribose differ slightly from those for glu-
cose, mannose, and talose, respectively. For every sugar so far inves-
tigated, the less reactive modification (the alpha form according to the
suggested nomenclature) predominates in the equilibrium solution
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whenever the hydroxyl of carbon 2 is directed away from the ring.
This generalization is in agreement with the statement of Haworth
and Hirst [108] ““that in the equilibrium mixture of the two isomerides
the tendency is for the trans form to predominate.” The results of
our mutarotation and oxidation measurements extend this rule to the
talose and gulose structures and probably to that for ribose.

Since the equilibrium solutions of the aldonic acids contain substan-
tial proportions of the open-chain acid and butylene oxide forms
(zgamma lactone) [60] one would anticipate that the closely related
sugars would also give substantial proportions of the open-chain and
butylene oxide or furanose modifications. It is noted that the less
reactive constituent for [-arabinose comprises 32.4 percent of the
equilibrium mixture, while the proportion of alpha isomer calculated
from the optical rotation is only 26.5 percent. The differences in the
rates of oxidation of the various isomers are not sufficient to permit the
further classification of the constituents, and it is entirely possible
that these solutions contain several percent of modifications other
than the normal alpha and beta. The presence of such substances is
of importance and may determine the course of many chemical reac-
tions and give rise to the derivatives containing the furanose or the
free aldehyde structures.

Although there are many qualitative data indicating the presence
of furanose modifications, there is no satisfactory method for the
identification and estimation of these modifications, but fortunately
the presence or absence of even a small quantity of the aldehyde
modification can be ascertained with certainty. Thus it has been
shown by Gabryelski and Marchlewski [61] and others [62] that glu-
cose, galactose, maltose, arabinose, and rhamnose in alkaline solution
give strong absorption bands in the ultraviolet, but after neutraliza-
tion of the alkali with acid the bands (supposedly due to the free
aldehyde modification) disappear or become very faint. This indi-
cates that in alkaline solution the open-chain modification is present
in detectable amount, but that in acid solution not more than a minute
quantity of this modification is present. This conclusion is also in
harmony with the fact that most sugar solutions do not give the
characteristic aldehyde reactions, whereas the true aldehyde sugars
and their acetates give positive reactions with reagents which react
with aldehydes [63, 64].

III. COURSE OF THE MUTAROTATION REACTIONS

Before much progress can be made in solving the problem of the
composition of sugar solutions, new methods must be evolved for
determining the minor constitutents and the rates at which they are
formed. A step in this direction has been made by Riiber [65] and
coworkers, as well as by Smith and Lowry [66] and by Worley and
Andrews [67] and others, in their investigations on small deviations
in the mutarotation reaction.

The mutarotation measurements of Trey [72], Osaka [73], and other
early investigators appeared to follow the first-order or unimolecular
law. According to this law, the optical rotation at any time after
dissolving the sugar in water can be expressed by the equation

[alp=Ade "4 C, (1)

in which [a], is the specific rotation at the time ¢, ¢ the logarithmic
base, A the difference between the initial and final specific rotations,
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C the final or equilibrium specific rotation, and % the velocity constant
for the change in rotation. In 1899 Lowry [69] (see also Hudson
[68]) suggested that the mutarotation reaction was a reversible one,
and in 1903 Hudson [70] showed that the two forms of lactose have
equal velocity constants for their mutarotations, and that the maxi-
mum rate of solution is in accord with the hypothesis that the changes
in rotation are not due to different reactions but to opposite parts of
one balanced reaction. By applying the mass action law to the

reversible reaction represented as aTLB Hudson [71] developed the
3}
following equation:

1 oo
ky+ky== log :,—;w’ @)

in which ¢ equals the time after dissolution, r, the optical rotation at
zero time, r, the rotation at the time ¢, and r. the final or equilibrium
rotation. The mutarotation coefficient, k,+k,, was shown to be the
sum of the constants for the two opposing reactions. The mutarota-
tion coefficient is usually expressed in common logarithms, but if the
values of %, and %; are to be applied in kinetic problems they must be
reduced to a natural logarithmic base by multiplication by 2.3026.
This equation is merely the logarithmic form of equation 1 expressed
in terms of the observed rotations and the separate velocity constants.

Until relatively recently it was believed that the monomolecular
equation adequately represents the mutarotation of the reducing
sugars. In 1926 Riiber and Minsaas published a paper [65] on the
existence of a third modification of galactose in which they showed
that during the mutarotation of alpha and beta galactose the changes
in refractive index and molecular volume give evidence for at least
three modifications of the sugar. Shortly afterwards Smith and Lowry
[66] as well as Worley and Andrews [67] reported deviations in the
mutarotation of o- and B-d-galactose which had been neglected by
earlier workers. By assuming that three substances are involved
Riiber and Minsaas developed an equation which satisfactorily ex-
presses their experimental results. By a somewhat similar process
Smith and Lowry applied equations previously developed by Lowry
and John [74] to their measurements and calculated the optical rota-
tions and proportions of the constituents in the equilibrium solutions.
The calculations were based on different hypothetical three-component
systems, on the measurement of different physical properties, and on
deviations only slightly larger than the experimental error. Conse-
quently it is not surprising that there was considerable difference in
the results from the two laboratories. As pointed out by Riiber,
Minsaas, and Lyche [75] the proportions estimated by Riiber and
Minsaas, as well as those calculated by Smith and Lowry, are based on
the assumption that only three isomers are present; if more substances
are present the proportions will be incorrect. The prevalence of
equilibrium systems containing three or more constituents is shown
by recent work. Thus Dale [76] reported a calcium chloride com-
pound of mannose which exhibits a complex mutarotation, while
Phelps, Isbell, and Pigman [18] and Isbell [77] showed that d- and [-
ribose and d-B-glucoheptose give similar mutarotations. The com-
pound character of these mutarotations clearly shows that the reac-
tions are more complex than the simple interconversion of two isomers,
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and that it is necessary to adopt a method for expressing the muta-
rotation which takes account of these characteristic properties.

Smith and Lowry’s fundamental equation for expressing the complex
mutarotations is difficult to apply because it involves numerous con-
stants which must be determined by laborious mathematical calcula-
tions. The evaluation of these constants requires the postulation of a
definite number of reactions taking place in a certain manner so that
values thus obtained are highly speculative. The fundamental
equation was simplified by them to the following form:

[a]lp=Ae ™"t Be=mi't4-C, 3)

This equation satlsfactonly represents two consecutive reactions
as ¢ 2y« 2. As applied to the sugar series the equation is more or
less empirical, but it appears to fit the data for the simple and complex
mutarotations as completely as the monomolecular equation fits the
simple alpha-beta interconversions. Term C in equation 3 represents
the equilibrium rotation, A the total change in optical rotation due to
the slow or principal mutarotation reaction, and B the deviation be-
tween the initial rotation and that obtained by extrapolation of the
slow mutarotation to Zero tlme

The exponents m’; and m’, are functions of the velocity constants
for the separate reactions which occur during the mutarotation and
represent the rate at which the optical rotation changes. The
equation can be conveniently expressed to the base 10 rather than e,
in which case m; and m, are in common logarithms rather than in
natural logarithms.

In order to develop equations of this type from the experimental
data by the method of Lowry and Smith [78] the mutarotation is
divided into two periods, a short period, beginning at zero time during
which a rapid change occurs, and a long period, beginning when the
rapid change is substantially complete. By applying the formula

gl r—7T
ml—tz—tl log ey 4)

to the data representing the long period (that is, the last part of the
mutarotation) values of m; are obtained. It will be observed that
m, is the ordinary mutarotation coefficient measured for the latter
part of the mutarotation, and that a mutarotation which follows the
unimolecular law gives rise to only one exponential term. The
constant, m,, for the initial rapid change is calculated from the follow-
ing equation:
il d

od x e log d;, (5)

my
in which d; and d, represent the differences between the observed
rotations and those obtained by extrapolation of the long period back
to the corresponding times. The extrapolation is accomplished mathe-
matically by substitution of the calculated value of m;, the observed
equilibrium rotation, 7., and the observed rotation, r,, at the time,

1y, selected after the rapld period is over, in equation 4, and solving for
the rotation, r;, at the desired time, ¢,.
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The following example based on the data for the mutarotation of
a-l-arabinose at 0° C, reported in table 11, page 184, is given to clarify
this description. Column 2 gives the observed rotations at the indi-
cated times. The calculation of m,; is begun at 60.4 minutes, since
calculations started at earlier times give a drift in the constant. The
values of m, given in column 4 are obtained by application of equation
4 using 7="75.01, {,=60.4, and for 7,, readings taken at later times.
The slow reaction is carried back to times earlier than 60.4 minutes
by substituting the average value of m; (3.62 X107%) in equation 4
and solving for 7; at each of the times, #, earlier than 60.4 minutes
(including zero time), using r,=75.01, r,=52.20, and #,=60.4. (The
equilibrium rotation, subtracted from the calculated value at zero
time, gives A in equation 6.) These values, subtracted from the
observed rotations at the corresponding times, give the deviations
shown in column 5 of the table. The constant, m,, for the rapid
change is then obtained by substituting the deviations in equation 5,
using d,=2.28, t/;=4.3, and for d; successively each of the value; re-
corded at the later times, ¢’,, and solving for m,. By placing the
average value of my, (21.7X107%) in equation 5, and using dy=2.28
and £,=4.3, the value of d; at zero time, ¢;, may be obtained by solu-
tion of the equation. The value so obtained (2.83) is that to be used
for B in the following equation:

°S=AX10"™t4BX10~™t4 (O, (6)
The equilibrium rotation (52.20) is C, while A, as already explained,
is 37.74. Substitution of these values in equation 6 gives

°5=37.74 1070082 L9 83 3 10~0:0217* 1. 52.20. (7)

If it is desired to use the natural logarithmic base, equation 7 would
be changed only by replacement of the base “10” by “e¢” and by
multiplying each of the exponents by 2.3026. This equation 1s
converted to a specific rotation basis by multiplying by the ratio of
the equilibrium specific rotation to the observed equilibrium rotation
in sugar degrees (°S).

In this paper the mutarotations of sugars which follow the uni-
molecular course within the experimental error are expressed by the
equation containing only one exponential term, while those which
deviate considerably from the unimolecular course are expressed by
equations containing two exponential terms. A summary ot the
results is given in table 3. The experimental procedure and the data
are reported in more detail on page 178.



TABLE 3.—Summary of oplical-rotation measurements made in this investigation

I 2 3 4 5 6 - 8 9
Con- | Tem- " Molec- )
centra- | pera- | Initial Egi‘al!llilb' ular Hudson’s Batoosraas
Sugar Lt e pusaer [«]p at ¢ minutes after dissolving crystals to Eelated
ata
g/100 ml| °C [alp [alp [M]  |[M].—[M]p
SAEINOoRDE "2 it T e 3.9 20.0 | +112.2 +52.7 | 420,210 416, 840 | +59.5X10--00832¢4-52.7 [100, 101

a-d-Glucose. .. 3.9 0.2 -4111.5 +52.1 | 420,080 +16, 770 | +59.4X10~-000741¢4-52.1 81,
8-d-Glucose. . - 3.9 20.0 +18.7 +52.7 | +3,370 |- -| —34.0X10~-00625¢4-52.7 [102, 103
8-d-Glucose. - - 3.9 0.2 +18.4 +52.1 —33.7X10~-000738¢4-52.1 [81, 67
a-d-Galactose. 5.0 20.0 | +4150.7 +80.2 | 427,150 +64.9X10~-00803¢4-5,6 X 10~ 0790¢+4-80,2 65, 78]
a-d-Galactose_ 4.1 0.0 | -+152.9 +-84.0 | 427,540 +66.3 X 10~-090030¢4-2,7 X 10~-0118¢-4-84.0 66, 67
B-d-Galactose.. 4.0 20.0 +-52.8 -80. 2 49, 510 —32.3X10~-00812¢4-4 9 X 10~0883¢-8(0.2 78, 75]
6-d-Galactose- ... 4.1 0.0 +55.0 +84.0 | 9,910 —31.5X10~-00087¢-4-2,5 3 10~-0167¢-84.0 [66]
O VT ADIGORETE Lo Bkt U e Sy S Rt e S LE B 4.0 20.0 —-29.3 +14.2 | +4-5,280 8,340 | +15.1X10--01731-14.2 [104, 105
(o e Uiyt LN e R O EE A 4.0 0.2 +28.8 +14.6 { 5,190 +8, +14.2X10~-90216¢4-14.6 [104
B-d-Mannose .- - - - - oo 4.0 20.0 —17.0 +14.2 8,080 1 o - —31.2X10--0178¢4-14.2 [89, 45
T R AL R N - Or L RIS 4.0 0.3 -16.7 e I R 1) (V) SRR Y —31.3X10~00214¢4-14.6 [39, 104
Mannose CaCla.4Hs0_ .- oo 9.1 20.0 —-3L.3 +4.0X10--0245t—41.1 X 10~ 311¢-4-6.0 [76]
Mannose CaClz.4H:0. -] 8.4 0.0 —-20.7 +4.5X 1000267t —40.3 X 10~ -0608¢-}-6,2 [76
a-d-Talose.____._______ Sd8 20.0 +868.0 -+9.3X10--0263¢4-37.9 % 10~ 126¢-4-20.8 (106, 19
a-d-Talose. . .| 40 0.1 +62.5 +9.8X10~-00632¢4-27 5 X 10~-0255¢4-25.2 (19!
AT U e I S S s S L e 4.0 20.0 +13.2 —17.5X10--0834-9. 7101014210 | . . ...
Cs G b BEYE) 9 = Pl o o RN S M R i 6.807 20.0 +37.1 —10.0 | 411,470 |- +47.1X10--0191¢—10.0 [82]
ECGDIOSORCI HO-LiC o, e © i s 6. 468 0.2 +40.5 —9.4 | 412,520 |- IR IRy 1 R L e T e
I N (OB 5 11 0 AR S R R Y 4.281 20.1 +20.4 —16.5 | 47,190 |-..________ +45.9%10—.0107t—16.5 [83]
(d-Gulose)s CaCla.HaO____.____ | 4215 0.2 +34.6 —16.9 | 648,460 |.--oooaea_ - DL CTO=— 00 LT 6,00t S0 Btlen il o FE i R T | S e e
c-l-Arabinose.. ... _...._....._. .| 43 20.0 | -+190.6 { +4104.5 | 428,610 417,050 | 477.3%X10—.0300t4-8.8%10—.138¢4-104.5 [14, 93]
a-l-Arabinose._.__ 4.1 0.0 -+194.0 +109.2 | 429,120 -+17,330 | +78.9X10—.00862t4-5 9 10—.02017¢4-109.2 [19
B-l-Arabinose CaCl:.4H30 - 8.9 20.0 +34.7 +48.0 | 411,560 |-oevncenaeae —16.8X10—.0300¢4-3 5% 10— ,16¢¢-4-48.0 [92, 93]
B-l-Arabinose CaCle.4HsO . ... ... ___ 9.3 0.0 -+35. 4 =001 R, 700 [ sn st —16.8X10—.00384¢4-2.1 X 10— ,0389¢-4-50.1 [19]
G o i el S SRR MR R GRS W 4.4 20.0 +93.6 +18.8 { 414,050 |- ... +74.810—.0203:18.8 [45
a-d-Xylose.. 4.2 0.0 -+95. 2 +17.8 | +14,810 Jocoouaoaao +77.9X10—.00245t-17.3 45
a-d-Liyxose.. 4.0 20.0 +5.6 —13.8 +860 +11,790 | +19.4X10—.0%68¢—13 8 45,
e Rl (e SR ORI R S L AR IR 3.9 0.2 +4.7 —13.4 +710 ZEHG3A0 AT 8 T S -t NN Tdi o IR e e e T ey | SR

SP4DPUDIS Jo ND2UNG PUOUDN Y3 f0 Y9482y fO PUnOL  QGT

87 "1041



B-d-LiyXo8ea o vawss L doile L TiGad sl s 4.0 20.0 —72.6 —13.8 | —10,930 —58.8X10—.0801t—13 8 [108]
B-d-Lyxose. 4.0 0.2 -70.8 —13.4 | —10, 630 =BT 410 WS J AT e e R I R
I-Ribose._. 4.0 20.0 +20.3 +20.7 | 43,050 —7.6X10—.0402¢+7 2X10—.381¢-4-20.7 {109
SRR S s ol U e L e e 4.1 0.2 +23.4 +23.2 | +3,510 ~7.9X10—,00087¢+8,1 X 10— 05414232 (18
a-/-Rhamnose.H20 4.0 20.2 —8.6 S8 2l SO0 oot Lo —16.8X10—.0430¢4-8,2 [45, 110]
a--Rhamnose. H:0__ 4.5 0.0 —~7.4 ERRTE] == RTORRL L S o L b e s T O RS SR S R SR P |IU SR T
a-Lactose.H20 7.6 20.0 +85.0 +52.6 | +30, 620 +18, 680 | +32.4X10—.00471¢4-52.6 [105, 45, 111]
a-Lactose.H30 4.9 0.2 +86.4 +53.6 | 431,130 18,710 | +32.8X10— 000544t 53.6 [71
Pelaokosersa s St on il L S TR e e e 4.0 20.0 +34.9 +55.4 | +11,940 —20.5X10—,00466¢4-55.4 {111, 72]
B-Lactose 3.9 0.2 -+36. 3 +-56.4 | 412,420 —20.1X10—.000524t456.4 71
B-Maltose. 4.2 20.0 | -+111.7 | --130.4 | 40,240 |. —18.7X10—.00827t{-130.4 145,
BMialtoseHsO3 . csunl. Cne LS il iaos Nl o e 4.5 0.0 | +114.8 | +13L5 | 441,360 st UL G Do L B es 0 L e R M E R Tl ! HOD TR St

e [M] for 1 molecule of d-gulose.
. ® We have prepared this new sugar recently and have included it in order to make this table more complete. Oxidation data are also given in table 7. Additional data concern-
ing this sugar, as well as some of the derivatives of d-talose, are now being prepared for publication.
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By inspection of table 3 it may be seen that the values of m; (the
constant representing the principal mutarotation reaction) obtained
from the alpha sugars agree within reasonable experimental error
with those obtained from the corresponding beta-sugars. The values
of m, (the constant representing the rapid change) vary over a wider
range, but since the experimental error is large the differences are
not significant.

The molecular rotations and the differences in the molecular
rotations (2A4) for the alpha and beta isomers are given for con-
venience in comparing the optical rotations, and to show that the
differences in the molecular rotations of the alpha and beta sugars at
0° C are practically the same as those obtained at 20° C.

The initial specific rotation for a-d-talose was calculated by Isbell,
[39] in 1929 to be 460. This is in approximate agreement with that
found (468). The predicted rotation was based on values for the
optical rotations of the various asymmetric carbon atoms, which
were calculated by application of the van’t Hoff [79, 80] theory of
optical superposition. According to the accepted formulas, a-d-talose
differs from a-d-galactose in the configuration of the second carbon,
and this difference is analogous to the difference in the structures of
a-d-mannose and a-d-glucose. Sugars which differ in the stereomeric
configuration of the second carbon have been designated ‘“‘epimers”
and the difference in their optical rotation is called epimeric differ-
ence [38]. According to our measurements at 20° C the difference
in the molecular rotations of a-d-glucose and a-d-mannose is 14,930,
and of a-d-galactose and a-d-talose is 14,900. The approximate
agreement might have been anticipated because the two calculations
are made on substances which differ only in the configuration of the
fourth carbon, and this carbon is removed from the asymmetric
center involved in the calculation. The agreement of the optical
rotation of talose with the calculated value is probably due in large
measure to the similarity of the structures. The new measurements
extend the field for such comparison and should aid in the correlation
of optical rotation and structure.

The mutarotations of a- and S-d-glucose were studied very closely
in order to detect any deviations. Reference to table 10, page 179,
shows that within experimental error neither alpha nor beta glucose
mutarotations deviate from the first-order equation. This is in
opposition to the deviations reported by Worley and Andrews. A
total of 14 measurements with a- and B-glucose and with a-glucose
hydrate were made at 0 and 20° C, and no deviations from the mono-
molecular equation beyond the experimental error were found. Al-
though the equilibrium specific rotation of d-glucose is reported to be
independent of the temperature [81] our measurements at 20° C and
at 0° C give values of 52.7 and 52.1, respectively. Even though
the difference is not large it is sufficient to require revision of the
concept that the equilibrium rotation of this sugar is independent of
temperature.

The equilibrium rotations of d-mannose CaCl;.4H,0 and l-arabinose
CaCl,.4H,0 differ slightly from the equilibrium rotations of the sugars
in the absence of calcium chloride. This is due, at least in part, to
an alteration in the equilibrium between the various modifications of
the sugars by the calcium chloride which is similar to that found by



Bhehan) Alpha- and Beta-Aldoses 161

Isbell for d-gulose [82]. By changing the concentration of calcium
chloride in aqueous solutions of galactose, arabinose, and mannose,
sufficient equilibrium displacements occur to give rise to mutarotation.

As may be seen from the equations in table 3 and the data given on
page 180, the mutarotations of both a-d-gulose CaCl,.H,O and (d-
gulose), CaCl,.H,O take place in the same direction and at like rates,
but the initial rotations (calculated on the same basis) have widely
different values. Although the two compounds are crystalline and
apparently homogeneous, since the mutarotations follow the mono-
molecular equation, it seems probable that the compound with lower
optical rotation contains some of the heretofore unknown beta modi-
fication. The bromine oxidation of a-d-gulosefCaCl,.H,O (page 170)
proceeds at a fairly uniform rate but that of (d-gulose), CaCl,.H,0,
table 9, proceeds rapidly until a part of the sugar is used up, and then
more slowly as the remaining sugar continues to be oxidized. The
rates of reaction indicate that (d-gulose), CaCl,.H,O contains about
32 percent of easily oxidizable sugar. When (d-gulose), CaCl,.H,O
was first reported it was thought to represent another ring modifica-
tion [83] because its optical rotation changed in the same direction as
the gulose CaCl,.H,0, first obtained, while the rate of mutarotation
appeared to increase after the first few minutes. Unfortunately the
optical rotation was measured in a polariscope tube made of nickel-
plated brass. Subsequent investigation has revealed that such tubes
give erratic mutarotation measurements. The metal or oxide film
appears to dissolve and catalyze the mutarotation reaction. Sugar
solutions taken from brass tubes give positive tests for heavy metals
with hydrogen sulphide. Although it is recorded in the literature [84]
that traces of metals accelerate the rate of mutarotation, this has not
been emphasized sufficiently and is not generally appreciated. Ac-
cording to our experience contact of the sugar solutions with nickel,
monel metal, brass, and copper causes a drift in the mutarotation
constants of the sugars. On the other hand, silver tubes give muta-
rotation constants which agree with those obtained with glass tubes.
The small deviation in the mutarotation of xylose, previously reported
by Isbell [85] also appears to be due to experimental error.

The only mutarotations in the group (summarized in table 3)
which require two exponential terms for expression are a- and B-d-
galactose, a- and B-l-arabinocse, a-d-talose, d- and l-ribose, and man-
nose CaCl,.4H,0. It is possible that there are very small deviations
in the mutarotations of some of the others, but careful investigation
at 0° C has failed to establish any larger than the experimental error.

In the following table the values of m; and m, as determined by
the various investigators are compared for a- and g-d-galactose and
a-l-arabinose. Where no references are given the values are taken
from table 3.

The mutarotations of a- and B-d-galactose are given in figure 4,
in which the observed optical rotations are represented by the solid
lines; the dotted lines represent the course of a first-order reaction
calculated from the constant obtained for the last part of the muta-
rotation. The distances between the solid and dotted lines represent
the deviations. For galactose and arabinose (fig. 4 and 5) the devia-
tions are small; larger differences are found for a-d-talose (fig. 6) and
l-ribose (fig. 7).

116226—37——4
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TaBLE 4.—Comparison of mutarotation constants obtained by different investigators

Sugar T:’allll?:" ?gﬁ?gg' my my References
eg‘) 0 Pe’ce5m 0.00799 0.079
R { 20 | 00803 | .078 | Lowry and Smith ! [78].
20.0 4.0 . 00812 . 0883
B-d-Galactose. .. ... _____ 20.0 =0 . 00834 .113 | Lowry and Smith [78].
20.0 . 0083 . 060 Ri[{l (]ar, Minsaas, and Lyche
5].
0 4.1 . 00093 .0119
e-d-Galactose. ... { 8 10 00094 | 0161 | Lowry and Smith [78].
.0 4.1 . 00090 . 0167
B-d-Galactose. . .o i 10 200094 | 0161 | Lowry and Smith [7g].
20.0 4.3 . 030 .138
e-l-Arabinose. .. —oo—oooooooe { 20.0 . 029 .108 | Riiber and Sgrenson [14].

1 The constants reported by Lowry and Smith were calculated for the natural logarithmic base, but in
the above table they have been made comparable to the other values by conversion to the base 10 by use of
the factor 0.4343. Since the pa; é)er of Lowry and Smith (J. Phys. Chem. 33, 9 (1929)) is of unusual importance
to those applying their method of analysis, it seems desirable to correct 8 number of obvious typographical
errors which might prove confusing. Comparison of the values given in table 4 with those in table 1 (both
of their paper) shows that m; for the latter table should be 0.00216 instead of 0.000216. In tables 3 and 4 and
on page 13, the first terms of the equations representing the mutarotations of the beta forms should be nega-
tive. Similarly the values of k¢ at 20° on page 13 should be 0.0788 instead of 0.788; and at 0.8° should be
0.02163 rather than 0.2163.

The reality of the deviations in the mutarotation of d-galactose is
demonstrated by measuring the optical rotation of a freshly prepared
solution containing a- and B-d-galactose in the proportions required
to give a solution whose optical rotatory power equals the equilibrium
rotation. As may be seen by inspection of curve 3 in figure 8 and the
data given in table 5, the optical rotation decreases to a minimum at
a rate comparable to that of the rapid mutarotation reaction, and
thereafter increases at a rate comparable to the slow mutarotatlon
until it reaches the initial value. This complex mutarotation is in
marked contrast to the total absence of mutarotation in the case of a
similar solution of d-glucose [86]. The presence of any mutarotation
proves that the equilibrium mixture does not consist solely of the
normal alpha and beta isomers.

TaBLE 5.—Mutarotation at 0.3° C of an aqueous solution of a- and B-d-galactose
in proportions corresponding to the equilibrium rotation !

[°8=37.91—1.15X10~.00106¢{-1 22 10~-0168¢]

P Observed Devia- Observed Devia-
Time reading | ™XI0° | Tiion | maX108 Time reading | ™X10° | Tion | MaX100
Mmutea °8 Minutes °S
3.09 37.84 AOREIE- 2 e 0 61.38 37.05

471 37.78 |- 1.01 18.0 88.4 36.98

9.19 37.62 |. 0.84 17.9 138.8 37.09
12.85 37.55 .76 15.6 180. 6 37.16
15. 49 37.51 5, 14.7 244.8 37.27
2102 37.35 .54 16.8 376. 2 37.46
25. 88 37.27 .44 7L @ 37.01
31. 62 37.20 .36 16.7
43.38 37.07 |- .20 18.2 Averagpi sor. Lo
51. 26 37.05 .16 17.2

1 The experiment was conducted in a manner analogous to the usual mutarotation measurement, except
that a mixture of B-d-galactose (2.1334 g) and a-d-galactose (0.8975 g) was used. The solution, made by
adding approximately 75 ml of water to this mixture, was read in a 4-dm tube.
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Another method for the study of the complex mutarotation reactions
was outlined in a previous publication [19] in which we called attention
to the surprisingly large differences in the equilibrium rotations of gal-

150, S

=~

™~

N

o
\‘\ 45‘4(46.70&0

[\Y
S
N

JFECHE ROIA 770/
8

S

; S CALACTTE >

s e

0 20 40 60 80 /00 [20 O /60 180 200 220 290 260 280 O SO L.
TIHE (1WNTES)

F16URrE 4.—Mutarotation of a- and B-d-galactose in water at 0° C.

3 8

actose, arabinose, and talose at various temperatures and showed that
after changing the temperature complex ‘‘thermal mutarotations”
occur. As may be seen from curve /7 in figure 8, the optical rotation
of an aqueous solution of d-galactose after lowering the temperature
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F1cUuRE 5.—Mutarotations of a—l-arabino.%e émd B-l-arabinose CaCly.4H,0 in water
at 0° C.

from 25 to 0° C rises to a maximum and then decreases. Analysis of
the data and the development of equations similar to those used for
the mutarotations of the crystalline sugars show that the thermal
mutarotation consists in two reactions. The first is rapid and appears
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to take place at the same rate as the rapid reaction found in the muta-
rotations of a- and B-d-galactose. A large part of the thermal muta-
rotation is due to this rapid reaction; the subsequent slow reaction,
which is probably due to a readjustment in the proportions of the
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Ficurm 6.—Mutarotation of a-d-talose in water at 0° C.

normal alpha and beta isomers, causes only a small change in optical
rotation. Asmight be expected, the thermal mutarotation of arabinose
(curve I) is similar to that of galactose. The thermal mutarotation
of talose consists in a rapid change which is followed by a small but
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Ficure 7.—Mutarotation of l-ribose in water at 0° C.

real slow change. The data on the thermal mutarotations are given
in detail in table 12.

The variation of the equilibrium proportions of the labile constitu-
ents with temperature, as revealed by the thermal mutarotations,
indicates that the heat of the rapid reaction is considerable and prob-
ably larger than the heat of reaction for the slow change. Information
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with respect to the heat of activation, @, can be derived from a com-
parison of the velocity constants at different temperatures. The
results of such comparison are given in table 6.

s AARAENOSE
V) > < e
A -
1708
41
26|
§ 86 70 i
‘& of et = -:;_;_.(
3 EREE
O 82 I i
% 26 — o TROsz] j’
Ry Rl RS G e e e A N R
& 2# i
22 S

20

O 20 #0 00 80 [f00 /20 /40 [0 /80 200 220 20 260 280 J0O RO LU
TIWIE (IINVUTES)
F1cure 8.—New methods for demonstrating complex character of equilibrium solutions
Curve I. Thermal mutarotation of /l-arabinose at 0° C.
Curve II. Thermal mutarotation of d- galactose at 0° C.

Curve I1I, Mutarotation at0.3° C of an aqueous solution of «- and g-d-galactose in proportions corresponding
to the equilibrium rotation.

Curve TV. Thermal mutarotation of d-talose at 0° C.

TaABLE 6.—Effect of temperature on rates of mutarotation

Slow change Rapid change

Sugar Tem- Tem-

o |TX108| oy | MaX108 DI~ | 1,5 108 | ma X108 Hetas

W0 latnec| 4°0 |aviec | @ | R 1g7°C [attec| @ [ ture

cient ! cient !
ael-GHo08a S 10 0y D1 SELcE 20.0 6.32( 0.2 0.741 ] 17,200 | 2.6
B-d-Glucose.- . . 20.0 6.25 .2 738 | 17,200 | 2.6
a-d-Mannose. . 20.0 | 17.3 .2| 216 | 16,700 | 2.5
B-d-Mannose.__._.__ 20.0 | 17.8 3| 214 | 17,100 | 2.5
Mannose CaClz.4H,0.___. 20.0 } 24.5 .0 267 |17,600 | 2.6
a-d-Galactose. 20.0 8.03 .0 93 | 17,100 | 2.5
B-d-Galactose. 20.0 8.12 .0 90 | 17,500 | 2.6
. b T TR S N 20.0 | 26.3 .11 3.62 | 15,900 | 2.4
a-d-Gulose CaCls. HoO.__. 20.0 | 19.1 .2 1.8 |18,600 2.8
(d-Gulose); CaCls. HaO._..| 20.1 | 19.7 2| 202 |18,200 | 2.7
a-l-Arabinose..__._..____.. 20.0 | 30.0 .0 3.62 | 16,800 2.5
B-l-Arabinose CaCl;.4H20.| 20.0 | 30.0 .0 | 3.8 |16,300| 2.4
a-d-LYX080 - ccvcescaanaa- 20.0 | 56.8 .2 844 |15300 | 2.3
B-d-Lyxose. ... 20.0 | 59.1 .2| 840 |15700 | 2.4
g Xyl08B: o 20.0 | 20.3 .0 245 | 16,800 | 2.5
ERibosaEE st 20.0 | 49.2 .2 6.87 |15800 | 2.4
a-l-Rhamnose. H;O________ 20.2 | 43.0 .0] 5.68 |15900 | 2.4
a-Lactose. HsO___________. 20.0 4.71 .2 .544 (17,300 | 2.6
BEDRRTOSPES oot 20.0 4. 66 .2 524 | 17,600 | 2.6
B-Maltose. HeO_.._.__.___. 20.0 5.27 .0 580 | 17,500 | 2.6

P s U R R S B S R s 1 1E R D B e 13, 200 2.06

; m at 35° C ol G mat3s° Q.
At O as calculated from the value of Q by use of the equation log At oe BT



166  Journal of Research of the National Bureau of Standards  (vo. 1s

Inasmuch as m,; and m, are not necessarily true velocity constants
but probably represent complex changes, @ as obtained by the
Arrhenius equation does not correspond to the activation of any one
substance but applies to a group of substances and should be con-
sidered somewhat empirical. The temperature coefficients reported
in table 6 were obtained from measurements at 20 and 0° C on portions
of the same sample under approximately like conditions, so that
they are strictly comparable with one another. Temperature coeffi-
cients determined by others for the mutarotations of glucose [67, 88],
mannose [89], xylose [45], galactose [66, 78], and lactose [27] were not
obtained under strictly comparable conditions and are not always
expressed in the same manner, so that comparison with our results is
not convenient. According to the data given in table 6, Q as obtained
from m; varies for different sugars from 15,300 to 18,600, with an
average of 16,900. On the other hand, the value from m, varies from
11,700 to 15,000, with an average of 13,200. The marked difference
in the values of @ obtained from the slow and from the fast reactions
is evidence that the two are of different types. It is noted that talose
and ribose give the lowest values for ¢ as obtained from both m; and
m,. This characteristic as well as the complex mutarotations of the
two sugars appears to support a structural similarity. Although data
are given for 20 sugars, similar measurements are being conducted on
the remaining sugars because a complete study may reveal important
differences and correlations which are not apparent from the study
of only a few individuals.

1IV. EXPERIMENTAL PROCEDURE
1. PREPARATION AND PURIFICATION OF THE SUGARS

The numerous errors in the optical rotations recorded in the litera-
ture attest to the need of great care in the preparation and purification
of the sugars used for physical measurements. The tendency of two
or more forms of the same sugar to crystallize simultaneously always
leaves some uncertainty as to the homogeneity of the product, and it is
only after many crystallizations under widely different conditions
that it may be assumed that the product is pure. Because pure
products are obtained only by slow crystallizations, whenever possible
the sugars used in this investigation were crystallized very slowly in
the following manner: A slightly supersaturated solution of the sugar
was prepared, seeded with the desired modification and placed in a
flask, which was rotated slowly for at least 1 week while crystallization
took place. The crystals were then separated, washed thoroughly
with aqueous alcohol, and dried at 50° C in vacuo. The samples of
a-d-glucose, mannose CaCl,.4H,0, a-d-galactose, a-d-talose, a-d-
gulose CaCl,.H;O, a-l-arabinose, a-d-xylose, a-l-rhamnose hydrate,
lactose hydrate, and maltose hydrate were crystallized in this manner
from aqueous solution; a- and B-d-lyxose, a-d-mannose, and d- and
l-ribose were crystallized slowly from aqueous methyl or ethyl alcohol,
while g-d-mannose was crystallized in like manner from acetic acid.
The crystallizations of g-d-glucose and p-d-galactose were carried out
rapidly from aqueous acetic acid according to the method of Hudson
and Dale [90]. Although two forms of l-arabinose are known, only
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one exists as the free crystalline sugar. The other modification is
available as a calcium chloride compound which was prepared by Dale
[91] and also, independently at about the same time, by Austin and
Walsh [92], who kindly supplied us with some of their product for use
in the present investigation. As explained on page 145, the crystalline
form of l-arabinose (+4-191) is called «-l-arabinose, and the calcium
chloride modification is designated g-l-arabinose CaCl,.4H,0, in con-
tradiction to the nomenclature of Austin and Walsh as well as of
Montgomery and Hudson [93]. Inasmuch as the initial specific
rotation of B-l-arabinose CaCl,.4H;0 was reported by Austin and
Walsh to correspond to +75 for the arabinose constituent, while
Montgomery and Hudson gave +89.4, we prepared a new sample and
determined the specific rotation. It gives [a],*=+34.7, which cor-
responds to a specific rotation of 477 for the arabinose constituent.
In our experience B-l-arabinose CaCl;.4H,0 on recrystallization loses
calcium chloride very readily and gives a mixture containing (a-I-
arabinose);CaCl,.2H,0. This can be avoided by conducting the
crystallization at a low temperature in the presence of an excess of
calcium chloride.

The sample of (d-gulose); CaCl,.H;0O used in this investigation was
obtained by adding hot ethyl alcohol to a concentrated aqueous solu-
tion of a-d-gulose CaCl;.H,O. By crystallization in this manner the
original double compound gives up half of its calcium chloride.®* The
resulting crude product was recrystallized by dissolving it in a small
quantity of water, adding several volumes of ethyl alcohol, and allow-
ing crystallization to proceed slowly over the course of about 1 week.

The sample of a-d-talose was prepared from d-galactose by the
method of Levene and Tipson [94]. The crude sugar was recrystallized
from aqueous alcohol until further recrystallization did not lower the
equilibrium rotation. It was then recrystallized very slowly from
water.

The samples of a- and g-d-lyxose were prepared from calcium galac-
tonate by the method of Ruff and Ollendorf [95] as modified by Hockett
and Hudson [96]. The crystalline sugars were separated originally
from aqueous alcoholic solutions without the use of seed crystals.
Particular care must be used in the crystallization of the alpha form
to avoid accidental seeding with the beta form. The recrystallizations
were conducted slowly from aqueous methyl alcohol in the usual
manner.

2. BROMINE OXIDATION MEASUREMENTS

In conducting the oxidation measurements the crystalline sugar
(0.025 mole) or the equilibrium solution (0.025 mole of sugar in 100 ml
of water) was added to a cold mixture consisting of 10 ml of bromine,
30 g of barium carbonate, and either 500 ml or 400 ml of aqueous
barium bromide solution containing 30 g of BaBr,.2H,0 and saturated
with carbon dioxide. The oxidation mixture was contained in a 1-liter
3-neck flask which was surrounded with a cooling bath and equipped
with a mechanical stirrer and a thermocouple for measuring the
temperature. A slow stream of carbon dioxide saturated with bro-

3 According to a private communication from J. X. Dale, d-glucose CaClz also loses CaCls by crystallization
from ethyl alcohol and gives a product which appears to be similar to (d-gulose)s CaClz.Hq0.
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mine vapor was bubbled through the flask during the reaction. The
concentration of bromine was determined at various times by sodium
thiosulphate titration of the iodine liberated from potassium iodide
by a weighed sample of the mixture. The concentration of the sugar
was measured at intervals on samples in which the oxidation had been
stopped by the removal of the bromine with linseed oil solution (1
part of raw oil dissolved in 2 parts of benzene). Sugar was determined
mn the filtered solutions by Scales’” method [97], slightly modified by
increasing the time of boiling to 6 minutes and increasing the time
required to produce boiling to 4 minutes. The procedure was stand-
ardized by determinations on known quantities of the sugar in the
presence of various concentrations of barium bromide. In calculating
the results, allowance was made for the increase in volume caused by
reaction of the barium carbonate with hydrobromic acid to produce
barium bromide. This was determined by measuring the change in
volume caused by adding known quantities of barium bromide to
glucose solutions. The initial increase of volume resulting from the
addition of the crystalline sugar was also measured and taken into
account.

It was shown previously [4] that the oxidant is free bromine and
that the oxidation can be represented by the equation in which a is the

1 A
ak——t log m} (7)

concentration of free bromine, while A and A—X are the quantities
of the unoxidized sugar at the beginning and end of the time interval, .
The concentrations of free bromine were read from a chart based on
results obtained from the following equation, which was developed
in a previous article [4]:

Br?,+(0.482+2B— O)Br%,+[0.0246 4 0.482(B— C)|Br,— 0.0246 0=0, (8)

in which Br, is the concentration of free bromme, B is the average
bromide, and C is the average bromine concentration. The average
bromide content for each oxidation period is calculated from the mean
amounts of bromide present by multiplying each mean by the time
interval for which it is the average and dividing the sum of the prod-
ucts by the total time covered. The average bromine content and the
temperature were averaged in like manner. The oxidations of the
various crystalline sugars are outlined in table 7, while a summary of
the results is given in table 1, page 146. In general, the values of £
were as uniform as could be expected for measurements of this type.
In a few cases, notably for a-d-galactose, a-d-xylose, a-d-mannose,
and d-gulose CaCl,.H,O the value of k appears to decrease as the
reaction proceeds. This may be caused by the accumulation of less
readily oxidizable material in solution or by the production of by-
products which are capable of reducing the alkaline copper reagent
used in determining the unoxidized sugar.
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TaBLE 7.—Bromine oxidation of freshly dissolved crystalline sugars

Velocigy constants
Averages for oxidation period T ot
Time after | Unoxi- | g0 Sk=plog =%
beginning dized Hos
oxidation sugar
Temper- | Bromide Bromine | Free bro-
ature Br- Brs mine a kX103 kx108
a-@-GLUCOSE
Mi inutels : 4g e Percgnt 2C Moles|liter | Moles|/liter | Moles/liter
51| 447 2.6 | 40.3 0.360 0. 368 0.089 B s 34,9
30.0 3.83 16.6 +.2 . 367 .372 . 088 2.75 31.3
60.1 3.27 28.8 +.2 .374 . 374 . 086 2.51 29.2
120.0 2.335 49.1 +.4 . 386 . 375 . 084 2.47 29.4
180. 2 1. 640 64.3 +.3 . 396 .374 . 081 2.50 30.9
240 1.190 74.1 +.5 .403 .373 .078 2.46 3L5
300. 2 . 565 87.7 +.5 .411 . 375 .077 3.04 39.5
Average 4.3 . 385 .373 . 083 2.69 32.4
B-1-GLUCOSE
0 (4.756) 0 Feat -,
1.3 3.495 26.5 +0.5 0.369 0. 358 0. 082
3.3 2.330 Bl 0 i . 384 . 355 .078 88.0 1,128
5.1 1. 6565 65.2 +.3 . 394 . 352 .074 85.4 1,154
8.3 . 837 824 | et o .408 . 346 . 069 88.7 1,286
1L1 . 483 89.8 .0 417 . 341 . 065 87.7 1,349
15.5 . 204 ) T (8 B MRS . 426 . 340 . 064 86.9 1, 358
25.3 . 080 98.3 -2 .437 . 340 . 062 (68. 3) (1, 102)
AVernan . il et Rl e [ i aat +.2 . 405 . 347 .071 87.3 1, 255
a-d-GALACTOSE
2.8 4.570 0 (+40.47) oed e
6.8 4.355 4.7 +. 51 0.360 0. 384 0.095 5.19 54.6
16.2 4.020 11.9 +. 64 . 365 . 383 .091 4.16 45.7
29.9 3.590 21.3 -+. 57 .371 . 381 . 090 3.87 43.0
59.8 2.883 36.9 +. 44 375 379 | . 088 3.51 39.9
90. 4 2. 380 47.9 -+. 41 .387 377 . 084 3.23 38.5
119.8 1.985 56. 6 .38 . 396 .376 . 081 3.10 38.3
179.6 1. 440 68. 5 +.34 . 405 .374 .078 2.84 36.4
Average.._.. +. 47 .376 .379 . 087 3.70 42.3
B-d-GALACTOSE
0 (4. 895) 0 (50,32)°|5r mo sV, el oo o b it i A SRR AT N e
0.7 4,008 18.1 -+.30 0.363 0.350 000781 25t oo oSl e
2.1 2.790 43.0 +. 54 376 347 . 076 112.4 1,479
4.0 1.748 64.3 +.72 391 344 .072 109.2 1,517
6.9 .848 82.7 -+. 80 407 342 . 068 108.9 1, 600
10.1 .379 92.3 +.79 419 340 . 065 109.0 1,677
15.0 .116 97.6 +.70 430 338 . 063 107.6 1,708
20.1 . 057 98.8 -+. 60 435 337 . 061 95.2 1, 561
30.2 . 041 [0 o SR DR ] R i P e R kM [(r AL ) Petm ety
Averagett el oL B el +.64 .403 .343 . 069 107.0 1,590
a-i-MANNOSE
1.5 4.473 0 (G20:]4) | et A as SROG TN R RY S S SR R T EAH  E
5.0 4.300 3.9 +. 0.360 0.366 0.088 4.89 55.6
30.1 3.258 27.2 +.14 373 . 364 083 4.81 58.0
59.9 2.491 44.3 +.14 384 . 364 . 080 4.35 5.4
120.0 1.591 64.4 +.15 398 . 362 .076 3.79 49.9
179.8 1.063 76.2 1 409 .361 073 3.50 47.9
240.0 .737 83.5 +.14 416 .361 072 3.28 45.6
300.2 .519 88.4 +.15 422 .361 068 3.13 46.0
ANSIagere o | T s i Y +.14 395 .363 077 3.96 51.1
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TABLE 7.—Bromine ozidation of freshly dissolved crystalline sugars—Continued

Velocity constants
Averages for oxidation period = *
Time after | Unoxi- Oxida- ak t log A-X
beginning dized oA
oxidation sugar ¢
Temper- | Bromide Bromine | Free bro-
ature Br- Br; mine ¢ akX103 | kX108
B---MANNOSE
Minutes g Percert 4 Moles/liter | Moles/liter | Moles/liter
0 (4. 625) 0 (€ =1 Vo ) [ e e S o e o oom [ (b S i i
1.2 3.850 16.8 +.46 0.366 0.363 (5 i ] SR e
2.4 3.257 29.6 +.59 373 362 . 083 60. 5 729
3.8 2.680 42.1 +.65 380 360 . 080 60.5 756
6.8 1.777 61.6 +-. 66 .392 . 356 .076 60.0 789
9.9 1. 206 73.9 +.63 402 353 .072 57.9 804
14.9 . 656 85.8 +.45 .414 . 349 . 068 56.1 825
29.9 .218 95.3 +.36 .431 .344 . 064 (43.4) (678)
AVEIAge -SRI e e -+. 54 . 394 . 355 075 59.0 781
a-d-TALOSE
0.9 4.650 0 (DR e ke S sy Rt St L el fn L T e 2%
4.2 4.440 4.5 +.22 0.361 0.388 0. 096 (6. 08) (63.3)
15.0 3.777 18.8 +.23 . 368 . 385 . 092 6. 4¢ 70.2
29.9 2.891 37.8 +.23 .378 .383 . 089 7.12 80.0
60.2 1.822 60.8 +.21 .393 .384 .084 6.86 8.7
90.0 1.172 74.8 -+.20 .404 . 384 . 082 6.72 82.0
150. 2 .535 88.5 +.19 .418 . 389 . 080 6.29 78.6
210.7 . 205 93.7 +.18 . 428 .399 . 081 5.71 (70. 5)
pAsyerage o iat Lt Sl ae L +.21 .393 .387 . 085 6.69 78.5
B-d-TALOSE
0 0.180 0 (+0.5)
151 . 1585 b i i lg) IR SRR 0.364 0.362 0. 083 50.3 607
10.0 . 0517 ¢ o) AT LN Racith .393 .333 . 068 54.2 797
Average.._._ (+.5) .378 .348 .076 52.3 702
a-d-GULOSE CaCl;, HsO
0.8 4.313 (Al SRS B Nl PR SRS s . el PR i SRSt 2
5.1 3.987 7.6 -+0.32 0. 365 0.394 0.097 7.94 81.9
15.2 3. 560 17.5 +.32 .375 .371 . 086 5.79 67.3
30.0 2.861 33.7 -+.30 . 384 .346 .077 6.10 79.2
60. 7 2.047 52.5 -+.30 . 394 348 073 5.40 74.0
123.4 1.133 73.7 +.28 .409 . 350 068 4.74 69.7
180.1 0.730 83.1 +.26 .418 . 346 064 4.30 67.2
305. 8 . 369 1 P G FRRCTIERT . 429 . 350 083 3.54 56.2
Average.__._ e 30 396 . 358 075 5.43 70.8
a-LACTOSE
4.9 8.800 0 (40. 15) =
30.3 7.540 14.3 +.17 0.372 0.364 0.084 2.64 314
61.6 6. 280 28.6 +.17 . 380 .361 . 080 2.58 32.3
119.9 4.820 45.2 +.17 . 390 .358 .077 2,27 2.5
180. 1 3.780 57.0 +.16 . 398 . 354 .074 2.09 28.2
239.9 3. 055 62.3 +.15 .404 .351 .071 1.96 27.6
300. 0 2.480 71.8 +.14 .409 .348 . 069 1.86 27.0
Average._.___ -+0.16 0.392 0. 356 0.076 2.23 29.3
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TABLE 7.—Bromine oxidation of freshly dissolved crystalline sugars—Continued

Velocity constants
Averages for oxidation period |
Time after | Unoxi- Oxida- o t log A-X
beginning dized tion
oxidation sugar
Temper- | Bromide | Bromine | Free bro-
ature Br- Br mine a kX102 | kX108
B-LACTOSE
Minutes g Percent 2@ Moles/!iter | Moles/liter | Moles/liter
0 (9.978) 0 Sy
1.2 7.833 21.5 -+0.19 0. 363 0.379 0. 092
2.3 6. 503 34.8 +.34 . 368 . 376 . 089 73.5 826
4.1 4.216 57.7 +.47 . 380 .372 . 084 92.8 1,105
7.0 2.928 70.7 +.52 . 396 . 369 .079 73.7 933
10.0 1.811 81.9 +.51 . 406 . 366 .075 72.3 964
13.1 1.109 88.9 +. 45 .414 . 364 .073 71.3 977
20.0 0. 502 95.0 +4-.37 . 426 . 362 . 070 63.5 907
30.2 . 330 96.7 (+.27) (. 435) (.361) (. 068) (47.4) (697)
Average...__ +.46 . 404 . 367 .076 74.6 952
B-MALTOSE
0 (10. 488) (1 P SR o et S e ol RS oy ORIl R pe | (R et
1.2 7. 060 32.7 +0. 44 0. 369 0. 359 0,088 das i ni e NSt S
3.3 4.493 57.2 +. 69 . 385 . 356 .07 (178.4) (2, 317)
5.6 2.7117 74.1 +.82 . 399 . 352 .073 94.3 1,292
8.8 1. 358 87.1 +.82 .412 . 349 .071 94.2 1,327
14.7 . 469 95. 5 +-. 68 427 . 345 . 067 131.6 1,964
30.0 .231 97.8 +.48 . 441 . 342 . 059 (168. 5) (2, 856)
AVeragh. st e s et s s +0. 65 0. 405 0. 350 0.072 106.7 1,528
a--RHAMNOSE
1.0 4.625 0 (€ 07 (1P e O L 2l R e Rl S bt i (XM SR S B [ R TS
5.1 4.270 ol +.14 0. 362 0. 365 0. 086 8.45 98.3
3.3 2.705 41.5 . 16 . 381 . 365 . 081 7.69 94.9
65.3 1. 625 64.9 +. 16 . 397 . 350 .075 7.06 94.1
120.1 .838 81.9 +.16 .413 344 067 6.23 93.0
183.8 . 437 90. 6 -+. 16 .424 341 064 5.61 87.7
240. 2 . 265 94.3 -+.16 . 430 340 063 5.19 82.4
300.2 .179 96.1 +.16 . 435 338 061 4.72 7.4
Average s Aot s Lok e o el +.16 . 406 . 349 .071 6.42 89.7
a--fARABINOSE
1.0 3. 862 0 [ LA, Y ROV e B B T e P S AR Mo ool i 10 v e e e
2.0 3.792 1.8 +.11 0. 359 0.363 0.087 7.94 91.3
4.2 3.648 5.5 +.16 36 . 362 086 7.74 90.0
8.1 3. 397 12.0 +.23 364 . 361 085 7.85 92.4
12.2 3.127 19.0 +.25 368 . 361 083 8.19 98.7
19.9 2.740 29.1 +.31 374 . 359 081 7.89 97. 4
50.1 1. 660 57.0 +.26 . 390 . 3566 076 7.47 98.3
80.0 1. 064 72.4 —+. 26 403 . 354 .072 7.09 98.5
119.9 0.610 84.2 +.27 414 . 351 069 6.74 97.7
180.0 .295 92.4 +.27 425 .349 067 6.24 93.1
Ayerago. =sacituo alieanh oo i +.23 . 384 . 357 .078 7.46 95.3
B-I-ARABINOSE CaCl;.4H30
0 (3. 956) (+ S et e \REN oy 8 DR e 3 AT R [ PR e o M N o e
0.8 3.070 22.4 +0.31 0. 367 0.359 (08351 S et Ty
2.1 2. 166 45.2 +.51 . 380 . 356 .078 116. 6 1,494
3.9 1.298 67.2 +.62 . 395 . 354 .074 120.6 1,630
6.8 . 586 85.2 -+. 66 411 . 352 .070 119.9 1,713
12.9 . 119 97.0 +. 57 . 429 347 . 065 116.7 1,795
Aleragass Suls N LI s +.53 . 396 . 354 .074 118. 4 1,658
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TaBLE 7.—Bromine oxidation of freshly dissolved crystalline sugars—Continued

Velocity constants
Averages for oxidation period e R vl
Timeafter | Unoxi- | ¢ a0 : i e, 525 4
beginning dized Hon
oxidation sugar
Temper- | Bromide | Bromine | Free bro-
ature Br- Br; mine a akX103 kX103
a-d-XYLOSE
Minutes g Percent °G Moles|liter | Moles/liter | Moles|liter
1.2 3.740 0 Ral-03 20 Pt Eamiis Sl e sl L el e S S e R e e
5.0 3.480 7.0 +.26 0. 360 0.357 0. 084 8.23 98.0
30.1 2.140 42.8 ~+.30 .374 .3563 . 078 8.39 107.6
60.0 1.410 62.3 +-.30 . 395 .350 .073 7.20 98.6
120.3 L704 8.2 +.28 412 . 346 067 6. 09 90.9
182.3 .391 89.5 +.26 423 344 065 5. 42 83.4
240.3 . 258 93.1 +.25 430 .343 064 4.86 75.9
300.0 144 96.1 +.24 434 .343 . 063 4.73 75.1
Asvernge: . tlus, Lo i Ll sl L +.27 404 .348 071 6.42 89.9
CRYSTALLINE d-RIBOSE
0.9 3.641 0 (i 1 o] B sel R N Pl ST s R LS il S LSRGV e el
1.8 3.357 7.8 +.22 0.363 0.373 0. 089 (165150 A Y
() 2.742 24.7 +.31 . 368 .368 . 086 19.2 223
29.8 1.245 65.8 +.29 . 397 .359 . 075 16.1 215
60.3 . 554 84.8 +.27 .416 .3563 . 069 13.8 200
120. 2 . 139 96. 2 +.25 .431 . 347 . 065 11.9 183
209. 4 033 99.1 +.24 . 441 . 345 . 062 9.8 158
AVETARSL s 2 Her b 0 T g st +.26 . 403 .358 .074 14.2 186
CRYSTALLINE [-RIBOSE
0.8 3.760 0 ({1 e 1 SRR [ S i T R e || SIS [ YR e e S S
2.9 3.420 9.0 +.22 0. 362 0.390 0. 097 19.6 202
6.9 2. 830 24.7 +.26 . 369 386 . 092 20.2 220
14.8 2.090 44. 4 +.27 . 382 383 087 18.2 209
30.0 1.226 67.4 +. 24 . 308 378 . 081 16.7 208
45.2 785 79.1 +.21 . 409 375 .077 15.2 197
60.0 . 522 86.1 +. 20 .417 374 . 075 14.5 193
180. 2 .054 98.6 +.15 . 439 371 . 070 10.3 147
7.6 ST R F e ol b e +.22 397 380 . 083 16.4 195
a-d-LYXOSE
L 3.734 0 (EOR20)IE TG 2o 3l Tpaegal SN 1 = Sale Oy Tl
5.0 3.317 1.2 +. 26 0.363 0.390 (0. 096) (13.2) (138)
15.2 2.376 26.4 +.28 .377 . 386 . 090 13.9 154
30.1 1. 520 59.3 +.26 391 .382 . 084 13.5 161
60. 2 . 699 813 +.20 .410 377 .078 12.3 158
90.2 . 348 90.7 +.18 .421 .376 L0756 11.6 155
120.2 L1756 95.3 +.17 .429 .376 . 073 11.2 153
180. . 061 98.4 +.16 .438 . 376 (.072) 10.0 (139)
Ayerage s ullioiioiia ] +.22 . 404 380 . 080 12.3 156
0 (3.808) [ ey
0.8 3. 543 7.0 +0.20
3.1 2.882 24.3 +.30
5.7 2.320 39.1 +.37
9.0 1.782 53.2 +.45
13.1 1.345 64.7 +.45
20.0 .893 76.5 +.44
30.4 . 594 84.4 +.44
.5 U R AR | G +.38
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In order to measure the rates for the oxidation of the equilibrium
solutions the required quantity of sugar was dissolved in 100 ml of
water and allowed to stand at 0° C until equilibrium was established,
after which the solution was added to the oxidation mixture in place
of the crystalline sugar. Samples of the reacting mixture were taken
and analyzed, as previously described.

TABLE 8.—Bromine oxidations of aqueous sugar solutions in equilibrium atl the
beginning of the oxidation

Avemgi%i]f%reﬁi‘;%o“da' Unoxidized sugar Velocity constants
Tem- Oxi- : .
: . More reactive | Less reactive
Time pera- More | Less |dized 5 o
ture Bro- | Bro- g:gf’ reac- | reac- |sugar fraction faction
(n]:\3idg ?ﬁing i Total ftive rtive
r= 19) rac- | frac- .
a 5 A ak k ak. k
@ tion | tion IS;X 1%3< 16,X f0)5<
1 2 3 4 5 [} ki 8 9 10 11 12 13
J J
d-GLUCOSE
Moles/ | Moles/
Minutes °C liter liter
0 b L 55 BRI LB L
1.3 +.6 0.365 | 0.346
4.8 +.6 37 . 344
957 +.5 393 . 342
15.0 | +.4 402 . 340
30.2| 4.4 412 . 338
122.4 +.4 425 . 334
239.9 | +.4 432 . 330
320.9 ( +.4 436 . 326
Average.| +.48 406 337
d-MANNOSE
0 CHOARE 2 se s el e sy e e (4.634)| 1.440 | 3.194 (1 512 EREROty | R | LA (TETs TR
0.9 .24 | 0.360 [ 0.372 | 0.09 | 4.395 ;
39| 4+.29 . 366 .372 .087 | 3.806
79| +.30 . 372 .372 .085 | 3.352
15.0 | +.30 . 380 .372 .082 | 2.946
30.2 | +.27 . 389 .372 .078 | 2.499
55.9 +.19 . 398 .372 075 | 2.017
119.9 | +.17 .410 .372 .071 | 1.274 |-
179.9 -+.16 ARl T S . 069 Pir 74 R
243.4 | +.18 SE Vg | ST R .068 | .609
359.7 | +.19 2 b .067 | .355
Average.| +.23 . 395 .372 SOTTOIS = o0
d-GALACTOSE IN EQUILIBRIUM AT 0° C
(R e T i et (SRRt e A (4782158, 28012V BOB LS TORORIR o2 53 o c oL e e S
1.4 4.49| 0.368 | 0.359 | 0.083 { 3.557
4.8 | 4.8 . 387 . 357 077 | 2.210
10.1 +. 55 . 399 . 354 073 | 1.561
15.1 | +4-.36 . 408 . 3562 071 | 1.414
26.7] +.21 417 . 349 068 | 1.282
40.0 | +.22 .422 .348 067 | 1.178
70.2 | .22 427 . 346 065 990
152.2 | +.20 . 433 . 347 062 650
275.0 | +.18 .40 348 062 | .405
400.0 | +.20 . 443 349 062 330
Average.| .35 .414 .351 213 P S
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TABLE 8.—Bromine oxidations of aqueous sugar solutions in equilibrium at the
beginning of the oxidation—Continued

Averages for the oxida-
tion period

Unoaidized sugar

Velocity constants

Tem- Oxi- s
3 More reactive | Less reactive
Time | pera- More | Less [dized A f
ture | Bro- | Bro- Fb;g? reac- | reac- |sugar fraction faction
E%id% ?llaim)a EninG Total rtive 'tive
T LA ) o] R akpX | ksX | akaX | kaX
ton | tion 100 | 108 | 100 | 108
1 2 3 4 5 6 il 8 9 10 11 12 13
d-GALACTOSE IN EQUILIBRIUM AT 20° C
0 (=10 e S e o S (4.521)| 3.069 | 1.452
1.1 4.8 | 0.368 | 0.350 | 0.079 | 3.590 | 2.148 | 1.442
49| +.12 . 388 . 349 .074 | 2,169 | .760 | 1.409
150 | +.24 . 409 . 345 .068 | 1.366 | .030 | 1.336
25.7| +.16 .417 L343 .066 | 1.264 [..___.. 1. 264
40.1 | +.14 .422 . 341 <085 1-1C 5BRS| LoD 1.158
80.4 | .14 .429 L343 L0684 | 924 |_______ .924
122.7 ] +.15 .433 .345 .064 | .736 |-_.____ . 736
193.1| +.17 . 437 . 352 0851 BB |s e 557
240.2 | +.15 .439 .359 069 | 466 |---.o-- . 466
360.2 | +.11 .442 .374 JOT0 ] 8468 N T . 346
Average.| -+.22 .418 . 350 A1 3o e SRR b
(d-GULOSE); CaCls.H3O
0 |(40.12 (4.732)
0.8 +.34 4. 470
49| 4.8 3. 440
14.8 | +.43 2.015
20.9 | +4.37 1.126
50.8 | .30 . 544
119.7 | +.23 . 318
179.9 | +.19 . 238
302.6 | +.19 . 183
Average.| .32 .415 .357 SO7IC ] T s
d-TALOSE
(Vg0 s 0T R S| et e | B TRdeRt e (4.903)| 2.164 | 2.739 | 0.0
0.9 40.27 | 0.362| 0.386 | 0.094 | 4.530 | 1.836 | 2.694 | 7.6
4.8 +.45 .373 . 383 .090 | 3.470 | .953 | 2.517 | 29.2
10.0 | .46 . 384 .379 L0861 2.720 | .405 | 2.315 | 44.5
20.0 | .38 . 396 .381 .083 ] 2052( .072 | 1.980 | 568.1
30.7| +.31 . 404 .381 129 18 BRI MR 1.685 | 65.6
45.2 1 +.26 .411 .377 Al B B T EEERO o8 1.330 | 72.9
76.3 | +.22 .421 .378 <0701 G871 als 00 .871 | 82.2
121.8 | +.21 .430 .387 Rl 7 T g SR .480 | 90.2
Average.| -+.32 . 398 . 382 GORT, oS R | e i S S S
{-ARABINOSE
[ FG 175 B [ SR ) [l SN pol et (3. 930)
10| +4.62| 0.364 | 0.360 | 0.084 | 3.200
2.9 | +.80 . 376 . 358 .080 | 2.367
6.9 | +.8 .393 . 355 .073 | 1. 526
15.0 | +.34 .409 .354 .071 | 1.082
30.0 | .19 .421 .351 .068 | .858 |-
60.0 | .20 .430 .351 .066 | .578 |-
107.2 | +.14 .437 . 350 .065 | .327 |-
150. +. 14 .441 .360 .064 | .200 |-
209.7 | +.14 .444 .351 0641 abalSa
269.9 | +.11 447 .351 <0637 OB |-—---o
Average.| .35 .416 .3563 .070
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TABLE 8.—Bromine ozidations of aqueous sugar solutions in equilibrium at the
beginning of the oxidation—Continued

Averatgi%;fglgil(lj?ioxida- Unoxidized sugar Velocity constants
Tem- Oxi- 5
K 1 More reactive | Less reactive
Time | pera- More | Less |dized s ;
ture | Bro- | Bro- g:g? reac- | Teac- [sugar| Iraction iacion
énBidg fr]lsim)a inihe Total }ive ‘tive
- r2 rac- | frac-
(@) ; : akpX | kX | akaX | kaX
o Skinn 105 | 108 | 105 | 108
1 2 3 4 5 [} 7 8 9 10 11 12 13
d-XYLOSE
0 (FE0Z19) Lo sdarilcste- o i e (3 038) [ 220 T IR 1208 I 0 Ol o e e s s i S
0.9 +4.41| 0.365| 0.351 | 0.081 | 3.267
4.7 +.64 . 385 . 348 .075 | 1.809
9.8| +4.57 402 346 .070 | 1.301
149 | +4.50 410 345 .068 | 1.112
20.9 | +.35 421 343 . 065 882
60.1 +.28 . 430 342 . 063 . 607
120.1 | +4-.23 438 343 . 062 310
180.0 | +4-.21 443 343 . 061 . 183
240.0 | +.20 445 344 061 124
353.4 | +.20 449 346 061 074
Average.| .36 419 . 345 (1 P
d-LYXOSE
(1T PPt o) e PR L0 [T ot Ik, (N s (3.740)
0.9 +0.27 | 0.361 | 0.386 | 0.095 | 3.530
50| 4.41 2 A
9.9 | +4.42
20.1| 4.39
2.9 | +.36
44.9 | +.32
50.8| +.28
90.7 | +.24
Average.| +.34
0 {(40.07)
0.7 +.35
27| +.38
6.6 | .40
14.7 | +.28
20.8| +.23
61.4 | .14
119.9 | .14
179.9 | +.14
Average.| .26
0 [(40.20)|-ccue---
09| +.35| 0.358
24| +.45 .361
o= AT .370
149 | +.48 . 38
20.9| 4.48 .397
45.0 | .40 .408
60.1 | -+4.35 .416
180.0 | .30 440
Average .| .41 .392
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TaBLE 8.—Bromine oxidations of aqueous sugar solutions in equilibrium at the
beginning of the oxidation—Continued

Averatgigs!xlf%gg)%oxida- Unoxidized sugar Velocity constants
Tem- Oxi- 3 A
e | 7o bors | 1am || Mpazzsis | Lt
ture | Bro- | Bro- E:g? reac- | reac- |SUgar
2| neneal (R S e o
X ; a
(@ tion | tion 4 1"&( Toi 1‘};(
1 2 3 4 5 6 7 8 9 10 i1 12 13
I-RHAMNOSE

0 ((40.17)
10| 4.33
39| +.36
8.0| +4.49
15.1 | .46
30.0 | +.39
61.4| +.31
120.0 | +.25
185.1 | +.23
240.2 | +.22
300.2 | +.21
Average.| +.33
(1 ol | FRCRAR 2
0.7 | 4+0.29
3.0 .65
10.0 | +.70
2.5 | +4.43
60.3 | +.30
120.1 | +-.22
183.7 | +.20
240.2 | .19
364.3 | +.18
Average.| +.35
0 |(40.21)
0.8 +. 42
3.8 .66
7.9 +.70
14.9 -+.60
30.0 | +4.43
60.0 | +.32
100.1 | +.27
162.1 +.24
207.0 | +.23
360.0 | +.20
Average.| -+.41
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A comparison of the results obtained with the freshly dissolved
crystalline sugars (table 7) with those for the equilibrium solutions
(table 8) shows that in each case a part of the sugar is oxidized rapidly
while the rest is oxidized slowly. In order to calculate the velocity
constants and the proportions of the more reactive and of the less
reactive sugar the oxidation is divided into two periods, a short period
beginning at zero time, during which a rapid oxidation occurs, and a
long period beginning when the rapid change is substantially complete.
The time selected for the beginning of the calculations for each of the
sugars is that given in the table for the sample immediately preceding
the first recorded value of ak,. By applying equation 7 to the data
representing the long period (that 1s, the data representing the latter
part of the oxidation) values of ak, are obtained. The values of k,
are then obtained by dividing by «, the concentration of the free
bromine given in column 5. Using the average value of k,, values
of ak, are calculated for each of the samples taken during the initial
period, using the corresponding value of a. The slow oxidation is
then extrapolated to times corresponding to the taking of the earlier
samples by means of equation 7, thereby obtaining values for the less
reactive unoxidized sugar. The difference between the total sugar
(obtained by analysis) and the less reactive sugar gives the amount
of the more reactive sugar, which amount is reported in column 7.
Application of equation 7 to these data gives the values of a/ reported
in column 10. The values of kp are arrived at by dividing by a.
Since the slowly oxidizable substance appears to be largely the normal
alpha isomer, and the rapidly oxidizable material the beta form, the
constants k4 and kz are analogous to the constants %, and k; obtained
by the oxidation of the crystalline sugars. To ascertain the quantity
of more reactive sugar in the original solution the rapid reaction is extra-
polated to zero time by means of equation 7 in a manner analogous to
that used for obtaining the quantities of less reactive sugar. These
calculations provide the velocity constants and the proportions of the
less reactive and more reactive sugars in the equilibrium solutions.

In order to determine if there were any detectable difference in the
behavior of solutions of galactose in equilibrium at different tempera-
tures, solutions of this sugar were prepared at 20° C and at 0° C and
oxidized. The oxidation of the sugar solution in equilibrium at 0° C
was conducted as usual; the oxidation of the sugar solution in equilib-
rium at 20° C was conducted in like manner except that compen-
sation was made for the difference in temperature by cooling the
oxidant (before adding the sugar solution) below 0° C. The amount
of cooling was adjusted so that on mixing the sugar solution at 20° C
with the cold oxidant the temperature of the solution rose to approxi-
mately 0° C. No difference in the results obtained in the two
experiments could be detected.

The oxidation of freshly dissolved (d-gulose), CaCl,.H,O shows the
presence of two modifications of the sugar and consequently it was
handled like an equilibrium solution. The results, which were
discussed on page 161, are given in table 9.

116226—37——>5



178 Journal of Research of the National Bureau of Standards  (ve. 1

TABLE 9.—Bromine oxidation of freshly dissolved (d-gulose); CaCly. H;O

Averages for the oxida- Ay 7
tion period Unoxidized sugar Velocity constants

Tem- Oxi- : X

Time | pera- More | Less |dized | More reactive | Less reactive
ture Bro- Bro- Free P reaé_ sugar fraction fraction

mide | mine- | P | Total | tive | tive

mine
B 0 ol - T I R
. X103 | X103 | X10% | X103
1 2 3 4 5 6 7 8 9 10 11 12 13

Moles| | Moles/

Minutes | °C liter liter

0 +0.17 | 0.358 |---__._

0.8 +.29 .368 | 0.375

4.9 | +4.43 .401 .370

30.0 | +.28 .418 . 362

60.0 | +.21 . 436 . 357

124.7 | +4.22 .443 . 350

179.9 | +.17 . 450 . 348

300.2 | .14 |________ . 350
Awerage: | sl S S e e

3. MUTAROTATION MEASUREMENTS

The optical rotations, with the exception of the thermal muta-
rotations, were measured in a 4-dm Schmidt and Haensch water-
jacketed glass tube on a Bates saccharimeter. For reducing sac-
charimeter readings to angular degrees, Bates and Jackson [98, 99]
obtained the conversion factor 0.34620 for sucrose. The carefully
purified sugars were dried at 50° C, powdered in an agate mortar,
and passed through a fine sieve. The weighed sample (usually 2 g)
was placed in a dry 100-ml glass-stoppered flask and about 50 ml of
pure distilled water at the correct temperature (either 20 or 0° C)
was added quickly with agitation, from a pipette which had the tip
cut off so that it drained in about 10 seconds. Time was measured
with a stop watch, starting with the addition of the water. About
10 seconds were required to dissolve the sugar. The measurements
at 20° C were conducted in a room held at about 19.5° C, while those
at 0° C were conducted in essentially the same manner except that
the flasks and the solutions were cooled in ice water. The readings
were made by one observer while another measured the time and
recorded the results. The separate readings given in tables 10 and 11
represent the average of five or more consecutive observations. The
method used for the calculations of the velocity constants and the
initial rotations is given on page 156.
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Alpha- and Beta-Aldoses

TaBLE 10.—First-order mutarotations

a-d-GLUCOSE

3.9 g per 100 ml att().g" Cread in a 4-dm

ube
°8=23.74-+-27.05X 10~-000741¢
[a] p0-2=2.1946X°S

3.9 g per 100 ml at 20° C read in a 4-dm
t

ube
°8=23.944-27.01 X10--00633¢
[a] p%=2.2013X°S

Observed b " Observed
Time reading (k14-l2) XX 103 Time reading (ki+k2) X103
Minutes g8 Minutes °S

2.70 i A R O S 1. 59 O /i ERT T SRS S O

3.89 -+-50. 60 (0. 950) 2. 56 -+-49. 98 (5. 98)

6. 84 +50. 46 (. 821) 4.76 +-49. 15 6.27
10. 58 -+-50. 31 . 742 7.44 +48. 13 6. 46
15. 44 -+50. 08 . 755 9.93 +47.29 6. 37
24. 91 -+49. 61 785 16. 36 -+45. 19 6.37
41.48 --48. 90 761 20. 63 --43. 92 6.35
60. 08 +48. 14 747 25. 51 +-42. 53 6. 36
90. 80 -4-46. 93 737 30. 03 -+41. 39 6.32

120. 34 +45. 84 730 39. 94 +39. 07 6.30
182. 52 +-43. 63 732 49. 83 -+37.01 6.33
240. 68 -+-41. 81 728 59. 95 +-35. 27 6.29
299. 05 -+-40. 10 730 75.01 -+-33. 08 6.27
400. 4 +-37.34 730 89. 84 +31.28 6. 30
556. 0 +34. 34 732 120. 94 -+-28. 62 6.29
747.4 +31. 44 730 169. 19 +26. 31 6.25

1,352.1 ~+-26. 50 733 ® L ] R

@ R Tl e Ao o B g bt o | B e S i A e Sk S e
AVOrage..|:-ccaiazismans . 741 AVRYage L icusidi 6.32

g-d-GLUCOSE

3.9 g per 100 ml atto.g° C read in a 4-dm

ube
°8=23.66—15.29 X 10~-000735¢
[e] p9-2=2.2020 X°S

3.9 g per 100 ml at 20b° C read in a 4-dm
t

ube
°8=23.98—15.45X10~-000625¢
[alp®=2.1927X°S

3.02 cn BT L ISR TR T e
4. 59 -+8. 48 (. 548)
10. 01 +8. 68 (. 947
21. 83 +-8. 92 . 725
39. 84 +9.39 753
50. 90 +-9. 85 737
90. 00 +10. 56 . 746
120. 17 +11.19 . 736
18L. 9 +12.45 . 741
246. 8 +13. 61 738
302. 6 +14. 56 745
390. 4 +15. 80 740
544. 6 +17. 60 738
1,366.3 +22.09 723

@ s e Pl St
Averages]e ol tens 2 . 738

1.48 hRIBBI F 10 et bn T
2.46 -+9. 06 (5. 90)
4.96 -+9. 57 6.00
9.91 -410. 57 6.18
14.96 +11. 52 6.23
19.96 +12.39 6.25
29.95 +13.96 6.28
45.32 +15.95 6.27
60. 04 +17.53 6. 32
90. 07 +19.81 6.31
120.20 +21.30 6.33
183.95 +22.93 6.35
® v T e S
Averagesiieioe o kL o 6. 25

179



180 Journal of Research of the National Bureau of Standards

TasLE 10.—First-order mutarotations—Continued

a-i-MANNOSE

4.0 g per 100 ml at 0.1° C read in a 4-dm

tube
©S=6.6346.47X10--00216¢
[a]01p=2.2021 X°8

4.0 g per 100 ml at 20° C read in a 4-dm

tube
°8=6.634-7.07 X 100172
[«]20p=2.1418 X°S

: Observed " ; Observed
Time reading (kytkg) X10% Time reading (k1+kg) X102
Minutes °s Minutes 28
3. 208 g L 1.74 LR B R A R
7.63 +12. 84 (2.53) 3.10 +12.86 (18.4)
10.10 +12.78 2.20 4.60 +12. 51 17.5
14. 98 +12. 66 2.01 7.25 +11.93 17.3
29. 98 +12. 24 2.06 9.96 +11. 39 17.3
45.13 +11. 77 2.22 15. 66 +10.43 17.2
59. 95 +11. 44 2.15 20. 80 +9.71 17.4
89. 99 +10. 76 2.17 30.25 +8.75 17.3
121.17 -10. 16 2.17 39.90 +8. 06 17.4
240. 67 +8.53 2.21 50. 18 +7.59 17.3
300. 33 +8. 02 2,22 62. 29 +7.24 il
421. 96 -+7.40 2.19 90. 10 -+6. 87 (16.3)
@ G2 L e R RS © G 0L N RS e
Kverages |- o Saan 2.16 AVerage- . tedn el 17.3

B---MANNOSE

4.0 g per 100 ml at O.g" C read in a 4-dm
e

ube
°8=5.66—14.28 X 1000214t
[a]0-3p=2.1922X°8

4.0 g per 100 ml at 20.1° C read in a 4-dm
tub

lube
°8=6.38—14.01X 10--0178¢
[a]20-1p=2.2257X°S

2.64 el 3 ¢ T R, E R e
5.53 —7.27 (1.82)
20. 19 —6.28 2.12
44,88 —4.79 2.14
59.93 —3.99 2.13
90. 03 —2.46 2.17
120.31 —1.21 2.15
180. 060 +.79 2.15
240. 10 +2.29 2.14
299. 90 +3.39 2.14
363.30 +4.27 2,14
420. 30 —+4.81 2.11

@ EBAO0E L (Rt e B
ANOIREPE R R SN -0 2.14

2.20 == OPD =  SEb L o
3.59 —5.72 17.6
6. 64 —4.29 17.9
10.13 —2.85 17.9
15.48 —1.12 17.5
20. 05 +.16 17.6
29,90 +2.21 17.6
39.94 +-3.62 1757
49. 99 +-4. 56 17,7
60. 01 +5.20 17.9
78. 45 +-5. 87 18.4

99.76 +6. 21 (19.2)

@ i L ORE [ L 0

Ayerage . |l die s 17.8

a-d-GULCSE CaCly. H20

6.468 g per 100 mi at 0.2° C read in a 4-dm
tube
©8=—6.79+-306.08 X 10—-00188¢
[a]0-2p=1.3844X°8S

6.807 g per 100 ml at 20° C read in a 4-dm

tube
08 =—7.85437.00X10--0191¢
[a]20p=1.2739X°S

2.85 2R 85 s e
6.44 --28. 30 1.88
14.88 -+27.08 1.84
29. 84 -+-24.85 1.92
60. 06 -+20.88 1.92
119.94 +14.59 1.90
133.42 +9.48 1.89
239.9 +5.97 1.88
299.7 +3.11 1.87
357.5 —.25 1.87
567.5 —3.62 1.86
739.5 —5.33 1.88

@ Py e PRt T SR
AVerage | uslo o o 1.88

3.17 L rr: AL e MO
4. 63 +22.28 19.6
7.46 +18.71 19.4
10. 38 +15. 57 19.1
16. 30 +10. 23 19.1
21. 04 +6.85 19.0
25. 86 +4.10 19.0
29. 93 +2.16 19.0
39. 63 —1.30 19.0
49, 92 —3.67 19.0
60. 09 —5.16 18.9
76. 31 —6. 56 19.1

® i R SR
AVerage. |- ioaoo.ooo. 19.1

(Vol. 18



Ishell
Pigman

]

Alpha- and Beta-Aldoses

TasLe 10.—First-order mutarotations—Continued

(d-GULOSE)s CaClz. 120

4.215 g per 100 ml at 0.2° C read in a 4-dm
be

ta
S= —8.01-4-24.40 X 10~-00z02¢
[]0-2p=2.1099X°S

4.281 g per 100 m1 at 20.1° C read in & 4-dm
ube

°8=~T7. 88+21 9410--0167¢
[a]®-1p=2.0939X°S

: Observed . Observed
Time reading (ki+k2) X103 Time reading (k1K) X103
Minutes °S Minutes °S
2. 68 IBR00 TelsiTtes e ne 2.13 A=18:8b77 = sma el
5. 86 +15. 74 2.00 3.46 +12. 64 18.7
14. 90 +14.73 2.06 5.77 +-10. 50 20.0
29. 88 +13.16 2.07 11.31 +6. 41 19.8
44.99 +11.76 2.03 15.26 +4.02 19.9
60. 00 +-10. 46 2.02 19. 84 +1.82 19.8
91. 36 +7.91 2.03 25.76 -.07 18.8
139. 71 -+4.72 2.02 30.07 -1,77 19.7
181. 61 +2. 52 2.01 40. 62 —4.11 19.8
244.20 =15 2.01 49. 92 —5.41 19.8
300. 78 —1.94 2.01 61.30 —6.45 20.0
361. 76 —3.42 2.01 75.30 =715 20.1
© = BRI e = 32 e g © e BB e R
Avepapert st oh it e 2.02 ANBIAER. & |2t LT 19.7
a-1-XYLOSE

4.2 g per 100 ml at 0° C read in a 4-dm

tube
°85=8.46--38.00 X 10~-00245¢
[]0-09=2.0449X"°S

4.4 g per 100 ml at 2{]" C read in a 4-dm
t

ube
°8=0.58438.10X10~.020%¢
la]®p=1.9624X°S

3.0 o o R S e 1.6 U SRR R
5.9 ~+-45. 30 2.46 2.6 -+43. 53 (19. 5)
15.0 -+43. 49 2.42 4.2 -+40. 96 19.9
20.0 +-42. 45 2.48 6.5 +-37.71 20.2
29.9 -+40. 60 2.47 10.6 +-32. 77 20.3
49.8 -+37.20 2.46 15.0 --28.39 20.4
76.1 +33. 25 2.45 25.0 —+21. 34 20. 4
104.7 -+29. 50 2.46 34.9 --16.99 20.4
156. 6 +24. 21 2.45 40.1 —+15. 43 20.3
210. 1 -+20. 08 2.45 49.8 -+13.27 20.4
270. 2 +-16. 77 2. 45 60.0 ~+11. 89 20.3
374.4 -+13. 94 2.44 98.0 +10. 00 (20.0)
© [ e PR e e L @ G T VR i T
Average-tis_ o Ban 0 2.45 Average_.|. ... ... 20.3
a-d-LYXOSE

3.9 g per 100 m! at Og" Cread in a 4-dm
t

ube
©§ = —6.09+8.20 X 10=-0054¢1
[a]0-2p=2.2003%°S

4.0 g per 100 ml at 2g° C read in a 4-dm
t

ube
°8 = —6.46+9.10 X 10058+
[a)20p=2.1362X°S

2.92 E1E 3 A s e S
5.77 41. 24 8.49
$.99 . 66 8.49
15.01 +. 10 8.07
20.20 —. 49 8.17
26.11 1811 8.28
30.12 —1. 64 8.50
40.05 —2.32 8.43
50.11 —3.00 8.46
59.90 —3.63 8.7
89.79 —4. 67 8.48
120. 01 —5. 35 8.71

@ =009 i STy S e
Average-|.c LUt 8.44

1271 OB e
1.92 +. 63 54.7
2.25 +-.36 52.5
3.45 —59 53.7
4.74 —1.52 55.6
5.86 -2.27 57.8
7.80 —3.26 58.6
10. 10 —4.13 59.0
12. 99 —4.91 59.6
17. 64 —5. 64 59.5
27.10 —6.21 57.7
30.26 —6.28 56.3

© N I R S
AVerRges | s AT 56.8
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TABLE 10.—First-order mutarotations—Continued

B-d-LYXOSE
4.0g per 100 mlat 0° C read in a 4-dm tube | 4.0g per 1 100 ml at 20° C read in a 4-dm tube
°S = —6.12—26.20X10~.00840¢ °S=—6.43—27.39X10-.0%1¢
[a]’p=2.1895X°S [a]?0p=2.1462X°S
Time Qosarved | (ki+k)X10 | Time Qosatved | (ki-ths) X109
Minutes °S Minutes °S
2.02 s 1) G B R Fol L 1. 56 =R 88  dliTicesmed
4.91 —29.89 8.71 2.33 —26.40 58.4
10. 01 —27.64 8.56 3.18 —24.26 58.2
15. 02 —25.71 8.40 3.69 —23.04 58.7
19. 96 —23.94 8.38 4.40 —21.55 58.4
24.84 —22.34 8.38 5. 57 -19.30 58.8
29. 97 —20.85 8.34 6.65 —17.50 59.2
40. 72 —18.08 8.36 7.58 -16.17 59.3
50. 88 —15.99 8.33 9.73 —13.67 59.4
60. 10 —14.43 8.29 12.14 —11.64 59.4
90. 59 —10.73 8.33 20. 04 —8.14 60. 2
119. 70 —8.74 8.35 29.90 —6.87 60.1
@ —6.12 i FREREE RE A, 2o @ r oL SRR [ ol
Averagestie ihs il fes oot 8.40 Averagesifa als i oo 59.1

a—l—RHAMNOSE. H;0

4.5g per 100ml at 0° C read in a 4-dm tube 4.0 g per H}f&ﬁ altlgg -2° Cread ina
°S=4. 506 —8. 460X 10‘°°s“5° 08 =3.81—7.81X 10,0430
[a'p=1.9079X [e]®.2p=2.1522X°S

3.1 et B Sl NG ta Tle e 1.43 R R o S T A
10.1 —2.83 5.85 1.84 -2.71 41.4
15.2 —2.37 5. 69 2.37 —2.39 41.3
30.3 —1.05 5.90 3.65 —1.66 42.0
42.1 —.35 5. 60 5.08 —.95 42.1
60. 2 +. 65 5. 56 7.68 +.21 44.0
75.4 ~+1.40 5.67 9.93 +. 91 43. 4
91. 5 +1.98 5.63 15. 31 +2.16 44.2
119.7 +2.77 5.63 20. 24 +2.82 44.4
149.9 -+3.36 5. 66 24. 92 +3.15 43.1
180. 2 +3.77 5.71 29.96 +3.43 43.9

241.2 +4.19 5.63 40. 89 C o e o PR e

© i o o T SRR O © SEBE8Y < 5] et
ANOragastl s it 5.68 Alvpbaye. i - Sotote sty 43.0

a—LACTOSE . HyO
4.9 g per 100 ml at 0.2° C read in a 7.2 g per 100 ml at 20° C read in a
4-dm tube 4-dm tube
©S=30.43-+18.60X10~.000544¢ ©S=46.154-28.40X10~.00471¢
[a]?.2p=1.7614X°S [a]®p=1.1398X°S

5.19 e o) S RO e 1.98 7895 Clomkaat ol o
10. 06 +-48. 80 0.532 2.95 +73.61 4.67
20. 76 +48. 54 . 564 4.83 +73.09 4.79
59. 90 +47.69 . 542 10. 42 +71. 52 4.71
120. 26 +46. 48 . 532 20. 05 -+-69. 04 4.67
181. 2 +45.28 . 540 30.04 -+-66. 67 4.70
241.5 ~+44.18 . 543 60.12 +60. 98 4. 69
401. 5 +41. 66 . 546 91. 00 -+56. 76 4.70
590. 9 +39.30 . 544 119. 93 +-53. 91 4.70
832.4 +37.00 . 543 180. 50 +50. 17 4.70
1,347.3 -+33.84 547 239.80 +48.19 4.77

1,834. 4 +32.28 546 @ Lot £ PG S

@® SEBOLAS: e oo e e R e e L R B s
AVergges Bt Tatess hoe 0. 544 Averagalos: il oct oo 4.7
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Alpha- and Beta-Aldoses

TasLr 10.—First-order mutarotations—Continued

B-LACTOSE

3.9 g per 100 ml atto.g" Cread in a 4-dm

ube
°8 =25.56—9.09 X 10~-00052¢¢
[a]0-2p=2.2066X°S

40gper100mlat2g°0read in a 4-dm

°8=25.34—9.38X10~-0%466¢
[a]20p=2.1863X°S

: Observed : Observed
Time At (ky--kg) X103 Time T eadine (k1+-k2) X108
Minutes °S Minutes °S
4.85 A1 GEb2elcy IS X ST 1.97 16010 R s
10.22 +16. 59 (0. 629) 3.16 +16.27 (4.39)
30.28 --16. 80 . 538 5.04 +16.42 (4.07)
59.96 +17.08 . 504 10. 06 +16.91 4.57
120.51 +17.71 . 530 19. 91 +17.76 4.64
240.4 +18.78 531 30.10 +-18. 54 4.63
384.8 +19. 82 519 60.03 +-20. 46 4.73
549.3 +-20. 89 527 89.71 +21.78 4.69
801.8 +-22.13 .528 120. 24 +22.77 4. 67
1,340.6 +23.79 . 530 149. 50 +23.48 4.70
1,892.7 +-24. 57 509 182. 80 +24.02 4. 66
2,842.8 -+-25. 26 521 244.10 -+24. 66 4.67
© e o] SR RS S @ 2584 v b det i Sk s
SAVArage. |t sl 0. 524 AVOrAgO. Sl s bl s s 4. 66

B-MALTOSE. Ha0

4.5g per 100 ml at 0° C read in a 4-dm tube
©S=68.80—8.75X10~-000550¢

4.2 g per 100 ml at 20° Cread in a 4-dm tube
°S=62.81—9.00<10~-00827¢

[a]'p=1.9113X°S [«]'p=2.0761X°S
4.9 SR T e s s 2.33 i S S R O s
22.8 -+60. 34 0. 583 3.46 +54.18 5.31
311 -+-60. 45 . 593 5.38 +-54. 39 5.48
62.2 --60. 83 . 585 10.13 +-54.85 5.27
120.2 -+-61.46 . 565 19. 92 +-55. 74 5.26
182.1 -+-62. 09 . 560 29. 93 +56. 53 5.22
241.8 +62.72 . 576 59. 95 +-58. 44 5.23
300.1 +63.28 . 583 103. 96 +4-60. 22 5.20
353.3 --63. 70 LBTT 137.43 +61.09 5.23
487.2 +64.71 . 580 180. 11 +61.78 5.23
686. 8 +65.93 . 584 240. 00 +62.32 5.27
1406. --68.35 . 589 300. 90 +62. 61 (5. 50)
® EEOR Bl lidl s Lase S0 © $B2 81 il SR
Average..f toiaiiios 0. 580 Average.. | tooetoslas 5.27
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TasLE 11.—Complex mutarotations of sugars in water

a-l-ARABINOSE

4.1 g per 100 m] at 0° C read in a 4-dm tube
©8=37.74X 10--00362¢--2 83 X 10~-0217¢4-52,20

[a]0p="8%2.0020

5.0 g per 100 ml at 20° C read in a 2-dm tube

°8=22.13X10~-930¢4-2,53 XX 10—-138¢+-29.92
[a]0p="°8X3.4926

Time Obseriv:éi read- (k1k2) X103 m; X108 Deviation maX 103 Time Obseriv;sg read- (k14-k2) X103 my X 10% Deviation maX 10°
it 2 3 4 3 6 1 2 3 4 5 6
Minutes 28 Minutes
4.3 A=QOEROBIS LS L Ll N }
6.6 +-89. 94 4.70 3.1
9.9 -+4-88.70 4.52 5.1
15.3 +86. 75 4.47 7.1
19.9 +85. 16 4.46 10.1
25.0 83. 66 4.34 15.0
29.8 +82.29 4.28 20.0
40.3 -+79. 59 417 30.0
60.4 +75.01 4.09 40.0
90.0 +69. 94 3.95 60.0
109.8 +67. 26 3.88 75.0
135. 5 -64.33 3.84 90. 00
166. 2 +61. 57 3.80 ©
197.0 +-59. 49 o (8 ORI P ENES T R St |l T T SO A o TSN
240.3 +57.33 A B BRI L b SR et BB St | R TR0 S S
300.0 +4-55. 38 1l ] e i SR A e o [ S el e | [URR KNS
448.4 +53.16 3.61
Average Average

SP4DPUDYS fO NDILNG DUOYDNT 2y} O YIuDasAY fo uinof  FRT

817041



B-l-ARABINOSE CaCl;.4H;0

9.3 g per 100 ml at 0° C read in a 4-dm tube
©8 = —18.01X 1000384142, 23 X 10~-036¢¢-453.63

[a];=°SXO.9342

8.9 g per 100 ml at 20.0° C read in a 4-dm tube
°8=—17.29X10~-080¢4-3 58 X 10~-16914-49. 33

lal) =°SX0.9730

Average

e
© OpPOSw
WRWPD ONWOSD

88 BRIX

BO bk bt
-4
BNG 00 -

[
[S3=]
—-y

SR8 e e B
b i e 4 et LT
+38. 11 1.10
+38. 30 1.38
~+38. 51 1.61
+38.98 1.96
+39.41 2.11
+-40. 01 2.42
+41.42 2.83
+43.25 3.08
3.34
3.44
3.60
3.58
3.68
3.7
3. 6

et e SRR S 1.40
+1.30 41.4 2.32
+.92 37.6 2.90
+.76 36.8 3.58
+.65 35.4 4.86
+.45 34.6 6.09
+.24 39.4 10. 46
+.22 33.4 19.91
+.156 (26.8) 25.03
_____________________ 29.94
40.17

50.13

60. 28

@

[umu 0y
naasr

sasoppy-njog puv -vydjy

ag81



TaBLE 11.—Complex mutarotations of sugars in water—Continued

a-d-GALACTOSE

4.1 g per 100 m1 at 0° C read in a 4-dm tube
°8=31.70X10--00083¢4-1,31 X 10~-0119¢4-40.19

[a]:) =95%2.0001

5.0 g per 100 ml at 20.0° C read in a 4-dm tube

°8=37.51 X10~-00803¢4+-3 25X 10~-079¢+4-46.34

[a]::=°SXI.7307

Time

Observed read-
ing

(ky+k2) X108

my X102

Deviation

ma X103

Time

Obseryed read-

(ky+k) X10°

myX10%

Deviation

Ty X103

o

o

Minutes

Average

‘RS =
SOER RESFABE BE&=

FROFE OO2P®0 Sowow
WA ATDW0D  ©T—

+++ +++EE
RRE gxgas

Minutes

b ek et

e
OCIJOW O~TPWON OO D

o388 HBERS womwr

e
jrg e

SPUDpUDIS [0 MD2ING UOUDN Y} f0 Y2uD3say fo puinof QYT
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B-d-GALACTOSE

4.1 g per 100 ml at 0° C read in a 4-dm tube
S = —14.83 X 10--00000¢4-1,16 X 10~-0167¢-39,56
[alp9="18X2.1234

4.0 g per 100 ml at 20° C read in a 4-dm tube
°F= —14.86)X 10~-00812¢-1-2,25% 10~-0858+-}-36.86
[a]s2=2.1758X°S

Average

o
288 88New
X=X DO O W ©

=1
S
oo

++ ++++3
S5 RVBJES

o e 3 P18 LS O (LG

©E58

)
-
b e b e R R e e AR
o NOmBRB W
= S®o~S

28

[unmﬂ;d
naqsy

$9S0PJY-Dp2g Pup -vydyy
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TaBLE 11.—Complex mutarotations of sugars in water—Continued

MANNOSE CaCl,.4H,0

8.4 g per 100 ml at 0° C read in a 4-dm tube 9.1 g per 100 ml at 20° C read in a 2-dm tube
°8=4.3410--00267¢— 39 28 10~-0608¢+6.04 °8=2.16X10--024¢—22,13 X 10~—-311¢4-3.23
[a]lo0="°85X1.0265 [a]s®="°8X1.8576
Time Obseryedread-| (4 4)x105 | mx105 | Deviation | max10% Time Observedread- | (4 44)x105 | mx100 | Deviation | max105
1 2 3 5 () 1 2 3 5 6
Minutes Minutes °S =5
1.3 1.2 ot o O SRR
3.6 1.8 —6. 25 293
8.2 2.0 —5.43 296
11.8 2.3 —4.32 306
20.9 2.6 —3.46 309
25.3 2.8 —2.74 334
29.9 3.1 —2.31 320
39.8 3.4 —1.93 312
44.7 4.3 —1.04 308
60. 4 4.7 =il 320
75.4 v R RS sl (SRR e R R ] o (S TR R
150. 5 9.9 o
179.7 13.8 -
208. 5 19.5
240.2 3 e b el RN - L5 ) SRS A, O SE Tl L e S
300.0 AbeB%]: A" rrn L 3RBF R 2 hachein ekl e (Q0ERYH T Ta  S S eR ot S
@ R0 hn PR ICRIE. B ok i i o b v i o e e ek e e o
ARVOERPOTE S e L R e I RN L T e e BORBL 1L Average. o s ol Gl sl el B Bl Bl oAU BRI Dt e 311
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4.0 g per 100 ml at 0.1° C read in a 4-dm tube
°S=4 49)(10—.00362‘.‘.12'60)(10—.0255‘+11.56

[a]p0-1="° §X2.1799

4.0 g per 100 mi at 20° C read in a 4-dm tube
°8=4.25X10-0263t4-17.35X 10~-126¢4-9.51
alp®="°"82.1872

POU ©OWD

Average___

4.1 g per 100 m! at 0.2° C read in a 4-dm tube
°8 = —3.72}X10—-0069¢4-3,83 X 10~-0544-10.98

[a] p0-2=°82.1129

4.0 g per 100 ml at 20° C read in a 4-dm tube
=—3.64X10-04¢4-3.46 X 10~-231¢4-9,90
[a] p2="8X2.0909

Average___
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The thermal mutarotations were conducted in the following
manner: The sugar solution in a 4-dm water-jacketed silver tube
was allowed to reach equilibrium at 25° C, and its optical rotation
read. The water (at 25° C) was drained from the water jacket and
a stream of aqueous alcohol cooled to 0° C was pumped through the
jacket. Time was measured from the moment when the cold aque-
ous alcohol was turned on. The temperature dropped in about 3
minutes to approximately 0° C, at which time saccharimeter readings
were made. The calculation of the results is described on page 156.

TABLE 12.—Thermal mutarotatiors

Thermal mutarotation of a 10-percent aqueous solution of d-galac-
tose after cooling from 25 to 0.3° C. °S=1.10X10-.00107¢—3 49
X10--0132t4-97 87,

Timea Saccharimeter my X103 Deviation maX 103

reading
Minutes °S °S
5.74 +96. 02 T S S 1SeR A
6.95 -496. 13 —2.82 13.8
10. 00 -+96. 49 —2.45 18.2
15.13 +96.74 —2.19 13.5
20. 09 +97.04 —1.88 13. 4
26.15 +97.32
30.20 +97. 46
40. 27 +97.76
50.11 +98. 02
60. 96 +98. 23
75.23 +-98. 41
89.97 -+98.48
126. 54 +98. 53
139. 88 +-98. 60
160. 18 -+98. 61
244,19 +-08.45
306. 1 --98. 39
365.2 --98. 30
502.1 +98. 24
738.7 -4-98. 06
© +97. 87
Averagers N ERe SO S S s M INOT G e S T e 13.2

Thermal mutarotation of an 8-per cent aqueous solution of [-arabinose
after cooling from 25.2 to 0.2° C. °S=1.52)X10--00364t—4 56<10--0271¢

+101.71
4,57 -+99. 74 b - gt FROne SN,
5.94 -100. 01 —3.15 27.0
8.29 -+100. 38 —-2.75 25.8
10. 64 +-100. 75 —2.35 27.1
15.16 -+101. 30 —-175 27.6
20. 21 +101.71 —1.28 27.4
25.58 +102. 01 —.93 27.0
30. 06 +102. 20 —. 60 27.3
40.10 +102. 45 —-.35 27.9
51.15 +102. 55 —-.12 (31.3)
75.14 cy oo Lt G D IR BTt R
90. 19 +4-102. 41 4.21
121. 06 +102. 26 3.66
154.66 +102. 11 3.85
184.1 +102. 06 3.34
214.6 +101. 98 3.42
277.9 +-101. 87 3.47
330.6 +101. 81 3.56
389.9 +101. 77 3.59
@ L e (0 Uletioge SR LOREIE B =
AVAPAGOL.L Lol i Lo el 3.64

s Time is measured from the beginning of the cooling process.
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TaBLE 12.—Thermal mutarotations—Continued

Thermal mutarotation of an 8-percent aqueous solution of d-talose
after cooling from 25.8 to 0.1°C. °S=0.14X10--00%6t—4 60 10-.0280¢
+-23.62
Time Saccharimeter my X 108 Deviation myX 103

reading A 8
Minutes g8 o8
3.94 +20. 14 o Y i e e
5.41 —+20. 57 —3.18 (37.5)
7.42 -+20.93 —2.82 0.
10. 24 +21.35 —2.39 28.4
13. 55 +21.84 —1.90 29.0
16. 85 +22.15 -~1.59 27.6
19.97 +22. 40 —1.33 27.0
24, 98 +22.76 —-.97 27.1
29. 92 +23.10 —.63 29.2
39. 98 +23.45 —-.27 31.2
50. 07 +23. 56 -.15 29.9
60. 09 +-23. 61 —.09 28.6
96.3 S 2ar O8N [ RS BY e L e RN
@ a0 R LIPS TR e L (R
ol TR e L ST RS 8 51 PG SRS o0 Sl B R g 28.9

® The mutarotation due to the slow reaction is scarcely more than the experimental error and, therefore,
the value of m; (.0036) obtained from the mutarotation of a-d-talose was used for extrapolating the slow
reaction back to zero time. The existence of the maximum was shown by comparing the average of a large
number of readings at about 90 minutes with the average of similar readings after equilibrium was estab-
liﬁhed. !S:veroaé duplicate experiments revealed a difference of about 0.08° S, which corresponds to a total
change of 0.14° 8.

Because of the general applicability to experiments requiring a
continuous flow of cold water at a constant temperature, the apparatus
used for the low-temperature measurements will be described, although
the general methods involved are not new. A copper tank of 40 gal-
lons capacity was placed inside a standard electric refrigerator (10 ft.?
capacity) in such a manner that the cooling coils dipped about 10
inches into the tank. An outlet at the bottom of the tank allowed
liquid to flow into a standard centrifugal pump (operated by a % hp
motor) which circulated the cooling medium. Instead of passing the
liquid through the jacket of the polariscope tube, the major portion
was bypassed so as to allow the pump to operate at full capacity. The
return flow was led through the back of the refrigerator and split into
two streams which were discharged over the upper shelves of the two
cooling coils. The temperature was held constant by use of a mercury
thermoregulator. The most satisfactory cooling medium was found
to be 95-percent ethyl alcohol. The advantages of the alcohol over
aqueous solutions containing but little alcohol are (1) the lower spe-
cific heat of the alcohol allows more rapid cooling of the liquid to the
desired temperature, a quicker establishment of a constant tempera-
ture in the circulating water after the pump is started, and a lower
operating temperature; and (2) the alcohol reduces corrosion. The
apparatus described was found quite satisfactory for the mutarotation
measurement at 0° C. Polariscope tubes were kept at a constant
temperature of 04-0.03° C for a week at a time.

V. SUMMARY

Fundamental characteristics of the alpha and beta sugars which
furnish the basis for the changes in nomenclature previously suggested
by Isbell are discussed, and it is shown that the sugars which appear
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as beta modifications under the proposed classification are oxidized
by bromine more rapidly than the alpha isomers.

The oxidation of the equilibrium solutions of the sugars proceeds
rapidly until a part of the sugar is used up and then more slowly as
the remaining sugar continues to be oxidized. The oxidation of the
more reactive fractions takes place at rates comparable to those found
for the beta sugars, while the rates for the less reactive fractions agree
within reasonable experimental error with the rates for the oxidation
of the alpha sugars. The proportions of the more rapidly and the less
rapidly oxidizable sugars were determined and compared with the
proportions of the alpha and beta isomers calculated from the optical
rotations on the assumption that the equilibrium solutions contain
only the alpha and beta normal isomers. The results of these compar-
isons indicate that the equilibrium solutions are principally of the
normal alpha and beta sugars, but the presence of small quantities
of other modifications is not excluded, especially for the solutions of
galactose, arabinose, talose, and ribose. The oxidation of equilibrium
solutions of [-ribose has revealed that they contain a small quantity
of some modification which is more easily oxidizable than the crystal-
line sugar which was previously classified as g-I-ribose. The existence
of this easily oxidizable modification throws doubt on the correctness
of the classification of the known sugar as the beta form. The oxida-
tion of (d-gulose), CaCl,. HyO shows that the crystalline sugar con-
tains about 32 percent of an easily oxidizable modification which is
presumably the heretofore unknown beta isomer.

Moutarotation measurements at 20° C and at 0° C reveal that the
mutarotations of a- and B-d-glucose, o- and B-d-mannose, a-d-gulose
CaCl,.H,0, (d-gulose), CaCl, H;O, o- and pB-d-lyxose, a-d-xylose,
a-l-rhamnose (hydrate), «- and B-lactose, and B-maltose follow the
first-order equation, while the mutarotations of a- and B-d-galactose,
a-l-arabinose, @-l-arabinose CaCly,.4H,0, d-mannose CaCl,.4H,0, «-d-
talose, and l-ribose are complex. The initial and equilibrium specific
rotations of these sugars were determined at 0 and 20° C, and values
for the rotation of the first carbon (Hudson’s 4) were calculated at
both temperatures. The effect of traces of heavy metals on the rates
of mutarotation is pointed out and attention is directed to errors caused
by the use of nickel-plated brass tubes in mutarotation measurements.
The optical rotations of mannose CaCl,.4H,0 and arabinose CaCl,.
4¥,0 are reduced to equations containing two exponential terms, and
attentionis directed to the fact that the addition of calcium chloride
produces a change in the equilibrium between the various modifications
of these sugars in solution. Detailed data for the optical rotations of
a-d-talose at 20° C and at 0° C are reported for the first time.

Temperature coefficients were determined for the mutarotations of
20 sugars. The principal mutarotation reactions (supposedly the
reversible interconversion of the normal alpha and beta isomers) are
on the average 8.34 times as fast at 20° C as at 0° C, while the rapid
reactions are on the average only 5.32 times as fast at 20°Cas at 0° C.
The higher temperature coefficient for the principal mutarotation re-
action shows that the heat of activation is greater for theinterconver
sion of the normal isomers than for the rapidreaction. Themutarota-
tions which occur after a sudden change in temperature prove that
the compositions of equilibrium solutions of galactose, arabinose, and
talose are altered markedly by a change in temperature. The pro-
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portions of the labile constituents vary with temperature more than
the proportions of the normal alpha and beta isomers. In this re-
spect it 1s shown that the bromine oxidation of solutions of d-galactose
in equilibrium at 20°|C does not differ widely from the oxidation of
solutions in equilibrium at 0° C.

The optical rotation of a freshly prepared solution containing
«- and B-d-galactose in proportions corresponding to the equilibrium
rotation decreases to a minimum and then increases to the original
value. This is conclusive proof that the deviations in the mutarota-
tions of a- and B-d-galactose are real.
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