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ABSTRACT

Mutarotation measurements at 20 and 0° C are reported for lactulose and
turanose in buffered solutions at pH 4.6 and for galactose, glucose, and levulose
at numerous points between pH 1 and 7. The mutarotation of levulose and the
rapid mutarotation of galactose are extremely sensitive to the catalytic action of
acids and bases and vary with pH in like manner. The mutarotation reactions of
levulose, lactulose, and turanose differ fundamentally from the alpha-beta
pyranose interconversions and resemble in all respects the rapid mutarotation
reactions of sugars which contain the galactose, talose, and idose structures.
Since the mutarotation of levulose is like that of the fructofuranose set free from
sucrose by the action of invertase, but in the opposite direction, the mutarotation
of levulose must consist in a pyranose-furanose interconversion. The conclusion
that the mutarotation of levulose results from a pyranose-furanose intercon-
version leads to the following important deductions: 81) That the mutarotation
of lactulose is caused by a furanose-pyranose change and that crystalline lactulose
is a furanose; (2) that the mutarotation of Hibbert’s 1,3,4-trimethyl-fructofura-
nose results from a furanose-pyranose change and that the sugar is properly
classified as a furanose; (3) that the mutarotation of turanose is due to a pyranose-
furanose change and therefore the glucosido group is not united with the fifth or
sixth carbon, but in all probability it is united with the third carbon; (4) that the
rapid reactions characteristic of the complex mutarotations of galactose and other
sugars are pyranose-furanose interconversions and that the complex mutarotations
arise from the establishment of an equilibrium between the furanose and the
normal alpha and beta pyranoses.
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I. THE SUGARS IN SOLUTION

The determination of the composition of sugar solutions is a problem
of great complexity because the sugars in solution readily change from
one modification to another. By direct acetylation under different
conditions, no less than five isomeric penta-acetates can be obtained
for most sugars and by treatment with methyl alcohol containing
hydrogen chloride, methyl pyranosides, and methyl furanosides are
obtained. For these and other reasons, it seems probable that an
equilibrium is established between the open chain and the alpha and
beta pyranose and furanose modifications. But undoubtedly the
system is more complex and various hydrated, enolic, and ionized
forms take part in the equilibrium. The course of the mutarotation
reactions, and the solubilities, rates of oxidation, and other properties
of the sugars clearly show that the proportions of certain modifications
are so small that they cannot be detected by direct methods. IEx-
tensive investigations [1, 2, 3] 2 have shown that sugars containing
the glucose, mannose, and gulose structures exist in solution almost
completely as the normal alpha and beta isomers. Furthermore, the
correlation of the optical rotations of the alpha and beta methyl-
pyranosides with the alpha and beta normal sugars [4, 5, 6], together
with the observation that the alpha and beta normal sugars are oxi-
dized directly to delta lactones [7, 8], shows that the normal sugars
are pyranoses and consequently the equilibrium solutions of glucose
and similar sugars consist for the most part of the alpha and beta
pyranoses. Hence the mutarotation reaction of a- and B-d-glucose
principally results from the interconversion of the alpha and beta
pyranoses [1,2]. The mutarotation of sugars containing the galactose,
talose, and idose structures, on the other hand, consists in a slow re-
action, the interconversion of the alpha and beta pyranoses, accom-
panied by a rapid reaction, the conversion of the normal pyranoses
to labile modifications and the interconversion of these labile modifi-
cations. Although the latter reaction is more complex, for convenience
it can be considered as a single rapid reaction and the equilibrium can
be treated as a three-membered system. The mutarotations of
a- and B-d-glucose [2], - and B-d-mannose [2, 9], B-d-allose [10],
a-d-gulose CaCl,.H,0 [2, 11], a-d-xylose [2, 12], - and B-d-lyxose [2],
a-d-a-galaheptose [3], B-d-a-glucoheptose [3], B-d-B-galaheptose [3, 15],
a- and pB-lactose [2], B-maltose [2], and a- and B-d-4-glucosidomannose
[16], follow, within experimental error, the equation for a first-order
reversible reaction. On the other hand, the mutarotations of a- and
B-d-galactose [2, 17, 18, 19], a- and B-d-talose [2, 20], a-l-arabinose
[2, 21], B-l-arabinose CaCl,.4H,0 [2, 22], l-ribose [2, 23], mannose
CaCl,.4H,0 [2, 24], a- and B-d-a-mannoheptose [3], a-d-B-guloheptose
[3], d-B-glucoheptose [25], a-d-B-mannoheptose [26], and a-d-a-gulo-
heptose [26, 27] are complex and for expression require an equation
containing two exponential terms.

The labile constituents in the solutions of galactose and most aldoses
are present in such small quantities that, although since the time of
Pasteur many mutarotation measurements have been made, the
existence of the rapid reaction was not definitely recognized until 1926
[17]. Hydration and the formation of ions occurs very rapidly and
can be excluded as possible explanations for the rapid mutarotation

th" Figures in brackets here and elsewhere in the text correspond to the numbered references at the end of
is paper.
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reactions. Although enolization occurs in alkaline solutions, it does
not take place to an appreciable extent in acid solutions, and hence it
cannot be used to explain a reaction which occurs to approximately
like degree over a wide pH range. The absorption spectra, reactions,
and properties of the sugars in solution demonstrate that the open-
chain modifications are present in minute quantities only. Obviously
these cannot be the labile substances responsible for the rapid muta-
rotations. This reasoning by elimination leaves the furanoses to
account for the rapid mutarotation reactions. Despite the fact that
it has been tacitly assumed that the constituents responsible for the
rapid mutarotation are either the free aldehyde or furanose modifica-
tions, there has been no proof previous to this paper that the labile sub-
stances are either of these.

Several mechanisms for the rapid reactions may be postulated and
subjected to mathematical analysis, but this procedure is of question-
able value until more information is at hand regarding the substances
which take part in the reactions. The rapid reactions may be caused
by the interconversion of the alpha and beta furanoses or by a shift in
the oxygen ring. In support of the latter hypothesis, it will be recalled
that when mannose CaCl;.4H,0 is dissolved in water a rapid reaction
occurs at a rate comparable to the rapid reactions of galactose, talose,
and similar sugars and that the freshly dissolved sugar on bromine
oxidation [28] yields largely mannonic y-lactone with only a small
quantity of mannonic é-lactone, but that as the rapid mutarotation
reaction proceeds the yield of y-lactone decreases and the yield of
6-lactone increases. This is evidence that the rapid mutarotation
reaction of mannose CaCl,.4H,0 consists in the change of the furanose
to the pyranose modification.

It has been demonstrated by Hudson, Lowry, and others [29] that
the mutarotations of sugars which establish equilibrium between two
modifications follow the equation for a first-order reversible reaction.
But, as shown by Riiber and Minsaas [17], Smith and Lowry [18],
and others, the mutarotation of the sugars which establish equilibrium
with substantial proportions of three or more modifications requires
for expression a complex equation of the type

[elp=A 10-™'+B 10+ . . . . . +0 )

The experimental observation that the mutarotations of certain
sugars can be expressed by one exponential term, such as might be
anticipated for two substances in dynamic equilibrium, while the
mutarotations of other sugars require for expression two exponential
terms, such as might be anticipated for three substances in dynamic
equilibrium, does not necessitate that the mutarotations in the two
groups be entirely different. Probably, in the first group, the changes
caused by the formation of the labile isomers are much less than the
errors of observation. Nor does the application of the equation con-
taining two exponential terms signify that the system contains only
three isomers but rather that the proportions of other isomers are
small or that the velocity constants are not favorable for the detec-
tion of the changes. The mutarotation constant for the slow reaction
is designated as m;, and the constant for the rapid reaction is desig-
nated as my. The constant, m,, is essentially the same as the “muta-
rotation coefficient”’, k;+k;, but m; is more or less empirical and repre-
sents the rapid reactions that cause the deviations in the mutarota-
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tions of many sugars. It is not a true velocity constant but rather a
function of the constants representing the rates of formation and
alteration of the more labile modifications of the sugar in solution.
Comparisons of the two reactions, represented by m; and m,, under
various conditions have shown that each reaction has characteristic
properties which can be used to determine to which class it belongs.
The nature of these distinctive properties will be developed in the
following sections.

II. COMPARISONS OF THE MUTAROTATIONS OF
LEVULOSE AND GALACTOSE

The relative extent of the two mutarotation reactions differs widely
for the various sugars, but shows marked parallelism for sugars of
similar structure. Sugars containing the galactose structure give
complex mutarotations which reveal the existence of a characteristic
rapid reaction. Fischer’s projectional formula reveals that the pyra-
nose modification of d-fructose ® or levulose could be structurally
related to either «-l-galactose or to B-d-allose. Since the optical rota-
tion of levulose is in accord with the a-l-galactose structure [3, page
513], it is of interest to ascertain whether the mutarotation of levulose
is like that of a-l-galactose. Although the mutarotation of levulose
had been investigated extensively [31, 32, 33] we made new measure-
ments to be sure that small deviations had not been overlooked and
to obtain comparable data for levulose, galactose, and glucose. The
results of these measurements are given in table 11, page 793. Much
to our surprise the mutarotation of levulose, even at low temperatures,
fails to give any evidence of the complex changes characteristic of the
mutarotation of a-d-galactose. But, as will be shown in the next
paragraph, the mutarotation of levulose is remarkably similar to the
rapid mutarotation reaction of galactose and differs fundamentally
from the alpha-beta pyranose interconversion.

In previous publications we have shown that the equilibrium propor-
tions of the constituents involved in the rapid mutarotation reactions
vary with temperature changes [30], whereas the equilibrium propor-
tions of the alpha and beta pyranoses do not vary widely with tem-
perature. It has been known for a long time that the optical rotation
of levulose varies with temperature and that when the temperature
of a levulose solution is changed a mutarotation occurs. As shown
by Hudson’s measurements, and confirmed by us, when a solution of
levulose is cooled the resulting thermal mutarotation occurs at the
same rate as the mutarotation of the freshly dissolved sugar (see
table 9, page 791). The direction of the change shows that lowering
the temperature shifts the equilibrium towards the more levorotatory
modification, namely, the form known in the crystalline state. Ac-
cording to the Le Chatelier-Braun principle the direction of the shift
caused by a lowering of the temperature indicates that heat is liberated
by the conversion of the less levorotatory modification to the more
levorotatory substance (levulose). This is in agreement with the
energy measurements of Riiber and Esp [33] who showed that in the
reverse reaction (the mutarotation of freshly dissolved levulose) heat
is absorbed. These mutarotations and energy changes are similar to
those found for galactose. As we noted in a previous publication

3 The modification of d-fructose, which gives an initial specific rotation of —133°, will be called levulose in
this paper—it is called B-d-fructose by Hudson and a-d-fructose by Isbell.
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[2, page 163] when a solution of d-galactose is cooled the optical rota-
tion increases rapidly to a maximum and then decreases slightly. The
initial increase in optical rotation shows that the cqulhbmum is shifted
from the labile modifications towards the alpha pyranose. Such
being the case, the direction of the equilibrium shift 1s the same for
galactose as for levulose, and the energy content of a-d-galacto-
pyranose must be less than that of its labile modification. This is in
accord with the work of Riiber and Minsaas [17] who reported that
the temperature of a freshly prepared solution of «-d-galactose falls
at first, passes a minimum, and then rises. The initial decrease in
temperature which accompanies the rapid mutarotation reaction is
evidence of the absorption of heat and corresponds to the decrease
in temperature which accompanies the mutarotation of levulose.

The correlation of the rapid mutarotation of a-d-galactose and the
mutarotation of levulose receives additional confirmation by the
changes in volume and refractivity which occur during the respective
mutarotation reactions. It was shown by Riiber and Minsaas [17]
that a freshly prepared solution of a-d-galactose expands during the
first 15 minutes at 20° C and then contracts. Since the expansion
oceurs at approximately the same rate as the rapid mutarotation, in
all probability it is caused by the conversion of a-d-galactose to the
labile modifications. A freshly prepared solution of levulose also
expands during the first 15 minutes at 20° C. As shown by Riiber
and Esp [33] the rate of expansion agrees with the rate of mutarota-
tion and is clearly due to the same reaction. The striking similarity
between the rapid reaction of galactose and the mutarotation reaction
of levulose is illustrated further by a comparison of Riiber and Esp’s
measurements of molecular refraction for freshly prepared levulose
solutions with those made by Riiber and S¢rensen [36] for galactose.
Riiber and Sgrensen report that when a-d-galactose is dissolved in
water the molecular refraction increases with the rapid mutarotation
reaction, while Riiber and Esp report that when levulose is dissolved
in water the molecular refraction increases at a rate comparable to
that of the mutarotation reaction. The comparisons which have
been cited bring out the marked similarity of the mutarotation of
levulose and the rapid mutarotation of a-d-galactose; in the next sec-
tion it will be shown that the mutarotation of levulose is like the
other rapid mutarotation reactions and differs from the normal alpha-
beta pyranose interconversion.

III. CLASSIFICATION OF THE MUTAROTATION REACTIONS

The rapid mutarotation reactions have certain characteristics which
distinguish them from the normal alpha-beta pyranose interconver-
sions. One of these, the effect of temperature on the equilibrium, has
been considered already and found to support the classification of the
mutarotation of levulose with the rapid reactions. The effect of
temperature on the mutarotation rates, m, and m,, also affords a
means of classification. Previous measurements in_this laboratory
with many sugars have shown that the heats of activation obtained
from the temperature coefficients for the rapid reactions involving the
labile modifications are less than the heats of activation for the alpha-
beta pyranose interconversions. In order to determine whether the
heat of activation for the mutarotation of levulose agrees with the
heat of activation for the rapid or for the slow reaction, mutarotation
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measurements were made at 20 and 0° C under the usual conditions
in ordinary distilled water. Check determinations gave velocity con-
stants which differed by more than what appeared to be a reasonable
experimental error. Further investigation revealed that the dis-
crepancy was caused by variations in the carbon dioxide content of
the water used for dissolving the sugar. This difficulty was overcome
by making the measurements in the presence of an acid-base buffer.
The results so obtained are reported in table 1.

TaBLE 1.—Effect of temperature on rate of mutarotation

Slow change Rapid change
Sugar t ta H
X103 W X103 o, | maX10H maX108 P
at f; at i3 at fy at iz
OC OC
a-d-Glucose...._____._______| 20.05 [ 0.10 6.48 0,766 1717000 | s lea. = opadt 5ot 4.6
a-d-Galactose. 20.05 | b.15—(.30) 8.26 .969 | 17, 300 6 11.9 14, 600 4.6
p-d-Galactose. 20.80 | . 8.51 .905 | 17, 600 78.5 12.1 14, 700 4.6
Wbyalose.. oo ol - £t - LTI Rt 1 e I e PR, o T O] B L 59.2 9.03 | 14, 900 4.6
Turanose. ._ 20. 70 ot ko B | L LT LN 86.1 | 13.6 | 14,400 4.6
Lactulose 20. 00 i {1 FERe el (NS CE A 7 TGIE: fa i, 17 43.5 6.04 | 15,800 4.4

2 2.3026 log . kz T 9804( T, —1—
» The temperature during the rapid reaction was 40. 15°, but during the slow reaction it rose to +0.30° C.

The heats of activation obtained for the mutarotations of levulose
(14,900), turanose (14,400), and lactulose (15,800) are in agreement
with the heat of activation for the rapid mutarotation reaction of
galactose (14,600). These values are in accord with the values of
12,000 to 15,000 previously found for the rapid mutarotation reac-
tions of other sugars and differ from the values 16,000 to 18,000
previously found for the alpha and beta pyranose interconversions.

For a long time it has been known that the rate of the mutarotation
of levulose 1s particularly sensitive to small changes in acidity [31, 32].
To ascertain whether the rapid mutarotation reaction of galactose is
likewise particularly sensitive to acid and basic catalysts we conducted
a series of measurements on galactose, levulose, and glucose under
strictly comparable conditions. The results of these measurements
and other work has shown that the rapid mutarotations in general are
much more sensitive to acid and basic catalysts than the normal
alpha-beta pyranose interconversions. The results obtained by
measurements in solutions of different acidity are summarized in
tables 2 and 3, while the curves given in figures 1 and 2 illustrate
graphically the marked difference in the effect of the catalysts on the
two reactions. Notice in figures 1 and 2 that the normal mutarota-
tions of galactose and glucose remain nearly constant from pH 3 to
pH 6, while the rates for the mutarotation of levulose and the rapid
mutarotation of galactose rise much more rapidly on either side of
pH 4. The effect of hydrogen and hydroxyl ions on the velocity con-
stants for glucose at 25° C was found by Hudson [37] to follow an
equation of the following type

m=A-+B[H'14C[OH"] (2)
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TaBLE 2.—Effect of acids and bases on the mutarotation constants at 20° C.

i
2 calculated by
Buffer used m pH [H] [OH-] » assumption
that:
a-d-Glucose. m=0.0060+0.18 [H*]416,000 [OH-]
0.001 M succinic acid 3.70 2.00X104 3.47X1071 | m=A
0- 6.91 1.23X10~7 5.62X10-8 | m=A+4C[OH"]
0. 1.98 1.05X10-2 6.61X10713 | m=A-B[H*]
a-d-Galactose (slow reaction). m=0.0081+4-0.35 [H*]417,800 [OH-]
0.001 M KH phthalate.....cceeeeeeeaoo- ; 4.41 3.89X10-5 1.78X10710 [ m=A
o-Nitrophenol buffer 2.. o 6.91 1. 23107 5.62X10-8 | m=A+C[OH"]
GOENGH O e c8ie 1.99 1. 02X10? 6.76X10-18 | m=A+B[H*]
a-d-Galactose (fast reaction). m=0.069-9.7 [H+]41,370,000 [OH-]
0.001 M KH phthalate_..._______________ 0. 069 4.41 3.89X10-5 1.78X10-10 | m=
o-Nitrophenol buffer 2. _| .146 6.91 1. 23X10-7 5.62X10-8 | m=A+C[OH-]
QOLINGHO S8, o e T et . 168 1.99 1.02X10-2 6.76X10-13 | m=A+B[H']
Levulose. m=0.055+7.3 [H*]+1,570,000 [OH-]
0.001 M KH phthalate_ .. _.__._________ 0. 055 4.42 3.80X10-% 1.82X10-10 | m=A
o-Nitrophenol buffer 2.__ .| .145 6. 92 1.20X10-7 5.756X10-8 | m=A+C[OH-]
0.01 NHC1 .133 1.97 1.07X10-2 6.46X10-13 | m=A+ B[H*]

a Calculated from the pH measurement by use of the expression, log [OH-]=—14.16-+pH. The value for
the ion product of water at 20° C is taken as 10-14-10 (Int. Crit. Tables 6, 152 (1929)).

TABLE 3.—Summary of mutarotation constants obtained in buffered aqueous solutions

of different acidity

H Tem- | Velocity m?
:EO 05 Solvent ! perature | constant | corrected | Ratio 3
4 +0.05° C m to 20° C
a-d-Glucose
1.05 20.00 | 0.0230 0. 0230 3.57
1.98 20. 05 . 00797 . 00793 1.23
2.37 20. 20 . 00705 . 00691 1.07
3.03 20. 30 . 00670 . 00650 1.01
3.70 20. 00 . 00598 00598 0.93
3.80 | Approx. 0.1 M succinic acid buffer 1_________________ 20. 00 . 00765 . 00765 1.19
4.60 | KH phthalate buffer 2_ Aalbqel oA WS -1 20.05 . 00648 . 00645 1.00
5.57 | KH phthalate buffer 3_ 20. 25 . 00688 . 00671 1. 04
5.57 | KH phthalate buffer 3_ 20. 20 . 00680 . 00666 1. 03
6.13" | KH.phthalgte buffer 4% - o2 o o Tiadfiaes. 20. 00 . 00679 . 00679 1.05
645l RIGEHEphihalateibuflerdt_ o2 2 s sue o el et iey 20. 05 00692 . 00689 1.07
6.43 | o-Nitrophenol buffer 1_ 20. 20 00672 . 00658 1.02
6.91' '} o=Nitrophenol bufler 2_ .. .- .. . _c ool ool 20.25 00709 . 00692 1.07

1 For the composition of the buffer solutions used, see table 8, page 790.
2 The Arrhenius equation and the value of @ given in table 1 were used for converting the velocity con-~
stants to the standard temperature, 20° C.
3 Ratio of velocity constant at the pH indicated to that at pH=4.6, the latter measured in 0.005 N pao-~
tassium acid phthalate buffer solution 2,
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TaABLE 8.—Summary of mutarotation constants obtained in buffered aqueous solutions
of different acidity—Continued

pH Tem- Velocity m
£0.05 Solvent perature | constant | corrected | Ratio
3 =+0.05° C m to 20° C
Levulose
104 POSSNRB OISt s 0 o S L o B L N 20.00 | 0.710 0.710 12.01
BP2-DO0ENBCICos . o nighs 4 I o et 20. 05 .134 .133 2.25
287 WD 0N HER Ok U s BN 20. 20 . 0893 . 0878 1.49
2.99 OO0 GRS gl g et e e T L T e 20. 00 . 0627 . 0627 1.06
4o SRR phthalatabiilar - F s T otr U TA e A 20.70 | .0602 . 0564 0.95
4.42 | 0.001 M KH phthalate buffer 6..._......o.c...o_._. 20. 00 . 0548 . 0648 .93
47015 KHiphthalatebuflend:, - todil e Sluse o F it 20. 35 . 0612 . 0593 1.00
4.57 | KH phthalate buffer 2__ ARl 20. 05 . 0592 . 0589 1.00
5.54 | KH phthalate buffer 3__ TRl 55 00005 . 0880 . 0861 1.46
5,04 sl EH-phthalateipurier 8. 1 (o508 Lo JaVder (L L bty 20. 20 . 0866 . 0851 144
6.11 KH phthalate buffer 4 20. 05 .102 .102 1.73
6.45 KH phthalate buffer 5__ 20. 05 .114 .114 1.93
6.92 | o-Nitrophenol buffer 2 20. 25 . 148 .145 2.45
a-d-Galactose (slow reaction)
1.07 20.00 | 0.0466 0. 0466 5.67
1.99 20. 05 L0118 0117 1.42
2.36 20. 20 00963 00944 G U
3.04 20. 00 00841 00841 1.02
4.41 20.05 00817 00813 0.99
4,55 | KH phthalate buffer 2. L U aiiai o Lu it L il 20.05 . 00826 . 00822 1.00
5. 57 KH phthalate bufler 3__ 20.20 00849 00832 1.01
5.7-6.2 | NaHCO;s; buffer 1_____. 20. 00 00819 00819 1.00
6.09 | KH phthalate buffer 4__ 2, 20.00 . 00851 . 00851 1.04
6..45 -} KEH-phthalate I BianGts L toB0GE I 7 it ook 20.00 . 00874 . 00874 1. 06
G810 ocNiitrophenelrbuller 2. oo o So L ol i 20.25 . 00936 . 00912 111
B-d-Galactose (slow reaction)
46A0n IKCH phtinlatebaiier’a DI J8Tng o il 20.50 | 0.00851 0.00808; }._csizui
a-d-Qalactose (rapid reaction)
1.99 20.05 | 0.169 0.168 2.29
2.36 20. 20 . 130 .128 1.75
3.04 20. 00 . 0846 . 0846 1.15
4.55 u 20. 05 . 0736 L0733 1.00
5.57 | KH phthalate buffer 3. 20.20 . 0886 . 0871 1.19
5.7-6.2 | NaHCOj3 buffer 1. 20. 00 . 0951 . 0951 1.30
6.09 | KH phthalate buffer 4. 20. 05 .110 .110 1. 50
6.45 | KH phthalate buffer 5_ 20. 05 .133 .132 1.80
6.91 | o-Nitrophenol buffer 2___ 20. 25 . 149 . 146 1.99
4.41 | 0.001 M KH phthalate bu 20.05 . 0697 . 0694 0.95
B-d-Galactose (rapid reaction)
4:67° S KE:phithalate bHttler 2o - Cr il S oo e o Do 20.50 | 0.0785 .80 .o
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Reduction of the results reported in table 2 to equations of like
form, using the velocity constants in 0.01 N HCI for the determination
of B, and the velocity constants in the presence of the o-nitrophenol
buffer 2 for the determination of €, gives the following expressions:

Glucose at 20° C, m;=0.0060--.18 [H*]-+16,000 [OH]
Galactose at 20° C, m;=0.0081+-.35 [H*]+4 17,800 [OH"]
Galactose at 20° C, my;=0.069-+9.7 [H*]+1,370,000 [OH]
Levulose at 20° C, my=0.055-+7.3 [H*]+1,570,000 [OH]

Although these expressions are strictly comparable one to the other,
they are arbitrary because they are based on measurements made in
buffered solutions containing anions of weak acids. The work of
Lowry and Smith [29], Kuhn and Jacob [38], Brénsted and Guggen-
heim [39], and others shows that the anions of weak acids and the
molecules of undissociated strong acids have marked catalytic effects.
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Fraure 1.—Variation of mutarotation constants with acidity.

But on account of the difficulty of maintaining uniform conditions
in unbuffered solutions, buffers were used by us even though their use
complicates the problem by introducing another variable. A descrip-
tion of the buffers and a summary of the results are given on page 790
of this paper, while in figures 1 and 2 the results are represented in
the form of curves. As clearly shown by the numerical equations
and the curves of figures 1 and 2, the catalytic effects of the hydrogen
and hydroxyl ions are much larger for the fast reactions than for the
normal slow reactions. This difference is characteristic and serves
to differentiate between the two reactions. The experimental results
as expressed by the equations require minimum values at hydrogen-ion
concentrations of 2.5X107%, 3.9X107% 1.9X107% and 3.2X107% for
the mutarotation constants of glucose, levulose, and the slow and
fast reactions of galactose. These correspond to the pH values of
4.61, 4.41, 4.73, and 4.50, respectively. The differences in the mini-
mum points, however, are not sufficient to be characteristic properties.

Aside from showing the similarity in the mutarotation of levulose
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to the rapid mutarotation reactions of galactose the results so far
obtained emphasize the necessity of closer control of acidity in the
measurements of the complex reactions. Because the rate of muta-
rotation of glucose is nearly constant over relatively wide changes in
acidity, carbohydrate chemists have grown careless in the control of
pH in mutarotation measurements. For sugars exhibiting rapid
mutarotation reactions (ketoses and certain aldoses) this frequently
leads to large variations in the results. Thus if the mutarotation
measurements are made in freshly boiled water substantially free
from carbon dioxide, much higher constants are obtained than if the
measurements are made in ordinary water, which always contains
carbon dioxide. A few results obtained with different samples of
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Ficure 2.—Relative calalytic effects of hydrogen and hydroxyl ions on rapid and
slow mularotation reactions.

water are given in table 4. The measurements clearly show that it
is essential to describe the solvent in more detail than has been
customary in the past.

Buffered solutions have not been widely used for mutarotation
measurements because of the catalytic effect of the buffering sub-
stances. However, our results verify the previous conclusions of
H. Euler and A. Hedelius [40] that 0.001 A buffer solutions show a
negligible catalytic effect. While such solutions have only a small
buffer capacity, the capacity is sufficient for solutions of purified
sugars to control the pH within 0.1 to 0.2 unit. This accuracy is
great enough to give reproducible and comparable constants when
the hydrogen ion concentration is near that for which the minimum
rate of mutarotation is observed. Pure potassium acid phthalate is
easily obtained (National Bureau of Standards Standard Sample 84),
and since 0.001 NV solutions are readily prepared and have a pH of
about 4.4 at 20° C (which is near that for the minimum mutarotation
value), we suggest that this solution be used as the solvent when



- e Mutarotation of Levulose 783

mutarotation measurements are made on new sugars so that ultimately
a comparable set of mutarotation constants will be established for
all sugars.

TABLE 4.—Differences in mutarolation constants oblained in freshly boiled and
ordinary distilled water

Sugar Distilled water | m;X103 | m3X103 Sugar Distilled water | mX103
a-d-Galactose. ._.___ Ordinary.._____. 8.0 54
JDOZIEN I Boiled__________. 8.4 115
a-d-Talose__________ Ordinary.________ 26.3 77
Docteamet it Boiled-—_--.__-_ 43.3 110

IV. EVIDENCE THAT THE MUTAROTATION OF LEVU-
LOSE IS A PYRANOSE-FURANOSE INTERCONVERSION

In the previous sections we have shown that the rapid mutarotation
reaction of galactose is like the mutarotation of levulose, and that the
rapid mutarotation reactions are different from the alpha-beta pyra-
nose interconversions. In this section, evidence will be presented
showing that the levulose mutarotation is a result of a change from
the pyranose to the furanose modification and, hence, that the com-
plex character of the mutarotation reactions of galactose and other
aldoses is due to a pyranose-furanose change accompanying the
normal alpha-beta pyranose interconversion.

Reference has already been made to the mutarotation of mannose
CaCl;.4H,0 and to the evidence which indicates that the rapid muta-
rotation of this compound is due to a furanose-pyranose interconver-
sion. It has also been shown that the rapid mutarotation of mannose
CaClL,.4H,0 is similar to the rapid mutarotations of galactose and
levulose. Even though marked differences in the mutarotation of
levulose and the mutarotations of the common aldoses have been
recognized for a long time, most authorities have been content to
ascribe the differences to the fact that levulose is a ketose. But in
1909 Hudson [41] showed that when sucrose is split by invertase a
form of fructose is liberated which mutarotates at the same rate as
levulose, but in the opposite direction, and in 1930 he stated [42] that
‘““the measurements furnish clear proof that the initially liberated
fructose is indeed a beta form but that it shifts its ring during the
mutarotation.” This important deduction was somewhat obscured
by the fact that Hudson at that time assigned a 2,4 ring to the fructose
constituent of sucrose. It is now generally accepted [43] that the
fructose constituent of sucrose is a furanose and that normal fructose
or levulose is a pyranose. Obviously the mutarotation reported by
Hudson is caused by the conversion of the freshly liberated fructo-
furanose to levulose. In other words, the reaction consists in the
partial conversion of the fructofuranose to the fructopyranose. The
rate of this reversible reaction is the same as the rate for the mutaro-
tation of levulose. The two phenomena represent different directions
of the same reversible reaction and the mutarotation of levulose
consists in the partial conversion of a fructopyranose to a fructo-
furanose. This conclusion leads to some. very interesting and im-
portant deductions which are discussed in the following sections.

4 The equality of the mutarotations of levulose and of the fructose set free from sucrose by invertase is
confirmed by our calculations of velocity constants as set forth on page 792 of this paper.



784  Journal of Research of the National Bureaw of Standards — (vol. 2

V. CHARACTER OF THE COMPLEX MUTAROTATION
REACTIONS

Our investigations of the mutarotation reactions have been inspired
by the desire to ascertain what modifications of the sugars are present
in aqueous solutions and how rapidly the modifications change from
one form to another. This problem has been attacked by studying
the products resulting from reactions taking place in solution under
conditions where the interconversion of the various isomers is slow,
and by investigating the rates and mechanisms of the reactions.
These studies have revealed that the equilibrium solutions of certain
sugars, as for example galactose, arabinose, and talose, contain prod-
ucts other than the normal alpha and beta sugars. The oxidation of
mannose CaClL,.4H,0 led to the inference that these modifications of
unknown structure are furanoses, but independent evidence was
needed to support this idea. We believe that the correlation of the
mutarotation of levulose with the rapid reactions characteristic of the
complex mutarotations of certain aldoses, in conjunction with the
mutarotation of the fructofuranose set free from sucrose, shows that
the rapid mutarotation reactions, with ‘“heats of activation of about
14,000”’ and characterized by relatively high heats of reaction and by
exceptionally marked sensitivity to acid and basic catalysts, are
pyranose-furanose interconversions and that the complex mutarota-
tions arise, at least largely, from the establishment of an equilibrium
between the furanoses and the normal alpha and beta pyranoses.
Presumably the equilibrium involves small concentrations of the open-
chain modifications, but on account of the low concentrations these
do not materially affect the optical rotations. Further study of the
mutarotation of levulose will provide additional information about
the pyranose-furanose interconversions and should lead to intimate
knowledge of the mechanisms of the reactions and the determination
of the minor constituents.

VI. STRUCTURE AND MUTAROTATION OF LACTULOSE

Lactulose, or 4-galactosido-fructose, first prepared by Montgomery
and Hudson [44], exhibits a mutarotation reaction which is similar to
that of levulose but differs in that it takes place in the opposite direc-
tion. If the mutarotation of lactulose be the reverse of the mutaro-
tation of levulose, it should consist in the partial conversion of a
furanose to a pyranose. It is therefore of importance to ascertain
whether the mutarotation of lactulose is like the mutarotation of levu-
lose except for direction. The similarity of the mutarotations of levu-
lose and lactulose is shown by the following experimental results:
(1) The thermal mutarotations given in table 9 reveal that the equi-
librium between the various modifications of the two sugars varies
with temperature in the same manner. In both cases, lowering the
temperature shifts the equilibrium towards the more levorotatory
modification; (2) the heats of activation for the two reactions, 14,900
and 15,800, are comparable and differ from the heats of activation
for alpha-beta pyranose interconversions; (3) the catalytic effects of
. acids and bases on the rates for the two reactions are very pronounced,
even in slightly acid solutions, and (4) the minimum mutarotation
rates, 0.055 and 0.043 at 20° C, are comparable. The changes in opti-
cal rotation as well as the changes in volume show that the two reac-
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tions, if alike, take place in opposite directions. Thus it appears that
the mutarotation of lactulose is analogous to that of levulose but differs
in that the less levorotatory modification is the known crystalline
product. Since the mutarotation of levulose presumably results from
the conversion of the pyranose to the furanose, the mutarotation of
lactulose presumably results from the partial conversion of the fura-
nose to pyranose, and in all probability crystalline lactulose is a
furanose sugar, namely, 4-galacto-pyranosido-fructofuranose.

VII. STRUCTURE AND MUTAROTATION OF 1,3,4-TRI-
METHYL-FRUCTOFURANOSE

In 1931 Hibbert, Tipson, and Brauns [45] reported a crystalline
sugar which they designated as 1,3,4-trimethyl-fructofuranose. Since
the hydroxyls on carbons 5 and 6 are free, the methylated sugar might
crystallize i either the furanose or pyranose modification. From a
comparison of the properties of the 1,3,4-trimethyl-fructose with those
of 3,4 6-trimethyl-fructose, Hibbert, Tipson, and Brauns concluded
that the crystalline sugar was a furanose. This important conclusion
receives confirmation by comparison of its mutarotation with the muta-
rotations of levulose and lactulose. As may be seen from the data of
table 5 (taken from the publication of Hibbert, Tipson, and Brauns
[45]), 1,3 4-trimethyl-fructofuranose exhibits mutarotation. The opti-
cal rotation changes from a less levorotatory to a more levorotatory
value at a rate comparable to that of levulose. The mutarotation is
analogous to that of lactulose and the reverse of that of levulose.
Hence it seems probable that the less levorotatory form of 1,3,4-tri-
methyl-fructose is the furanose modification and that the crystalline
sugar is properly classified as a furanose.

TABLE 5.—Mutarotation of 1,3,4-trimethyl-fructose !

Time [} | mX108 Time [a] | mX10
Minutes Minutes
2 -23.8 |oae--- | PR Ny i SN —51.4 69.0
—26. 5 43.9 O S e —51.85 |-__--.
—29.2 46. 4
—40.7 30.8 ANVOPARer = . e d o e 249.2
—48.3 56.1

1 Data of Hibbert, Tipson, and Brauns [45].
? The minimum mutarotation constant for levulose is 55X10-3,

VIII. MUTAROTATIONS OF OTHER FRUCTOSE
DERIVATIVES

The validity of the hypothesis that the mutarotation of levulose
consists for the most part in a pyranose-furanose interconversion can
be tested by the investigation of related sugars in which the formation
of either the furanose or pyranose ring is prevented by substitution
on the fifth or sixth carbon. Previously Hudson [46] observed that
tetraacetyl fructose prepared by him and Brauns [47] does not exhibit
mutarotation. The corresponding 1,3,4,5-tetramethyl-fructose was
reported by Irvine and Patterson [48] to have a very small mutarota-
tion in which the specific rotation changes from —124.3 to —123.2.

65622—38——5
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This change ° is small in comparison with the large change found for
the mutarotation of levulose. Probably the mutarotation is caused
by a normal alpha-beta interconversion, in which connection it will
be recalled that we have shown [49] that sorbose gives a complex
mutarotation consisting in a small rapid change accompanied by a
small slow change. The small slow change during the mutarotation
of sorbose appears to be caused by an alpha-beta pyranose intercon-
version. This indicates that the alpha-beta interconversion occurs
in the pyranose ketose series but that the equilibrium lies far to one
side, so that the establishment of equilibrium results in the formation
of only small quantities of the beta pyranoses. Unfortunately we
did not have 1,34, 5-tetramethyl-fructose and therefore the deter-
mination of the effect of temperature on the mutarotation reaction
and the study of other properties which might be used to ascertain
whether it gives a rapid mutarotation reaction must remain for future
investigation.

TABLE 6.—Thermal mutarotation of 3,4,6-trimethyl-fructose !

Saccha- Saccha-
Time rimeter | mX103 Time rimeter | mX10?
reading reading

Minutes 8 & Minutes °S

1 Change observed after cooling a 2.5-percent aqueous solution from 26 to 0.2° C.
This sample was furnished us by the courtesy of R. F. Jackson end Emma McDonald, of this Bureau.

The study of another sugar which cannot form the pyranose ring
was expedited by R. F. Jackson and Emma McDonald, of this
Bureau, who very kindly provided us with a small quantity of 3,4,6-
trimethyl-fructose. Although this sugar is known only in the form of
a sirup, the absence, or existence, of the characteristic levulose
mutarotation reaction can be ascertained by studying the change in
optical rotation which follows a change in temperature. It will be
recalled that when a solution of levulose is cooled a mutarotation
takes place, which shows that lowering the temperature shifts the
equilibrium towards the more levorotatory modification. It is evident
a priori that if the same reaction occurs for trimethyl-fructose as occurs
for levulose, the mutarotation which follows a decrease in temperature
should reveal a change corresponding to the formation of the more
levorotatory modification. It may be observed from the data for
3,4,6-trimethyl-fructose given in table 6 that lowering the temperature
shifts the equilibrium towards a more dextrorotatory substance. This
equilibrium shift is much smaller and in the opposite direction to that
found for the thermal mutarotation of levulose and, since it is not
probable that methylation would alter the relative energy content of
two closely related stereoisomers the reaction does not appear to be
the same as the reaction which predominates in the thermal mutarota-

5 This mutarotation is to be investigated further because a somewhat larger mutarotation is reported to
oceur in benzene solution.
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tion of levulose. It is noted, however, that the rate, 0.0075, for the
thermal mutarotation of 3,4,6-trimethyl-fructose does not differ widely
from the rate, 0.009, for the thermal mutarotation of levulose. The
significance of this agreement, if it has any significance, is that the
rate of the pyranose-furanose interconversion for levulose does not
differ widely from the rate of a reaction which may consist in the
interconversion of the alpha and beta furanose modifications of
3,4,6-trimethyl-fructose. The preparation and study of other sugars
which cannot form both the pyranose and furanose rings is in progress
and will be reported in future publications.

IX. MUTAROTATION AND STRUCTURE OF TURANOSE

The structure of turanose represented by formula I was assigned
by Pacsu [50] in 1931, but as he points out 1n a recent paper [51], this
structure does not account for the five octa-acetates which have been
prepared. If structure I were correct, turanose would not exhibit
a pyranose-furanose mutarotation because the hydroxyl on the fifth
carbon would be blocked. The mutarotation of turanose, including
the effect of temperature changes on the equilibrium state and on the
reaction rates, is like the mutarotation of levulose and like other
mutarotations which we have shown to consist in the interconversion
of the pyranose and furanose modifications. This is evidence that
the hydroxyl groups on both the fifth and sixth carbons in the fructose
portion of the turanose molecule are free. Since turanose forms an
osazone, the hydroxyl on the first carbon is also free. Hence the gluco-
sidic group must be attached on either carbon 3 or carbon 4. If the
glucosidic group were attached to carbon 4, and if these sugars have
like rings for the glucosidic group, the osazone of turanose would be
identical with the osazone of either cellobiose or maltose. Although
the osazones of maltose [52], cellobiose [53], and turanose [54] are
known products, they were prepared again in order to be certain that
they are distinct substances. We found that the three substances
have different optical rotations, melting points, and solubilities, and
therefore they must be separate substances, and the glucosidic group
of turanose cannot be combined with the fourth carbon. In all prob-
ability the structure of turanose corresponds to formula II.

CHzOII OH EH :OH H—(L~

OH H OH
HOJJH HO L] m—(lJH HO(JJH O
(0) H(IJOH O OH O O H(JJOH H(IEOH
‘ H(ll——- HLLOH HC
l l é é
———CH, CH.OH ——CH. H.,COH
I. Pacsu formula for turanose. I1. Proposed formula for turanose.

The conclusion that the ordinary mutarotation of levulose requires
the existence of free hydroxyls on carbons 5 and 6 also explains the lack
of appreciable mutarotation of hepta-acetyl turanose [55] without the
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postulation of an orthoacid structure. This compound is analogous
to tetra-acetyl-fructose and appears to be different from the orthoacids
which contain a free hydroxyl. As we have shown previously [20],
the latter compounds are very sensitive towards weak alkali, pyridine,
and methyl alcohol, whereas hepta-acetyl-turanose was prepared by
using silver carbonate and was recrystallized from alcohol without
decomposition. Judging from its stability in alcoholic solution, it is
proll;able that hepta-acetyl-turanose is a normal acetate rather than an
orthoacid.

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

The sugars used in this investigation were carefully purified and
finally recrystallized slowly from water or aqueous alcohol. The
a-d-galactose and B-d-galactose were part of the supply used for the
measurements previously reported [2].

The sample of levulose was obtained by several recrystallizations
of a sample of pure, white, crystalline levulose originally prepared in
the Bureau’s levulose plant. The final recrystallization of the levulose
sample was made from aqueous alcohol, while the massecuite was
kept in motion. In a 4-percent aqueous solution the sugar gave
[@]?’= —132.2 initially and —92.4 at equilibrium; and [¢]}= —132.9
initially and —103.4 at equilibrium. The mutarotation constants in
the presence of 0.005 N potassium acid phthalate buffer (pH=4.6)
were found to be 0.0592 at 20.05° C and 0.0090 at 0° C.

The turanose was prepared from melezitose by the method of
Hudson and Pacsu [56]. Crystallization was induced by seed fur-
nished by D. H. Brauns from his original sample. The product so
obtained, after recrystallization from aqueous alcohol, gave in a 4-
percent aqueous solution [a)f"'= -27.3 initially and -+75.8 at
equilibrium; and [«]}*= -+27.8 initially and +70.0 at equilibrium;
whereas Hudson and Pacsu reported an initial value of +22 at 22° C
and an equilibrium value of +75.3. We found the mutarotation
constant to be 0.086 at 20.7° C, and 0.0136 at 0.2° C, in a solution of
0.005 N potassium acid phthalate buffer (pH=4.6); whereas Hudson
and Pacsu found a constant of 0.097 in an aqueous solution for which
the acidity was not reported.

The lactulose was prepared without seed crystals by the method of
Montgomery and Hudson [44]. The product was recrystallized from
aqueous alcohol until its properties were not changed by further
recrystallization. In a 4-percent aqueous solution the pure sugar
gave [a]®¥=—11.9 initially and —50.7 at equilibrium; and [a]}'=
—10.7 initially and —56.6 at equilibrium; whereas Montgomery and
Hudson reported [a]f=—5 initially and —51.5 at equilibrium. We
found the mutarotation constant in aqueous 0.001 N potassium acid
phthalate to be 0.0435 at 20° C, and 0.00604 at 0.1° C. The value at
20° C is also considerably less than the constant 0.114 reported by
Montgomery and Hudson. The difference in rates, aside from the
small difference in temperature, may be due to a difference in acidity,
which varies with the carbon dioxide content of the water used in
making the measurements.
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Pigman

2. MUTAROTATION MEASUREMENTS

The sample was placed in a dry 100-ml glass-stoppered flask and
50 ml of water or the buffered solution at the desired temperature was
added quickly with agitation. Time was measured with a stop watch,
starting with the addition of the water. The optical rotations were
measured in a 4-dm Schmidt & Haensch water-jacketed tube on a
Bates saccharimeter. The conversion factor 0.3462 was used through-
out for converting degrees sugar to angular degrees. The readings in
degrees sugar are converted to specific rotations by multiplying by the
ratio of the equilibrium specific rotation to the observed equilibrium
rotation in sugar degrees.

A summary of the mutarotation constants obtained from measure-
ments in solutions containing acids and bases is given in table 3,
page 779; in table 7 the measurements on the ketoses are summarized ;
while the experimental data for a part of the measurements are given
in table 11.

The method for calculating the velocity constants is described in
detail on page 156 of reference [2]. Briefly, the values of m, are
calculated from the equation

& il TV
m=p—7 log ; —= ®3)

using values for ¢, &, 4, and 7., obtained after the virtual completion
of the fast reaction. The values of m, for the rapid reactions are
calculated from the equation
1 d;
mz_tg—tl log A 4)
in which d; and d, represent the differences between the observed
rotations at various times and those obtained by extrapolation of the
long period back to the same time. For levulose, lactulose, and tur-
anose, however, the slow reaction is absent or negligibly small, and
therefore the values for m, are calculated from the usual mutarotation
equation. All velocity constants are given in common logarithms.
The buffered solutions were prepared from ordinary distilled water,
saturated with carbon dioxide air, by adding the reagents indicated in
table 8. The acidity of each solution was determined by using a
glass-electrode pH meter. Measurements of pH were made before add-
ing the sugar and after the mutarotation was complete. Since the anions
of the acids used as buffers have marked catalytic effects, the velocity
constants for the sugars in buffered solutions are larger than those
which would be obtained in the absence of these buffers. Our results
indicate that o-nitrophenol has a relatively small catalytic effect and
consequently the catalytic coeflicients for the hydroxyl ion were calcu-
lated from the measurements in which this buffer was used. The equa-
tions thus obtained are empirical and only approximate the results ob-
tained from measurements at points of intermediate acidity. Probably
the differences are due to the catalytic action of the various buffers.
Even though we had measured the mutarotation of a-d- and B-d-
galactose previously, new measurements were made in buffered solu-
tions because our experience with levulose indicated that in non-
buffered solutions differences in acidity frequently cause variations in
the constants which are far greater than the errors of the observations.
In the buffered solutions like values for m; and for m, were obtained
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from alpha and beta galactose. The agreement of the constants as ob-
tained from the two sugarsis far too close to be merely a matter of chance
and therefore it is pertinent to the interpretation of the reactions.

The mutarotation measurements with levulose CaCl,.3H,0 re-
ported in table 11 were made in order to ascertain whether previous
investigators |57] might have overlooked a rapid initial mutarotation.
The mutarotation was found to be like the mutarotation of levulose
and hence the sugar constituent of levulose CaCl,.3H,0 is the normal
form of levulose.

TABLE 7.—Summary of optical rotatory measurements for ketose sugars

;| Molec-
Con- | Tem-| pp; | Bqui-| %y, Solvent for PH | a1, «¢” minutes after sugar is
centra- | pera-| ;) | lib- | p5pn mutarotation o discolved Ref.
tion | ture rium o 3 20° C g
LEVULOSE
g/100 ml| °C [alp | [alp [ M]
4.0 | 20.05(—132.2| —92.4/—23,810/0.005 N KH phthal-| 4.6 —39.8X10--0:2t—92.4 ______________ [59]
ate buffer 2.
BB R (e has T e o 0.001 N KH phthal-| 4.4 —39.8X10~0548¢—92.4_______________ [33]
ate buffer 6.
3.9 0.00{—132. 9| —103. 4| —23, 930/0.005 N KH phthal-| 4.6 —29.5X10--00003t—103.4_____________ [31]
ate buffer 2.
TURANOSE
4.1 | 20.70 4-27.3| +75.8| -9, 340/0.005N KH phthal-| 4.6 —48.5X10~-0861¢-+75.8_ _____________ [56]
ate buffer 2.
3.9 0.20 +27.8| +70.0| +9,510{_____ (¢ [ IO Sonl el 4.6] —42.210--0138¢4-70.0.______________ [56]
LACTULOSE
3.9 | 20.00f —11.¢| —50.7| —4,070/0.001 N KH phthal-| 4.4 +38.8X10--05¢t—50.7_______________ [44]
ate bufier 6.
3.8 | 0.10| —10.7| —56.6| —3,660|..___ Ao = oo o 4.4| 4-45.9X10--00604¢—56.6______________ [44]
I-SORBOSE 1
11.3 | 20.0 | —44.3| —43.4| —7,980| Distilled water_ _|._____ —0.86X10~-040t4-0.59 X 10—-25t—43.4__| [49]
11.6 | 0.4 | —43.9| —43.3] —7,910|.____ G EE AT EL e EiINa —0.55X10~-0038¢4-0,30 )X 10—-030¢—43.3 | [49]

1 The measurements for I-sorbose were reported in a previous publication [49].

TaBLE 8.—Compositions of the buffered solutions

Total
Buffer Method of preparation gg f(‘,f Iﬁ‘;}%’;
buffer
KH phthalate buffer 1_.____ 6.0 ml of 0.1007 N HCI was added to 50 ml of 0.1000 N KH 4.0 0. 005
phthalate and solution diluted to 1 liter.
KH phthalate buffer 2._____ 8.0ml 0f 0.1064 N NaOH was added to 50 ml 0f 0.1000 N KH 4.6 . 005
phthalate and solution diluted to 1 liter.
KH phthalate buffer 3______ 34.6 ml of 0.1064 N NaOH was added to 500 ml of 0.0100 IV 5.6 . 005
KH phthalate and solution diluted to 1 liter.
KH phthalate buffer 4._____ 40.0 ml of 0.1064 N NaOH was added to 500 ml of 0.0100 N 6.1 . 005
KH phthalate and solution diluted to 1 liter.
KH phthalate buffer 5._____ 45.4 ml of 0.1064 N NaOH was added to 500 ml of 0.0100 N 6.45 . 005
KH phthalate and solution diluted to 1 liter.
KH phthalate buffer 6._..__ 0.204 g of KH phthalate was dissolved in 1 liter__._________ 4.4 . 001
o-Nitrophenol buffer 1.___.__ 12.0 ml of 0.1064 N NaOH was added to 1 liter of solution 6.4 2O
saturated ! at 20° C.
o-Nitrophenol buffer 2._____ 30.0 ml of 0.1064 N NaOH was added to 1 liter of solution 6.9 .01
saturated ! at 20° C.
Suceinic acid buffer 1_._____ 315 ml of 0.1064 N NaOH was added to 1 liter of 0.1000 M 3.8 .08
suceinic acid solution.
Suceinic acid buffer 2_______ 0.118 g of succinic acid dissolved in 1 liter__________________ 3.7 .001

1 This approximately saturated solution contains 1.50 g of o-nitrophenol per liter of solution. The total
molarity of the o-nitrophenol in the buffer solutions is approximately 0.01 M. The greater solubility of
p-}gitrophenol may make p-nitrophenol preferable for the preparation of buffer solutions in the range
pPH=6 to 8.5.
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3. THERMAL MUTAROTATIONS

An 8- to 10-percent sugar solution in a 4-dm water-jacketed silver
tube was allowed to reach equilibrium at the upper temperature
(25 to 30° C) and its optical rotation was then read. The water was
drained from the jacket and a mixture of water and alcohol cooled to
0° C was pumped through the jacket. Time was measured from the
moment when the cold circulating liquid was turned on. When the
temperature became constant (about 5 minutes after cooling started)
at approximately 0° C, saccharimeter readings were made and the
velocity constants calculated in the usual manner. The thermal
mutarotation of 3,4,6-trimethyl-fructose is reported on page 786,
while the thermal mutarotation of d-galactose is reported on page 190
of reference [2]. The thermal mutarotations of levulose, lactulose,
and turanose are reported in table 9.

TaBLe 9.—Thermal mutarotations of levulose, lactulose, and turanose

Saccha- Saccha-
Time rimeter | mX103 Time rimeter | mX103
reading reading

Levulose ! at 0.10° C

Minutes °S Minutes °S

(—82.69) |- cceceeo- 50.30 —92.32 9.11
—86.20 |- —93.04 9.07
—86. 98 9.08 —93.93 9. 00
—87.04 9.37 —04. 58 8.95
—88.79 B B PR —95. 62 8.87
—89. 54 e TS R S T P —96.36 |---n----

—90. 26 9.28
—91.36 9.18 Rvaragest TUUoR T oe e 9.14

Lactulose 2 at 0.15° C

(—56.84)[-cccmoeo —61.24 6. 71
—56.62 | .ito . —61.93 6. 65
—57.18 6. 30 —62.73 6. 55
—57.82 6.72 —63.43 6.47
—58.33 6.76 —64.32 6.32
—58.87 6.77 —65.18 6.13
—59. 64 6.79 06195 2= =

—60. 39 6.80
__________ 6. 58

(89,900 = =2 2
ey el e U L
-+-86. 97 13.4
-+-86. 59 12.6
-+-85. 76 12.7
+85.15 12.4
+84. 52 12.3

1 Change observed after cooling an 8-percent aqueous solution buffered with 0.001 N potassium acid
phthalate from 25 to 0.10° C. The reading at zero time was made at 25° C.

2 Change observed after cooling a 10-percent solution buffered with 0.001 N potassium acid phthalate
from 27 to 0.15° C. ;

3 Change observed after cooling a 10-percent aqueous solution buffered with 0.001 N potassium acid
phthalate at pH 4.4 from 26 to 0,15° C,
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4. MUTAROTATION AFTER INVERSION OF SUCROSE

The method developed for analyzing the complex mutarotations is
especially useful for studying the mutarotations which follow the
splitting of sugars by enzymes. Thus when sucrose is split by inver-
tase the mutarotation of the glucose set free can be considered to
represent the slow reaction, m;, while the mutarotation of the fructo-
furanose can be considered to represent the fast reaction, m;. The
value of m, is obtained from the observed rotations after the rapid
reaction is complete by application of the usual formula, and the
value of m, is obtained from the equation

] 1 d,
i e B B
where d; and d, represent the differences between the extrapolated
slow mutarotation and the observed rotations. As may be observed
from the results reported in table 10, application of these equations
to the data of Purves and Hudson [58] gives very satisfactory values
for the mutarotation constants of the glucose and fructose constituents.
The velocity constant for the mutarotation of the fructose component
(0.0530) at pH 4.5 buffered with sodium acetate is in agreement with
that (0.0548) which we obtained for the reverse reaction in a solution
at pH 4.4 buffered with potassium acid phthalate and at the same
temperature. The constant for a-d-glucose (0.00632) is also in excel-
lent agreement with that (0.00648) found for the mutarotation of the
freshly dissolved a-d-glucose in aqueous solution at pH 4.6.

TABLE 10.—Mutarotation of fructofuranose and «-d-glucose liberated from sucrose
by invertase »

Fructose constituent Glucose constituent
Purges i Purzfies
: an evia- : an
Time Hudson | tion | ™X10° Time Hudson | M1X10°
reading reading
Minutes 24 o4 Minutes Ve
o ol S Bife SE G IFShes 1)l IR 13 20 200 B SR e 30. —0. 81
(49.4) —-1.79
51.1 —2. 64
50.5 —3.94
51.2 —4.99
51.4 —6. 69
53.3 -1 —10. 57
54.2 —11. 81
53.1
DEDG. [ CANerSEOs L L 6.25
55.0
54.9
54.6
53.0

a Oalculations based on data taken from the paper of Purves and Hudson, J. Am. Chem. Soc. 56, 706
(1934). The temperature was 20° C and the pH was 4.5.

b Although Purves and Hudson give earlier data, the calculations were begun at 3.3 minutes, at which
time we considered the inversion to be practlcally complete. The slow reaction is calculated from the
reading at 40 minutes.
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XI. EXPERIMENTAL DATA FOR MUTAROTATION
MEASUREMENTS

The experimental data for the mutarotation measurements con-
ducted in buffered solutions at approximately pH 4.6 are recorded
in table 11. These measurements are representative of those used
for determining the constants given in table 3. In order to conserve
space the optical-rotation measurements at other acidities are not
given in detail.

TaBLE 11.—Ezperimental data for the mutarotation measurements in buffered

solutions
LEVULOSE
3.9 g per 100 ml at 0.00° C 4.0 g per 100 ml at 20.05° C
Read in a 4-dm tube Read in a 4-dm tube
(pH=4.61 at 20° C) (pH=4.57 at 20° C)
KH phthalate buffer 2 KH phthalate buffer 2
: Observed : Observed
Time reading mX108 Time reading m X108
Minutes °8 °8,
2.39. 2[Ry T (RS S =87, 81 * |.ociotal
5 —55.71 60.7
—52. 65 59.7
—49, 24 59.0
—47.47 59.0
—45.87 58.9
—44. 81 58.8
—43. 96 58.6
b Iy (LRSIt S —42.70 |ooaoo.-.
AVOrago.. .. miofovsioncsatous 50.2
LEVULOSE CaClz.3H;0
7.9 g per ml at 20.55° C
Read in a 4-dm tube
(pH=3.88 at 20° C)
KH phthalate buffer 2
: Observed : Observed
Time reading mxX10% Time reading mX103
Minutes go; Minutes °8
2.10 ey (1) ] O 10.60 —61. 50 67.6
2.91___ —=72.17 (61.2) 12.76_ —60.17 68.0
3.60___ —70.43 64.4 15.96.. . | -—88.91 67.9
4.59___ —68. 63 66. 1 19 hr =566 oo
5415 . —67.23 66. 5
B.76- - —65. 28 67.0 AVErageio s St g B et 66.9
8.71 —63.08 67.3
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TasLe 11.— Experimental data for the mutarotation measurements in buffered
solutions—Continued

LACTULOSE

3.8g per 100mlat 0.1° C
Read ina4-dm tube
(pH=4.42 at 20° C)

0.001 N KH phthalate solution 6

3.9 g per 100ml at 20.0° C
Read in a 4-dm tube
(pH=4.40 at 20° C)

0.001 N KH phthalate solution 6

: Observed : Observed
ims reading | ™X10° Time reading | ™X10°
Minutes o8 Minutes °S
2.3 56

TURANOSE
3.9¢ per 100ml at 0.2° C 4.1gper100ml at 20.70° C
Read in a4-dm tube Read in a4-m tube
(pH=4.61 at 20° C) (pH=4.61at 20° C)
KH phthalate buffer 2 KH phthalate buffer 2
g Observed : Observed
Time reading mX103 Time reading mXx103
Minutes B Minutes °S
4.0: - RAIRE et

+15.39 (14.8)
+17.83 13.9
+19.70 13.7
+21.69 13.6
+-23.30 13.5
+24.96 13.5
+26. 24 13.5
+27.63 13.5
+28.73 13.5
+-29.76 13.5
+-30. 46 13.5
o hos M S Lo L3 e

............ 13.6
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TaBLE 11.—Ezperimental data for the mutarotation measurements in buffered
solutions—Continued

a-d-GLUCOSE
3.9 gper100mlat 0.10°C 3.9¢ per 100 ml at 20.05° C
Read in a 4-dm tube Read in a 4-dm tube
(pH=4.61 at 20° C) (pH=4.60 at 20° C)
KH phthalate buffer 2 KH phthalate buffer 2
? Observed : Observed
Time reading my X103 Time reading m1X10 3
Minutes 28 (ky+ks) Minutes g (k1+ks)
2.82 LAGETE S RERies 1., s S §-49:84 Lot
-+49. 65 0.764 J007 - =l o +46. 72 6. 56
+-49. 41 . 806 ROt Fa s +43. 56 6.52
-+49.10 . 809 G S SR -+-40. 91 6.48
-+48.85 . 796 ABAb = i +-37.47 6.47
-+48. 52 ol PFOO8: = oo ode ity +-34. 84 6.46
+47. 90 . 762 7l B A AR +32. 61 6.47
+47. 30 . 752 ¢ 1) AR BT +30. 91 6.46
+45. 95 . 749 23 507 TR IR, S -+-28.38 6. 44
+45.13 . 747 AR e SR e e
+42.94 . 751 Pl v (- SRR (R A 6.48
+41. 44 747
-+40.13 . 750
+37.76 . 750
by e R P E (A
ANETEGE SU U0 o L 0. 766
a-d-GALACTOSE
3.9 g per 100 ml at 0.15 to 0.30° C 4.0 g per 100 ml at 20.05° C
Read in a 4-dm tube Read in a 4-dm tube
(pH=4.62 at 20° C) (pH=4.55 at 20° C)
KH phthalate buffer 2 KH phthalate buffer 2
Ob- : Ob- g
Time served | m; X103 Dtei(‘,’,‘f' maX103 Time served | m X103 thvxa- maX10 3
reading reading £0R
°8 °s
+4-68. 91 LBl e
+4-68.33
-167.83
-+67. 26
|
Average. _|._.___.... 0: 9691 .ol 11.9 Average._ ..
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TaBLE 11.—Ezperimental data for the mutarotation measurements in buffered
solutions—Continued

B-i-GALACTOSE

8.7 g per 100 ml at 0.20° C 4.0 g per 100 ml at 20.50° C
Read in a 4-dm tube Read in a 4-dm tube
(pH=4.61 at 20° C) (pH=4.67 at 20° Cy)
KH phthalate buffer 2 KH phthalate buffer 2

Ob- 2 ob- -
Time served |mix103 [ DOV | ppp5i08 Time served | mix103 [ DEVIa- | gny¢ 105
reading reading

Mmules °S °8 Jumutes 28 oF
.27, +23.95 |- _

+24.01
- +24.05
+24.07 |-
-+24.20 |
+24.34
+24. 49
-+24.70 |-
.| +25.90
-+-26. 60
+27.09
+27. 66
-| +28.43
+29.35
--36. 07

Average__|...______

Average. . _|.coooo__- 3G 1 I I 78.5

XII. GENERAL SUMMARY

The changes in optical rotation, molecular volume, molecular re-
fraction, and energy content which occur after dissolving levulose and
a—d—galactose in water clearly show that the mutarotation of levulose
is caused by the same kind of reaction as causes the rapid mutarotation
of a-d-galactose. The similarity of the two reactions and their resem-
blance to the rapid mutarotation reactions of other sugars are con-
firmed by the following observations: (1) Alterations in temperature
cause large changes in the equilibrium proportions of the labile sub-
stances responSIble for both the mutarotation of levulose and for the
rapid mutarotation reactions; (2) the heat of activation for the reac-
tion representing the mutarotation of levulose is comparable with the
heat of activation for the rapid mutarotation reactions, and (3) the
constants for the mutarotations of levulose and the rapid mutarotation
reactions are both extremely sensitive to the catalytic action of acids
and bases and vary with pH in like manner.

Attention is directed to the observation of Hudson that the muta-
rotation of the fructose liberated from sucrose by invertase occurs at
the same rate as the mutarotation of levulose, but in the opposite
direction. Since the fructose constituent of sucrose is a furanose and
levulose is a pyranose, the mutarotation of fructose set free by inver-
tase must be caused by the conversion of part of the freshly liberated
fructofuranose to levulose. The mutarotation of levulose, which is
the reverse, must be caused by the conversion of part of the freshly
dissolved sugar to the fructofuranose. This conclusion leads to the
following deductions: (1) That the mutarotation of lactulose is
caused by a furanose-pyranose change and that cyrstalline lactulose is
a furanose; (2) that the mutarotation of Hibbert’s 1, 3, 4-trimethyl-
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fructofuranose results from a furanose-pyranose change and that the
sugar is properly classified as a furanose; (3) that the mutarotation of
turanose results from a pyranose-furanose change and therefore the
glucosidic group is not united with the fifth or sixth carbon but in all
probability it is united with the third carbon; and (4) that the rapid
reactions characteristic of the complex mutarotations of galactose and
other sugars are pyranose-furanose interconversions, and the complex
mutarotations arise from the establishment of an equilibrium between
the furanoses and the normal a- and B-pyranoses.

The changes which occur during the thermal mutarotation of
levulose, lactulose, and turanose are alike for the three sugars and
correspond to the changes found in the equilibrium proportions of the
labile constituent of galactose under like conditions. The applica-
tion of “thermal mutarotations” for investigating the mutarotation
reactions of sugars which are available only as sirups is illustrated by
a study of the ‘“thermal mutarotation” of 2,3,6-trimethyl-fructose.

Velocity constants determined in buffered solutions covering the
range between pH 1 to 7 are reported for the mutarotations of glu-
cose, galactose, and levulose. For the rapid reactions, the catalytic
effects of hydrogen and hydroxyl ions are much greater than those
found for the normal alpha-beta pyranose interconversions. The high
sensitivity of the rapid mutarotation reactions to variations in acidity
accounts for some of the discrepancies in the mutarotation constants
obtained by using distilled water containing variable quantities of
carbon dioxide. Hence for accurate measurements the acidity must
be controlled. The mutarotation constants found for a-d-galactose
and B-d-galactose in buffered solutions were the same within the
experimental error. For lactulose, the mutarotation constant in
0.001 N potassium acid phthalate at pH 4 4 at 20° C was found to be
0.0435 with [o]}= —11.9 initially, and —50.7 at equilibrium; at
0.1° C the mutarotation constant was found to be 0.00604 with
[a]$'= —10.7 initially and —56.6 at equilibrium. For turanose, the
mutarotation constant in a 4-percent aqueous solution buffered at
pH 4.6 with 0.005 N potassium acid phthalate buffer at 20.7° C was
found to be 0.086 with [«]’3"= +27.3 initially, and +75.8 at equilib-
rium; at 0.2° C the mutarotation constant was found to be 0.0136
with [a]%*= +27.8 initially, and 470.0 at equilibrium. Mutarota-
tion measurements with levulose in a 4-percent aqueous solution in
the presence of 0.005 N potassium acid phthalate buffer at pH=4.6
gave [aj¥= —132.2 initially, and —92.4 at equilibrium; and [«]}=
—132.9 initially, and —103.4 at equilibrium, with mutarotation con-
stants of 0.0592 and 0.0090 at 20 and 0° C. The mutarotation of
fructose CaCl,.3H,0 shows that this compound contains the normal
modification of levulose.
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