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Mutarotation and Ring Structure of
Mannuronic Lactone

By Horace S. Isbell and Harriet L. Frush

The numerous commercial applications of algin, a polysaccharide derived from certain
marine plants, makes important the study of its principal constituent, p-mannuronic lactone.
In this paper it is shown that by oxidation with bromine mannosaccharic dilactone of known
structure is formed directly from mannuronie lactone without change in ring structure, and
hence the latter substance, like mannosaccharic dilactone, has a bicyclic structure consisting
of two butylene oxide rings. The initial rapid mutarotation reaction of the substance is
show n to consist of a conversion of the beta furanose modification to an equilibrium mixture
cont aining the alpha furanose, and a detectable amount of the aldehyde modification. There
is a small but measurable displacement of equilibrium with change in temperature. The
mutarotation is exceptionslly sensitive to basic catalysts and for this reason the point of
minimum rate lies in the acid region at pH 3.1.
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nuronic lactone [2] and two crystalline modifica-
tions of p-mannuronic acid [3] have been prepared
from alginic acid. The lactone of mannuronic
acid exhibits a rapid mutarotation, indicating the
establishment of an equilibrium between at least

two modifications. It has been assumed that the
crystalline substance has a bicyeclic structure, con-
sisting of a lactone ring and a sugar ring, but no
attempt has been made to assign a definite struc-
ture to the sugar entity.

II. Ring Structure of Mannuronic Lactone

1. Stereomeric Factors

A careful inspection of the structural models for
mannuronic lactone reveals that it can readily
form a bicyeclic structure having two six-membered
rings or two five-membered rings. The stere-
omeric relationship of the groups, however, is
such that a compound having both a five- and a
six-membered ring is highly improbable and may
be eliminated from consideration. Thus the
aldose function of a mannuronic gamma lactone
can exist only in the open-chain form or in the
furanoid form, whereas the aldose function of a
mannuronic delta lactone can exist only in the
open-chain form or in the pyranoid form. Oxrdi-
narily, gamma lactones are much more stable to
hydrolysis than delta lactones, but there are ex-
ceptions to this general rule. For instance,
Haworth, Jackson, Owen, and Smith [4] have
pointed out that the presence of an anhydro ring
in a sugar structure may affect in marked degree
the relative stability of the pyranose and furanose
modifications. Likewise Smith [5] has found that
the dilactone of glucosaccharic acid, presumably
having the 1,4-3,6-bicyclic structure, is hydrolyzed
rapidly by water, and has suggested that the
sensitivity to hydrolysisis due in part to the strain
caused by the interlocking rings. Inasmuch as
mannuronie lactone is relatively stable to hydrol-
ysis, it might be expected to have the gamma
lactone structure, but obviously this structure
cannot be assigned merely from the stability of
the compound to hydrolysis.

2. Application of the Bromine Oxidation
Method

In previous publications from this Bureau [6] it
has been shown that the ring forms of the sugars
are oxidized by bromine water directly to lactones
without the intermediate formation of the free
acids. It has been shown also [7] that the two
pyranose modifications of galacturonic acid on
bromine oxidation yield an optically active lactone
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of mucic acid, a fact which demonstrates that the
pyranose ring remains intact during the oxida-
tion? Thus the bromine oxidation method is
applicable to the study of the ring structure of the
uronic acids.
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If mannuronic lactone had a delta lactone
structure, oxidation of the aldehyde form I would
yield the unknown delta monolactone of man-
nosaccharic acid II, and oxidation of the pyranose
form IIT would yield the unknown delta dilactone

31If the pyranose ring were ruptured before oxidation, the two carboxyl

groups of the mucic acid, a meso compound, would have equal opportunity
to form a lactone, and a racemic mixture would result,
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IV. If mannuronic lactone had a gamma lactone
structure, the aldehyde form V would yield the
unknown gamma monolactone of mannosaccharic
acid VI, and the furanoid form VII would yield
the known gamma dilactone VIII. The results
described in this paper show that the oxidation
product of mannuronic lactone is in fact the man-
nosaccharic gamma dilactone VIII, whose struc-
ture has been well established [8]. Hence man-
nuronic lactone has a furanoid structure for the
sugar ring and the gamma structure for the lactone
ring as represented in formula VII.

3. Bromine Oxidation Measurements

The formation of mannosaccharic dilactone
from mannuronic lactone was studied by oxidation
of the latter substance under conditions essentially
the same as those previously used for the study of
the ring structure of the sugars [9]. A 0.5-g
sample of crystalline mannuronic lactone was
added to a buffered solution prepared by the addi-
tion of 2 ml of bromine to an ice-cold mixture
containing 2 g of barium carbonate in 25 ml of
water saturated with carbon dioxide and contained
in a glass-stoppered flask. The mixture was
cooled in ice and kept in agitation by shaking.
Time was measured beginning with the addition
of the crystalline lactone to the bromine solution.
After 5 minutes at 0° C a portion of the mixture
was filtered. The temperature of the filtrate was
raised to and kept at 20° C. From time to time
the optical rotations were read in a 1-dm tube
with a Bates saccharimeter. These values are
reported in the second column of table 1.

TaBLe 1.—Comparison of the optical rotation of the product
obtained by bromine oxidation of mannuronic lactone with
the optical rotation of mannosaccharic dilactone under
like conditions.

Solution obtained from—
Time
Mannuronic | Mannosaccharic
lactone dilactone
Minutes es ES,
8 S 2 U EN AT P lea e
15 -+10.6 +10.9
45 +10.5 +10.6
180 +10.2 +10. 4
1,320 +8.6 +8.8

To establish the identity of the oxidation prod-
uct, the optical rotations were compared with
those of an equivalent amount of mannosaccharic
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dilactone that had been treated in the same man-
ner. The optical rotations, recorded in table 1,
show that both solutions exhibit mutarotation,
and that the values are in substantial agreement at
all times. The mutarotation is undoubtedly
caused by hydrolysis of the dilactone. As delta
and gamma lactones differ markedly in sensitivity
to hydrolysis, the agreement of the two solutions
in respect to this property precludes the possibility
of a delta lactone structure, and shows that the
oxidation product of mannuronic lactone is indeed
the known mannosaccharic dilactone having the
gamma lactone structure.

The initial rotations of both solutions correspond
to specific rotations somewhat lower than the
recorded specific rotation of mannosaccharic dilac-
tone. The difference presumably arises from the
fact that a small part of the oxidation product and
of the dilactone was converted to the barium salt.

The direction of the change in optical rotation is
particularly significant. Rehorst [10] found that
the specific rotation of a solution of mannosac-
charic dilactone decreases from --203.1° in 47
minutes to -}69.5° in 24 days, whereas that of a
solution of mannosaccharic acid increases from
4-3.6° in 3 minutes to +48.7° in 27 days. The
latter values expressed on the weight of the
dilactone are -+4.3° and --58.8°. Thus the
specific rotation of the equilibrium mixture lies
between -+69.5° and +58.8°. The decrease in
optical rotation of the solution from mannuronic
lactone shows that mannosaccharic dilactone is
present immediately after oxidation in excess of the
equilibrium proportion, and must have been formed
without the intermediate production of the free
acid. It follows that there was no alteration in
ring structure during oxidation and that man-
nuronic lactone has a bicyclic structure like that
of mannosaccharic dilactone.

To confirm the conclusion that mannosaccharic
dilactone is formed by bromine oxidation of
mannuronic lactone without the intermediate
formation of free mannosaccharic acid, 5 g of
mannuronic lactone was oxidized under the condi-
tions described above, and the product was iso-
lated. The oxidation was stopped after 5 minutes
by removal of the bromine with a mixture of 1
part of linseed oil and 2 parts of benzene. The
solution was filtered, and an aliquot corresponding
to four-fifths of the material was concentrated in
vacuum at a temperature of 40° C to a semisolid
crystalline massecuite, which was then extracted
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with a total of 200 ml of acetone. The extract
was filtered and evaporated in a stream of dry air.
The residue, 2.32 g, corresponding to a 59-percent
yield, crystallized in slender needles. After one
crystallization from ethyl alcohol, [«]})=4200.0°
(15 minutes. Water, c=1.5). For a sample of
pure mannosaccharic dilactone prepared in this
laboratory, [a]%=-201.1° (15 minutes. Water,
c=15)%

Inasmuch as the oxidation was conducted in the
presence of barium carbonate, a basic substance,
and the product was extracted with acetone with-
out previous acidification, the formation of the
free mannosaccharic acid could not have been an
intermediate step in obtaining the dilactone as
described above.

III. Mutarotation of Mannuronic Lactone

1. Changes in Optical Rotation

Nelson and Cretcher [2], who first prepared
mannuronic lactone, reported a mutarotation from
+79.9° at 3 minutes to & maximum of 4-93.8° in
28 minutes, followed by a slow decrease over a
period of days. After 864 hours the solution had
a specific rotation of +61.8° and contained 39.1
percent of acid and 60.9 percent of lactone. The
authors state that ‘“the rapid initial increase is
probably due to attainment of equilibrium be-
tween the « and g forms of the aldehyde, and the
subsequent decrease is due to the formation of
mannuronic acid.” Subsequently, Ault, Haworth,
and Hirst [11] reported an optical rotation of
+95°, with no mutarotation, whereas Stacey and
Wilson [12] reported a value of -+50°, increasing to
+494° in 30 minutes. The measurements obtained
in the present investigation (table 2) show an

TaBLE 2.—Mutarotaiion of mannuronic lactone in water
at 20° C

4 g per 100 m], read in a 2-dm tube.
© S§=—7.86X10-0.13%¢4-21.02.2
[a]23=—34.5)X10-0126¢-92.2.
[a}¥=+4-57.7 (initial), +92.2 (maximum).

® Observed
Time Orlé:gri;egd L Time reading L
Minutes %8 Minutes o
(D P T e 4.4 18.83 0.126
0 1€ St N (R S 5.1 19.21 .125
1.2 15.45 0.123 6.0 19. 60 .124
1.7 16. 25 .130 7o 19.97 .123
2.0 16. 55 .121 8.5 20.27 .120
2.2 16. 90 129 9.7 20. 53 J124
2.5 17.25 129 60.0 21028 ey I e ==
(maximum)
Aivepagel 2hL i @At e e T O s e 0.125

s This equation is converted to a specific-rotation basis by multiplying by
the ratio of the maximum specific rotation (measured on a separate sample)
to the observed maximum rotation in sugar degrees. Themethod for deriving
the equation and calculating the initial rotation is given on page 156 of refer-
ence [9].
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initial rotation of +57.7° and a rapid increase to a
maximum of 92.2° in about half an hour. As
noted by Nelson and Cretcher, the subsequent
decrease in optical rotation is caused by cleavage
of the lactone rather than by a change in the sugar
function and consequently it will not be discussed
in this paper.

2. Initial Rapid Mutarotation

As mannuronic lactone has a bicyclic structure
with a furanose ring and a gamma lactone ring, the
initial rapid mutarotation might involve the alpha
and beta furanose modifications and the open-
chain modification of the sugar function or hydrol-
ysis of the lactone ring. However, it has been
shown [2] that the slow mutarotation is due to the
hydrolysis of the lactone ring, and hence the rapid
mutarotation must be associated with changes in
the sugar function. When the material is treated
with Schiff’s aldehyde reagent, a pink color
gradually develops. The intensity of the color is
greater than that obtained with galacturonic acid
or with mannose. However, as the color does not
appear immediately, but only after an interval
of at least 5 minutes, it may be assumed that the
crystalline material is not the aldehyde, but that
some of the aldehyde is formed by the mutarota-
tion reaction. The aldehyde modification of
mannuronic lactone differs from mannonic gamma
lactone only in that it contains a CHO group in
place of the terminal CH,OH group, and conse-
quently it may be assumed that the specific
rotation of the aldehyde form does not differ
widely from the specific rotation of mannonic
gamma lactone (+451). During the mutaro-
tation, the specific rotation increases from + 58 to
+92. This requires the formation of a substance
having an optical rotation of at least +92, a value
considerably larger than that anticipated for the
aldehyde. Undoubtedly, the substance is the
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alpha furanose modification. Thus the reaction
involves establishment of equilibrium between the
alpha and beta furanose modifications and the
aldehyde. As already pointed out, the presence
of a gamma lactone ring precludes the existence
of mannuronic lactone in the pyranoid form. As
an equilibrium solution of mannose does not con-
tain an appreciable quantity of the aldehyde form,
the presence of the aldehyde in the equilibrium
solution of mannuronic lactone shows that the
lactone ring enhances the tendency of the sugar
to exist in the aldehyde form.

(a) Application of the first-order equation

As shown by the values given in table 2, the
rapid mutarotation follows the usual first-order
equation:

"o T

2L 1
m—t 0og rt__rwr

in which r, is the rotation at time ¢, r« is the
maximum rotation, 7, is the rotation at the begin-
ning of the time period ¢, and m is the mutarota-
tion constant. The observed value for the muta-
rotation constant of mannuronic lactone at 20° C
(0.125) is much higher than the constant (0.0148)
for the interconversion of the pyranose modifica-
tions of galacturonic acid [7], but it does not differ
widely from that (0.16) found for the rapid
mutarotation reaction of galacturonic acid hy-
drate, which was ascribed to a pyranose-furanose
interconversion.

(b) Catalysis by hydrogen and hydroxyl ions

It has been established [13] that the mutarota-
tion constants for sugars in solutions of varying
acidity may be represented by an equation of the
type:

m=A+B[H]+C[OH],

in which A represents the catalytic effect of the
solvent, B[H] the catalytic effect of the hydrogen
ion, and C[OH] the catalytic effect of the hydroxyl
ion. Some values obtained for the mutarotation
constant of mannuronic lactone at various acidi-
ties are given in table 3. The following equation,
which represents the effect of hydrogen and hy-
droxyl ions on the mutarotation constant of
mannuronic lactone at 1.2° C, was calculated
from three simultaneous equations, using the
values at pH 1.0, 3.0, and 4.9:

m=0.00574-0.59[H]+260,000,000[OH].

Ring Structure of Mannuronic Lactone

TaBLE 3.—Mutarotation constants for mannuronic lactone
at 1.2°C in aqueous solulions of various acidities

3 Mutarota~ pH

Solution Ll:ltl ag%n' (measured)
0.1 NHCI... 0.065 1.0
0.01 N HCL. L0115 2.0
0.001 N HC1 5y . 0066 3.0
Water-:- 53 P . 0106 4.0
Nitrophenol buffers .0318 4.9

» This buffer solution consisted of 1 part of o-nitrophenol solution saturated
at 20°C and 1 part of water. Sodium hydroxide was added to the extent
of 0.0004 equivalent per liter.

The constant passes through a minimum
(0.0066) at a hydrogen concentration of 7.4 10~*
(pH 3.13), at which point the catalytic effect of
the solvent is approximately six times the com-
bined catalytic effect of the hydrogen and hydroxyl
ions. The mutarotation constants at 20° C for
levulose and glucose are reported to show minima
at pH 4.4 and 4.6, respectively [14]. It is of
interest to compare the relative sensitivities of the
mutarotations of mannuronic lactone, levulose,
and glucose to the catalytic effect of hydrogen
and hydroxyl ions. The data for mannuronic
lactone is not directly comparable with that pre-
viously reported for levulose and glucose. A
qualitative comparison can be made, however, by
taking the minimum value of the constant for each
substance as unity. This eliminates the catalytic
effect of the solvent, the effect of the difference in
temperature under which the measurements were
made, and the large difference in minimum rates.
A comparison of this character is shown in figure 1.
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Ficure 1.—Variation of the mutarotation constanis with
actdity.

I. Mannuronic lactone, an a-g-furanose interconversion.

II. Levulose, a pyranose-furanose interconversion. Data from reference
[14].

III. Glucose, an a-8-pyranose interconversion. Data from reference [14]
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The mutarotation of mannuronic lactone, an
alpha-beta furanose interconversion, is more
sensitive to the catalytic action of hydrogen ion
than the mutarotation of glucose, an alpha-beta
pyranose interconversion, and less sensitive than
that of levulose, a pyranose-furanose interconver-
sion. With respect to the hydroxyl ion, the
mutarotation of mannuronic lactone is far more
sensitive than the mutarotations of either glucose
or levulose. In fact, the catalytic effect of the
hydroxyl ion is so strong that at pH 7 the mutaro-
tation is too rapid to be detected even at 1.2° C.
The high sensitivity to the hydroxyl ion may be
a characteristic property of alpha-beta furanose
interconversions, but as the substance has a
bicyclic structure, its mutarotation may not be
typical of alpha-beta furanose interconversions in
general. The long horizontal section of the glu-
cose curve indicates that in the pH range from
2 to 7 the predominating rate-determining factor
is the catalytic effect of the water, and that the
specific catalytic effect of the hydrogen and
hydroxyl ions is relatively small. The almost
complete absence of a horizontal section in the
curve for mannuronic lactone indicates that at all
acidities the hydrogen and hydroxyl ions in-
fluence the reaction rate substantially.

(¢) Influence of temperature on the reaction
rates

Another point of distinction between reactions
of the alpha-beta pyranose type and reactions of
the pyranose-furanose type is that the former have
higher temperature coefficients and give larger
values for @, the Arrhenius constant. Measure-
ments made with mannuronic lactone in 0.001
N HCI at 1.2° and 20° C give constants of 0.0066
and 0.075, respectively. Application of the
Arrhenius equation ? to these values gives for @ a
value of 20,600 in comparison with an average
value of 16,800 for the alpha-beta pyranose inter-
conversions of 32 sugars and an average value of
13,500 for the pyranose-furanose interconversions
of 15 sugars [15]. Thus the value for Q for the
mutarotation of the mannuronic lactone is some-
what higher than the values found either for the

31 Q R ¢
3 2,302 b et | acbidi ¥ s
8026108 = oupd (’1‘. T.)

alpha-beta pyranose interconversions or for the
pyranose-furanose interconversions of the sugars.

(d) Influence of temperature on the equilib-
rium rates

Reactions of the pyranose-furanose type also
differ from those of the alpha-beta pyranose type
in that they usually involve larger energy changes.
If the energy change is small, as in the intercon-
version of the alpha and beta glucopyranoses,
there is little displacement of the equilibrium with
change in temperature. But if the energy change
is high, as in the case of the pyranose-furanose
interconversion of fructose, there is a considerable
displacement of equilibrium with change of tem-
perature. As shown by the data of table 4, when
the temperature of a solution of mannuronic,
lactone of maximum rotation is suddenly lowered
there is a small but measureable mutarotation
that takes place at a rate substantially the same
as that for a solution freshly prepared from cry-
stalline mannuronic lactone. The optical rota-
tion decreases, and hence the displacement of
equilibrium on cooling is in favor of a less dextro-
rotatory substance, presumably the beta furanose
or the aldehyde modification. As the change in
the equilibrium with change in temperature
appears to be small,it seems probable that the
heat of reaction is also small.

TaBLE 4.—Thermal mutarotation of a solution of mannu-
ronic lactone in 0.001 N HCI after cooling from 20° to
1024

[10 g of mannuronic lactone per 100 ml of solution read in a 2-dm tube]

Time after | Observed | Mutarotation
cooling reading constant s
Minutes ] m
4.3 11 N P
8.5 50.20 0.010
15.0 50. 06 .012
24.7 49. 96 .010
43.4 49,81 . 009
59.5 40.73 .008
103.6 49, 58 .007
Constant 49, RUNE Jeoy paeted S22

s As the values given in this column are based on small changes in optical
rotation, the experimental error is large, and the agreement with the muta-
rotati;;)ex:i constant of the lactone in 0.001 N HC], 0.0066, is as close as could be
expected.
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IV. Summary

Oxidation of mannuronic lactone with bromine
water undet conditions that preclude rupture of
the sugar ring gives the dilactone of mannosac-
charic acid that is known to have a 14-3,6-
bicyclic structure. The production of this sub-
stance shows that mannuronic lactone is a bicyclic
compound containing a 1,4-furanose ring and a
3,6-lactone ring.

The mutarotation of mannuronic lactone is
characterized by two reactions, a rapid conversion
of the beta furanose modification to a mixture
containing the alpha furanose, and the aldehyde
modification, and a slow hydrolysis of the lactone
ring. The mutarotation of the sugar component
in water at 20° C and at pH 4.0 follows the
equation:

[] B=—384.5X107%1%¢ 92,2,

[@]8=-}57.7° initially, and +92.2° after 30 min-
utes (maximum). The rate of mutarotation is
considerably higher than that found previously for
the alpha-beta pyranose interconversion of galac-
turonic acid, but it does not differ widely from the
rate attributed to the pyranose-furanose intercon-

version of this substance. The mutarotation rate
does not change markedly in the range from pH 2
to pH 4, but in more strongly acid or alkaline
solution, the rate rises sharply. The catalytic
influence of the hydrogen and hydroxyl ions on the
mutarotation constant at 1.2° C may be repre-
sented by the equation:

m=0.005740.59 [H] 4-260,000,000 [OH].

The marked sensitivity of the substance to the
catalytic effect of hydroxyl ions causes the point
of minimum rate of mutarotation to lie far in the
acid range (pH 3.1). Mutarotation measurements
at 1.2° C and 20° C in 0.001 V HCI give constants
of 0.0066 and 0.075, respectively, corresponding to
a heat of activation of 20,600 calories. There is a
small but measurable thermal mutarotation when
the temperature of a solution of mannuronic lac-
tone of maximum rotation is suddenly lowered.
The rate of this mutarotation is substantially the
same as that of a solution freshly prepared from
crystalline mannuronic lactone. The direction of
the change indicates the production of either the
beta furanose or the aldehyde modification.
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