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Licio, their effectiveness as catalysts. The highly ionized

16 ./ silver salts? are the least effective but sodium iodide

oo is more effective than the slightly dissociated lith-

14} o ium chloride. However, dissociation constants
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Fig. 4.—Effect of salts on the rate of mutarotation of tetra-
methylglucose.
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ent that the dependence upon acid strength is quali-
tatively similar to but less pronounced than that
observed in the ethylene oxide reaction.

The methyl and acetyl sugars show similar but by
no means identical reactions with the electrolytes.
The sodium salts are much more effective catalysts
with the acetyl than with the methyl sugar while
the opposite seems to be true for pyridinium per-
chlorate. The greater sensitivity of the methyl
sugar to acid may perhaps be related to its very
low value for ;.

There is no obvious relationship between the
dissociation constants of the salts in pyridine and

measured in pure pyridine are not necessarily the
same as those in pyridine containing a relatively
large amount of sugar.

Above about 0.02 M, the rates show a linear de-
pendence upon electrolyte concentration. The
slopes in this region are listed in Table I.

TABLE I

RELATIVE RATES OF MUTAROTATION OF TETRAACETYLGLII-
COSE IN THE PRESENCE OF VARIOUS SALTS

Lithium Sodium  Pyridinium Silver
Perchlorate 1.09 0.177 0.058 0.012
Iodide 1.09 .192 .053
Picrate 0.235 .078 .036
Bromide .268 .022
Nitrate .194 .022 0.010
Benzenesulfonate .022
Chloride L1258

In general the results suggest that the effective-
ness of the cations varies inversely with the size
of the ion while that of the anions, with the excep-
tion of the picrate, is in the order of the acid
strengths.

Discussion of these results has been reserved for
the following paper, in which the mutarotation of
tetramethylglucose in nitromethane is described.”
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Electrolyte Catalysis. II.

The Mutarotation of Tetramethylglucose in Nitromethane

By E. L. BracrarLr aAND A. M. EastHaM
REecEIVED NOVEMBER 11, 1954

The rate of mutarotation of tetramethylglucose in nitromethane has been studied. The reaction is strongly catalyzed by

carboxylic acids and by ionic bases but not by phenols or by un-ionized bases.

Un-ionized bases become powerful catalysts

in the presence of electrolytes. A mechanism is suggested to account for the kinetics in both pyridine and nitromethane.

The pronounced catalytic activity of electro-
lytes toward the mutarotation of tetramethyl- and
tetraacetylglucose in anhydrous pyridine! sug-
gested that the reaction should be studied in other
aprotic solvents. Nitromethane was chosen for
the present work because of its high dielectric con-
stant, good solvent properties and relatively acidic
character.

Experimental

Materials.—A good grade of nitromethane was dried over
P,0;, fractionated from P;O; and stored under CaCl,. All
acids, phenols and salts were recrystallized where necessary,
thoroughly dried in a vacuum oven and stored over PyOs.
Tetramethylammonium hydroxide was used as the 10%
solution in water.

Measurements.—Rotations were followed as previously
described; the runs showed excellent first-order dependence
over two or three half-lives. All solutions were about 0.08

(1) A. M. Eastham, E. L. Blackall and G. A. Latremouille, TrIS
JournaL, TT, 2182 (1855).

M in tetramethylglucose and gave final specific rotations
which, with few exceptions, agreed well within themselves
([«]®p = 73.8°). Sodium iodide and perchlorate tended
to raise, tetramethylammonium benzoate to lower, the
final rotation.

Results

The dependence of the rate of mutarotation upon
acid concentration for a series of carboxylic acids is
shown in Fig. 1; the relationship is very nearly lin-
ear over this concentration range but seems to show
a slight decrease in slope with increasing concen-
tration of acid. The decrease could be due to as-
sociation of the acid. The relationship between
rate and acid strength (Brénsted relation) is shown
in Fig. 2 where the specific rates are plotted against
the dissociation constants of the corresponding
acids.? The correspondence is about as good as

(2) R. P. Bell and W. C. E. Higginson, Proc. Roy. Soc. (Londomw),
A197, 141 (1949).
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Fig. 1.—Catalysis of the mutarotation of tetramethylglucose
in nitromethane by carboxylic acids.

that usually obtained in aqueous solutions and the
slope of the line (a) is about 0.5. However, in
distinct contrast to the behavior in aqueous solu-
tions, phenols of equivalent acid strength have very
little catalytic activity. Thus Eonsa. for 0.01 M 2,4-
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Fig. 3.—Base-catalyzed mutarotation of tetramethylglucose.

dinitrophenol or pentachlorophenol is about 104
min. 1,

An attempt was made to determine the catalytic
constant for hydrogen chloride but the rates were
too high for satisfactory measurements. The specific
rate constant appeared to have a value of about 100
1. mole—! min. 1,

The results in Fig. 3 are some evidence for
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the existence of a general basic catalysis since
among the salts the rate increases with increas-
ing basicity of the anion. However, this gen-
eralization must be confined to the ionic bases,
since pyridine by itself has little catalytic ac-
tivity.

Figure 4 shows the effect of adding 0.0047
M tetramethylammonium p-nitrobenzoate to
solutions containing various concentrations of
p-nitrobenzoic acid. The rates are not additive;
the system behaves almost as if the salt had
removed an equivalent amount of acid from the
system. It is perhaps worth noting that the
addition of 0.03 M tetramethylammonium
chloride to 0.0025 M tetramethylammonium
benzoate cuts the rate in half; since the chlo-
ride is itself inactive, the retardation may be
due to a common ion effect but is probably
more complex than this.

Of particular interest is the fact that a mix-
ture of pyridine and sodium perchlorate is a

3 4 5

log k.

Fig. 2.—Relationship between specific rate and acid strength.

much more effective catalyst than either
component alone. The results of experi-
ments with such mixtures are summarized in
Table I.

Evidently in the experiments in pyridine so-
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Fig. 4.—Effect of adding 0.0047 M tetramethylammonium
p-nitrobenzoate to runs catalyzed by p-nitrobenzoic acid.

TABLE I
103 kabed.
Salt Pyridine (min, =)
e <0.1
A 0.0410 0.7
0.0051 NaClO, e ~0.2
.0051 NaClO, .0615 4.6
.0051 NaClO, .0820 4.4
.0303 pyridinium perchlorate e 0.5
.0217 pyridinium perchlorate .0207 9.8
.0217 pyridinium perchlorate .0410 14.0
.0217 pyridinium perchlorate .0620 20.4

lution, the solvent was participating in the reaction.
The pyridinium salts are relatively poor catalysts
for the reaction in nitromethane; the perchlorate
has little effect while the nitrate and sulfonate give
a weak catalysis which is not directly related to
their concentrations. Slight dissociation into py-
ridine and free acid seems unlikely but could ac-
count for the results since there is an approximate
square-root dependence upon salt concentration.

Discussion
The dependence of the rate of acid-catalyzed
mutarotation upon the first power rather than the
square root of the total acid concentration suggests
that the catalyst is the undissociated acid molecule.
It is true that similar results would be obtained if
the rate expression involved both the hydrogen ion
and acid anion, since K(HA) = (H*)(A-), but
this seems improbable because the ionic concentra-
tions in these solutions must be very low. If the
catalyst is in fact the un-ionized acid, then the cor-
relation between rate and dissociation constant
(Fig. 2) is to be expected and may properly be re-

garded as general acid catalysis.
The acid-catalyzed enolization of ketones which
like the mutarotation is best explained through the
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addition and renioval of a proton, probably takes
place in the following steps

H'S + HA = H'SH* + A~

H'SH* + A~ 2 SH + H'A
in which the second is rate controlling.? The gen-
eral case with either or both steps rate-controlling
has been discussed by Bell* and always leads to
general acid catalysis. A mechanism of this type
seems probable in the present case but must be
modified to account for the fact that phenols are
not catalytic. This is possible if reaction occurs
through a complex of the type

He » OH... ... 0
>C‘/ \>( R —>
o/ No. L HO o
; | H O... ... I
. | Vel N
L G c C—R
e c> O ...... o7
1
o C—
o

o that, effectively, both proton transfers occur si-
multaneously without ionic intermediates. Such
a scheme is of course similar to the ‘‘concerted”
mechanism of Swain and his co-workers.5

Catalysis by uncharged bases is very slow in both
nitromethane and pyridine solutions and seems to

require the presence of an electrolyte. If the re-
action occurs in the following way
R B+

H>€‘/OH H E/O T

N s N

l O +0B ‘ ([) —>
z — |
H O
e

i Cl) -....HB*
i

then the second step is probably the critical one
since there is little evidence to suggest that electro-
Iytes would have so great an influence on the acid-
base equilibrium (an increase of at least 10% in the
dissociation constant). The specificity of the elec-
trolyte catalysis and its marked dependence upon
concentration suggest that the electrolyte is present
in the active complex; its role must be similar to
that of water in aqueous solution. Since the cata-
Iytic activity of the cations is in the order of the
stability of their oxonium salts® the active complex
may have some such structure as

.
H>é <o ....... HB_E 0 s
O....M—X (o ... M X

The mechanism is then similar to that proposed
above for catalysis by carboxylic acids since es-
sentially it is a means for transferring the ion charge
from one oxygen to the other with a minimum of
electrical disturbance. The first step need not even
be an ionization; hydrogen bridging between the
(8) L. Zucker and L. P. Hammett, THls JoURNAL, 81, 2791 (1939).
(4) R. P. Bell, ""Acid—Base Catalysis,’" Oxford University Press,
London, England, 194t.
(5) C. G. Swain and J. F. Brown, Jr., Tuts JournaL, T4, 2538
1952).
‘ (6))}1. Rheinboldt, A. Luyken and H. Schmittmann, J. prakt.
Chem., 148, 81 (1937).
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sugar and the base would be sufficient. In the
case of an ionic base such as tetramethylammonium
benzoate the functions of base and electrolyte are
combined and a simple second-order process re-
sults.

Implicit in the foregoing attempts to interpret
the kinetics of these reactions is an assumption that
ionic products or intermediates are difficult to form
in inert solvents unless all charge transfers are
balanced within the active complex itself. How-
ever, this conclusion is based only on reactions in-
volving the cleavage of a carbon-oxygen bond in
the solvents pyridine and nitromethane. The elec-
trolyte effects are particularly marked in these
cases but may in fact be merely an extreme example
of a much more general phenomenon. For exam-
ple, in the reaction of chloroacetate with thiosulfate
ions in very dilute aqueous solution Kappana’ ob-
served a slight specific ion catalysis in addition
to the normal salt effect. The order of catalytic ac-
tivity was K+ > NH,+ > Na* > Li* > and Cl— >
NO;~ > SO~ or the opposite of that found in the
present work. Since the reaction is a nucleophilic
substitution carried out in dilute aqueous solution

(7) A N. Kappana, J. Ind. Chem. Soc., 5, 293 (1928).

NoTEs 2187
the electrolyte effect cannot be accounted for in the
same way as was done for the mutarotation reac-
tion. In other studies on the same reaction Cia-
petta and Tomlinson® observed marked specific ion

catalysis in propanol-water solution, especially
with polyvalent cations; they suggested that the
powerful catalytic activity of the La*? ion was due
to the clustering around it of the reactant ions.
Scattered through the literature® are other exam-
ples of what appear to be specific ion effects but in
most cases they are small and cannot be distin-
guished from normal salt effects. However, if these
specific ion effects are in fact fairly general with
respect to both solvent and reaction type, then they
are probably of a physical rather than chemical na-
ture and the above attempt to assign the ions a spe-
cific function within the active complex is not justi-
fied.
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NOTES

Formation of Ce20;-2ZrO; in the System BaCly-
CeCla—BaZrOal

By J. J. Casev, LEwis Katz aND WiLLiam C, Orr
RECEIVED DECEMBER 13, 1954

The work reported in this paper has evolved
from a study of ion distributions in solid-melt
systems at high temperatures (about 1000°) in
which the system principally studied has been
BaCl,-CeCly-BaZrO;. Radiotracer experiments in
which cerium ranged in concentration from 10-12
to 18.7 atom 9 of the cerium-—zirconium content
showed that essentially none of the cerium re-
mained in the molten phase. At low cerium
content (Ce:Zr atom ratio = 0.01 to 0.053) some
of the barium ions in barium zirconium oxide are
replaced by cerium(III) ions. As the cerium
content of the system is increased the principal
reaction becomes one resulting in the formation of
the phase Ce,O0y2ZrO,. This is rapidly oxidized
in air at elevated temperatures to CeOp-ZrQ,.

Because recent interest in the solid solutions of
zirconia with other metal oxides has been wide-

(1) Based upon a dissertation submitted by J. J. Casey to the
Graduate School of the University of Connecticut in partial fulfillment
of the requirements for the degree of Doctor of Philosophy. The

work was carried out under Contract No. AT(30-1)-1154 between the
Atomic Energy Commission and the University of Counnecticnt,

spread,?~!! arising in part from the desirability of
obtaining systems in which the polymorphic in-
version of zirconia from the high temperature
tetragonal to the low temperature monoclinic
form is suppressed, it was felt that the reaction
described above merited further study.

Experimental

Materials.—Barium zirconium oxide was prepared by
the solid state reaction of reagent grade zirconia and barium
carbonate at 1300°. Barium carbonate was present in
slight excess, and the excess barium oxide was leached from
the product with acetic acid.

Cerium(III) chloride solution was prepared by reduction
of cerium(IV) sulfate with hydrochloric acid in water solu-
tion. Cerium(III) hydroxide was precipitated, washed and
redissolved in hydrochloric acid as many times as were neces-
sary to remove all traces of sulfate ion.
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