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Wesley Brock Neely

THESIS ABSTRACT

The mutarotation of aldoses in salt solutions was investigated
and catalySis by lithium, beryllium, magnesium, calcium, cupric and
ferric ions was observed. Catalytic constants were determined for each
of these species.

Addition of the aforementioned ions to acetate buffers caused
diminution of the observed rate constant at lower concentrations,
whereas at higher concentration augmentation of the constant occurred.
This phenomenon is explained by assuming that the acetates of these
ions are incompletely dissociated, On this basis it is possible to
treat the lithium acetate system mathematically. Two different mathe-
matical analyses, A and B were applied. In A it was assumed that the
reaction is bimolecular throughout. In B termolecular processes wefe
allowed. Although neither the expression derived in 4 nor that in B
permitted exact agreement with the observed rate constants, better val-
ues for these constants were obtained in the latter analysis,

From the observation that third order kinetics may be applied to
the metal ion catalysis of mutarotation, a mechanism is presented in
which a concerted attack by the metal ion and the nucleophilic reagent

appear in the rate determining step.

iy
prohibited without permission.
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HISTORICAL INTRCDUCTION
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HISTORICAL INTRODUCTION

The phenomenon of mutarotation of reducing sugars occupies an
almost unique place in carbohydrate chemistry., Although it is of only
minor importance in ‘the synthésis of these substances and has no estab-
lished role in any metabolic change or other biological event, its
importance in the investigation of homogensous catalysis renders it one
of the most significant of éll fhe transformations associated with
carbohydrate substances,

Mutarotation of a reducing sugar seldom appears to involve a simple
change. Notwithstanding this, the o,R8 -inversion of the pyranose form
is probably the correct mechanism for the mutarotation of glucose as
ordinarily observed, as well as that for many of the other aldoses.

Since the development of this concept has been adequately reviewed else-.
where this introduction will be limited to discussion of the catalysts
cperating in this type of transformation,

Glucose and its derivatives have served as the principal substances
for investigating the catalysis of mutarotation, although the first
precise. kinetic analysis of the phenomenon was carried out on lactose by
Hudson (1) who observed that the reaction is subject to catalysis by
both hydroxyl and hydronium ions and who evaluated catalytic constants
for these species as indicated in his expression for the pseudo constanti
k =4 +B [Ha0"] +C [OH ], where A, B and C are constants at a given
temperature, Lowry (2) in investigating the mutarotation of tetramethyl-

glucose in anhydrous pyridine and cresol observed that this reaction is
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markedly catalyzed by mixtures of these substances and proposed a con-
certed mechanism for the catalysis involving simultaneous attack on the
substrate molecule by the acidic cresol and the basic pyridine. The
classical work of J. N. Br8nsted (3) on the mutarotation of glucose in
agueous solution greatly amplified that of Lowry in demonstrating that
the reaction is subject to catalysis by any proton acceptor or donor.
It remains a curious fact that Brgnsted, in his original writing,
indicated complete acceptance of the Lowry interpretation, yet the idea
of a concerted catalysis gradually fell into disrepute, largely owing
to the fact that no third order term appears in Brénsted's rate expres-
sion, In 193L Pederson (L) represented the reactién as occurring By way

of a two step mechanism as shown below:

Base catalyzed

+
fast
H + HA e H + A
C 0 ' C— 0
H-0 HO H

. < > + HA
OH —————— H

Cm——— 0 ¢
)
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Acid catalyzed

< H > + B ——) <H :X + BHT
0

C~— 0 ~ o —y

\.

slow
+ B
6— o —_— 5 o
————p
H 4) H

The current revival of the concerted mechanism rests principally
on the recent work of Swain (5) who in a reinterpretation of Brgnsted's
data showed that the mutarotation of glucose does indeed permit inclusion
of a third order term in the raté éxpression, and that this term escapes
detection because of the magnitude of the water catalysis. In Swain's
treatment the concerted mechanism was assumed. This led to expression
of the pseudo constant as k = kg (g r, [N])(gre [E]), , where N is any
nmucleophilic reagent, E any electrophilic reagent, and rp and rg are the
respective reactivities of these substances with respect to a fixed
standard sucli as water. Application of this expression to the mutarota-
tion of glucose in an acetate buffer and equating Bronsted's experimental
coefficients to the appropriate combinations resulted in five simultaneous
equations which upon solution gave the fellowing expression:

}c=8.8x10‘5+h,hx10"4[AcO'j+lx102[OH—]+hx10’5[HOAc]+2.hxlO'aﬂo.Z?%ggagAcO"]
’ C
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This was exactly equivalent to Bronsted!s expression except for the
presence of the third order term ﬁhich was toc small to be detected
experimentally.

More recently Swain (%) has demonstrated the existence of third
order kinetics for the mutarotation of tetramethylglucose in pyridine-
cresol mixtures (this had not been previously shown by Lowry) and has
observed marked catalysis of the reaction by the substances 2-hydroxy-
pyridine and 2~-hydroxy-li-methylguinoline (7) in which nucleophilic and‘
electrophilic centers are combined within single molecules. This may»be
regarded in the future as one of the more significant contributions to
the general field of homogeneous catalysis as well as to the particular
field of enzyme catalyzed reactions,

The status of the catalysis of mutarotation at the beginning of
the present work may be summed up as follows:

(a) The most plausible mechanism for catalysis of the mutarotation
of either glucose or tetramethylglucose involves a concerted attack on
the substrate molecules by nucleophilic and electrophilic centers. These
centers may be parts of separate molecules, or ions, or may be incorporated
within a single species.

(b) Each of the nucleophilic catalysts previously observed is a
proton acceptor (Brdnsted base) and each of the electrbphilic catalysts
is a proton - donor - (Brgnsted acid). Apparently no homogeneous catalysis

by any other species was noted in earlier work,
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EXPERIMENTAL PART
Chemicals

The ® -D-glucose used in these experiments was prepared at the
National Bureau of Standards (lot number 5052). /3 -D-glucose, D-
galactose, D-xylose and L-rhamnose were Pfanstiehl Chemical Company
preparations. The lB—glucose was recrystallized by Hudson'!s method (8),
and ‘the galactose was purified by the Bureau of Standards procedure (9).
Beryllium carbonate was a product of C, A, F, Kahlbaum Chemischfabrik. -
Ferric perchlorate was obtained from the G. Frederick Smith Chemical
Company. All other reagents used in these experiments (calcium carbonate,
lithium carbonate, magnesium carbonate, nickelous chloride, cupric
chloride, magnesium chloride, calcium chloride, sodium hydroxide,
potassium hydrogen phthalate, acetic acid and perchloric acid) were

C. P. guality.

Solutions

Standard sodium perchlorate solution was prepared by neutralization
of perchloric acid with sodium hydroxide to pH 7.0. The various acetate
salts were prepared by addition of standard acetic acid to weighed
samples of the carbonates. The concentrations of stock solutions of
the hydroscopic salts, or those of uncertain composition, were determined

by standard analytical procedures.
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Apparatus

A Hudolph polarimeter eguipped with a sodium lamp and a thermo-
stated l-decimeter tube was used for measuring all optical rotations.
pH determinations were made with a Beckman pH meter equipped with out-
side glass and calomel electrodes. A Beckman épectrophotometer (model

DU) and l-centimeter Corex cells were employed for the spectral studies.

Spectral Studies

‘A 0,2 molar nickelous chloride solution was prepared and its
spectral characteristics determined. A maximum in the absorption curve
was observed at 395 mu. Optical density readings were made at four wave-
lengths, 380, 395, L10 and L20 mu, on mixtures prepared by adding x
milliliters of the 0.2 molar nickelous chloride solution to (10-x) milli-
liters of 0.2 molar glucose solution, Uptical densities were also
determined for solutions of nickelous chloride having the same concentra-
tions of nickelous ion as in the glucose mixtures. This is essentially
the method outlined by Job (10) for the investigation of complexes by

the method of continuous variations.

Kinetic Method

The rate of mutarotation was followed by the change in optical
rotation. The reaction mixtures were prepared as follows: An aliquot

of the appropriate salt solution, the ionic strength of which was usually
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adjusted by addition of sodium perchlorate, was cooled to the desired
temperature (either 18.00 or 18,90°) ., This was mixed with a weighed
sample of the aldose, and, after solution of the sugar, it was diluted
to a definite volume. The timer was started at the moment of complete
solution of the sugar. The optical rotation was then read at approxi-
mately one-~hundred-second intervals over a period of three-fourths hour,
and the eduilibrium rotational value was observed after twenty-four
hours. Values for the obéerved rate constants in these experiments were
obtained in the usual manner from the following expression:

k =k, + kg =1/t log ro-roo/TiToo
‘The results of a typical velocity determination are shown in Table I
and Figure 1. All velocity data are expressed in decadic logaritims,

with the second as the unit of time.
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TABLE I

TYPICAL VELOCITY DETERMINATION 8 .00° )
(Mutarotation of 0.5 M agueous glucose solution, pH= 5.8; t= 18.00°.

Seconds Reading R, - R log(Ry - R)
.68305
6 9.580 l,.820
13; 9.54L8 ﬁ.zgi .gggii
0 9.4L71 . .
glg 9.350 ﬁ.gii '2§t§%
27h . .
g%i g.l?h ﬁ.g&g .ggﬁgg
.072 . .
g?i 2.963 L ,203 .62356
895 ° 8.84h0 5,080 .6106?
1019 B.EBi g.ggi ‘gggie
8.65 . .
%52.?3 ' 8.491 3.731 .Sg:ngi
1453 8.L07 3.64L7 .5 124
1637 8.261 3.501 .5u859
181L 8.137 3.377 52 83
20LL 7.995 3.235 .50968
2211 7.876 3.116 .t93 0
2112 7.752 2,992 . 7591
2841 7 .520 2.760 .hh%go
305L 7.383 2.623 Riul
Eguilibrium L.760
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Figure 1 Typical Kinetic Ru.n.- Mutarotationg;f 0.5 Glucose
in a Water Solution. (t = 18,00°C pH =5.
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RESULTS AND DISCUSSION

Preliminary studies of the effect of metallic ions on the observed
rate of mutarotation of glucose in agueous medium showed that there was
a marked increase in the pseudo first order rate constant. The observed
increase could not be attributed to either a primary or a secondary salt
effect since 0,2 was the maximum ionic strength used in these experiments,
and Brgnsted‘(B) showed that the reaction was independent of ionic
strength up to this value. 'It ﬁust also be concluded that the variation
in k is not due to complexing of glucoss by the metal ion for if a complex
were formed in appreciable concentration, a shift in the equilibrium
rotational readings would have been observed, The absence of such a
shift in any of the systems studied is shown in Table IT. Further verifi-
cation that a complex is not responsible for the effect was obtained in
the experiment where the metal ion concentration was held constant and
that of the glucose varied. These results are indicated in Table IIT,
From the fact that the observed k's remained constant, it is evident
that a stable complex either is not formed or, if it is formed, is present
in insufficient concentration to account for the observed phenomena.
Application of the method of continuous variation to the nickel glucose
system (see Table IV, Figure 2) did indicate the formatioﬁ.of a one to
one complex, however, the small change in the optical density substantiates
the previous conclusion that the concentration of complex is not large

enough to be responsible for the increase in k.
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TABLE IT

COMPARISON OF EQUILIBRIUM ROTATIONAL READINGS IN THE PRESENCE
AND ABSENCE OF METALLIC IONS (GLUCOSE = 0.5M)

Metal Ion Molarity Equilibrium Reading®
None . L.778
Lithium 0,050 L,768
Beryllium 0.050 L.771
Magnesium 0.050 ) L.762
Calcium 0.050 | L.778
Copper 0.050 L.781
Iron 0.0L67 L.765
Nickel 0.050 L.7h2

* These readings represent the average value of several
velocity determinations.
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TABLE III

EXPERIMENT TO DETERMINE THE EFFHCT OF VARYING THE GLUCOSE
CONCENTRATITON ON THE PSEUDO CONSTANT

Cation Molarity Ion Molarity Glucose k x 108 x sec™™
® Mgt 0.05 0.3 1.52

0.L 1.53

C.5 1.52
®outt 0.0k 0.3 1.92

0.5 1.9L

* Experiments were run in a 0.1M acetate and O.l
acetic acid, ( w =0.2, t = 18.90° C)

il Experiments were run in a water solution and the

(t = 18.00° C)
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TABLE IV

RESULTS OF CONTINUOUS VAXIATION STUDY ON THE NICKEL GLUCOSE COMPLEX

‘uoissiwed 1noyym payqiyosd uononpoidal Jaypung “1oumo yBLAd0D By} Jo uoIssILLIA Yym paonpoidey

Volume
Ni** Solution, Yave Length, mu
ml,
380 395 110 1420
Optical Differ- Optical Differ- Optical Differ- Optical Differ-
Density ence Density  ence Density.  ence Density - ence
Ni**L Mix- Ni“'y Miz~ Nit+ Miz- Nit+ Mix-
Soln® ture™™ Soln” ture™ Soln™ ture** - Soln® ture
1 079 .068 011 '.105 087 018 079 .065 .01 .0L9 .0l1 ,008
2 160 133,027 212 181 031 JA56 126,030 .103 .083 .020
3 250 .212 038 329 .28L ,0Ls 251,210 .oll 162 132 030
l 348 299 0h9 59 .39k 065  .3k9 291 058 .230 194 036
5 L29 367 .062 50 W72 078 3L 362,072 283 .236 .0L7
6 .88 439 .oL9 .68 585 063 Loh W37 057 318 .250 .038
7 .578 .5Lh5 .033 5L 706 048 575 534 .0L1 379 .35k 025
8 655,630 025 859 .829 .030 b0 633,027 A3k 8 016
9 b1, .8os  .009 1.00 .850 .,015 bB12 .797 015 _.5112 533 .009

* Indicated volume of 0.2 M nickel solution made up to final volume of 10 ml,
with water,

¥ Tndicated volume of 0.2 M nickel solution made up to final volume of 10 ml.
with 0,2 M glucose solution,

€T



1L

Figure 2; Results of Continuous Variation Study .on Nickel
Glucose Solutions. ‘

x =ml. of 0.,2M Ni** solution made up to 10 ml.

'Y = (Optical Density of unreacted Njickel)
' —(Optical Density of reacted Nickel)
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The effect of the metal ions on k, therefore, must be attributed
to a catalytic action, and it should be possible to evaluate catalytic
constants for the various cations., By maintaining the pH of the medium
between L and & the pseudo rate constant in water solutions may be
represented by the following expression:

k =k, + k {M*]
where 59 is the water catalyzed constant and EE is the catalytic con-
stant for the particular metal ion., In obtaining catalytic constants
for magnesium, caicium and cupric ions in the mutarotation of glucose
the reaction was carried out at various concentrations of the ions and
the pseudo constants determined, These resulis are given in Table V.
Plots of k versus concentration are shown in Figure 3.

Catalytic constants for lithium, beryllium and ferric ions were
evaluated from experiments in perchloric acid solution by application
of the expression

k =k,

+ kHéO [Ha0™] + Xy [M7]

in which k is again the observed pseudo constant. The catalytic con-
stant for hydronium ion was rechecked with perchloric acid sclutions
and found to be 2.L3 x 1072 at 18°C in close agreement with BrSnsted's
value of 2.1 x 1072 (3). (In plotting hydronium ion concentration
against pseudo constant (Figure L) stoichiometric concentrations of
perchloric acid were used for the concentrations of hydronium ion).
The results of the velocity determinations with these metal ions are

given in Table VI. Data for magnesium ion obtained in perchloric acid

are also includeG in this tabulation, and it will be noticed that the
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TABLE V

EFFECT OF CALCIUM MAGNESIUM AND CUPRIC IONS IN THE MUTAROTATION
OF GLUCOSE IN WATER SOLUTIONS
(pH between L and 6, t = 18.00°C, Glucose = 0,5M)

Metal Ion Concentration k x 104 %Catalytic
x 102 moles sec™% Constant x 10%
Mgt 2,00 .92 1.72
L .00 .9L5
5.00 .970
7 .00 1.00
ca’” 2.50 .950 L. Lo
5.00 1.12
cutt 2.00 .985 11.9
2.50 1.35
L, .00 1.95
5.00 2.25
None .88o

= Catal;tic constants calculated from the slopes in Figure 3.
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D = ca++
O = Cu++
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METAL ION MOLARITY

Figure 3. Relation of Pseudo Constant (k) to Metal Ion
Concentration,
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Sec™!
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-0l .02 03 ‘04  -05  -06
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Figure L. HRelation of Pseudo Constant (k) to Hydrogen Ion
Concentration.
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TABLE VI

EFFECT OF FERRIC , MAGNESIUM, CALCIUM, BEKYLLIUM AND LITHIUM IONS
IN PERCHLORIC ACID MEDIUM IN MUTAROTATION OF GLUCOSE
(t = 18.00°C, Glucose = 0.5M)

Cation Molarity Ion Molarity of [HY] k x 104 Catalytic
x sec”* Constant x 10%°

Li 0 .0500 0.0128 1.21 3.00
0.0500 0.022L 1.L) 3.30
- 0,100 0.0230 1.h7 3.00
Mg 0.0228 0.06L0 2.47 17.5
0.0250 0.0273 1.58 17.2
0.0500 0.0227 1.60 17.5
0.0500 0.0196 1.43 17.6
Bett 0.0250 0.0223 1.51 18.0
0.0500 0.0223 1.50 17.9
0 .0500 0.0223 1.46 17.8
R 0.0155 0.06L0 2.55 100
0.023L 0 .06L0 2.66
0.0L67 0.06L0 2.90

= Catalytic constants calculated from the following expression

kp = k(observed) - 8.80 x 107% - 2,43 x 1072 (HY)
(Metal)

o

- Catalytic constant calculated from the slope of the line in
Figure 5.
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acidity of the medium does not affect the magnitude of its catalytic
constant. Figure 5 shows a plot of ferric ion concentration against
pseudo constant at constant hydronium ion concentration (0.06LOM) for
which the slope of the line equals the catalytic constant for the former
species.

The catalytic constants for acetate ion and acetic acid were re-
checked before attempting to evaluate the effect of metal ions on the
reaction in an acetate buffer. Since mutarotation is independent of
hydfonium ion between pH L and pH 6 the constants may be determined by
varying one species and holding the other constant. The pseudo con-
stant is given by the following expression

k =k, + ko (AcOT) + Ky,  (HOAc)
These results are shown in Table VII and Figure 6. The values of
L .16 x 10°* for acetate ion and 1.20 x 10™° for acetic acid agree
closely with Br8nsted's values of L.45 x 107% and L.0 x 107° re-
spectively (3).

The effect of metallic ions on the observed rate of mutarotation
Vin an acetate buffer indicated an initizal decrease in the pseudo con-
stant with increasing metal ion concentration. There was a similar
effect with xylose, rhamnose and galactose, demonstrating that the
phenomena was not specific for the glucose molecule. The same rate
constant was observed for ~glucose as for the -isomer in the
presence of magnesium ion indicating a lack of preference of the cation
for one stereoisomer over the other, These results are tabulated in

Tables VIII, IX, X. The effect of lithium and magnesium ions is also
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Figﬁre 5. Relation of-Pseudo Constant (k) to Ferric Ion
Concentration. ‘
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TABLE VII

EXPERTMENTS TC DETERMINE THE CATALYTIC CONSTANTS OF ACETATE ION
AND ACETIC ACID ON THE MUTAROTATION OF GLUCOSE

(t = 18.00°C, = 0.2, Glucose = 0 ,5M)
® -
Molarity Molarity k x 10 x sec™™ k x 103 x sec” "
of Acetate of Acetic Acid Observed Calculated
0.100 0.100 1.38 1.37
0.150 0.100 1.61 1.59
0.200 0.100 - 1,81 1.80
0.100 0.100 1.38 1.37
0.100 0.150 1.39 1.39
¢ .100 0.200 1.h2 1.2

® This was calculated from the following expression:

k = 8.60 x 10™° + 1.20 x 10™° (8Ohc) + L.Lé6 x 10™% (AcO™)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

2-0

K X tof‘~
SEC”

-0

] | | |

sliPrer morLamity 2°

Figure 6. Relation of Pseudo Constant (x) to Acetate Ion
and Acetic Acid Concentration.
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TABLE VIIT

EXPERTMENTS TO DETERMINE THE EFFECT OF METALLIC IONS ON THE
MUTAROTATION OF GLUCOSE IN ACETATE BUFFER,
(t =18.90°, u = 0.2, HOA = 0,1M, AcO~ = 0,1M, Glucose = O,5M)

Experiment Metal Molarity x 102 k x 10% sec™™
Ton
5,9,13,20,22 None 1.52
*12 None 1.52
17 Mgtt 1.50 1.4L7
15 2.50 1.hh
16 . 3.50 1.4h2
7,8,10,23 5 .00 1.38
19,kL2 catt 5.00 1.l
€0 it 2.50 1.L0
10,55 5.00 1.3L
61 7 .50 1.37
41,58 10.0 1.h2
36 Bet? 2.50 1.39
35,37 5 .00 1.30
Nitt 2.50 1.h0
giigg 5 00 1.30
F3 . 1.86
? | N .

23’75 M§33 2 .50 1.79
8ly, 67 5.00 1.75
78 T 'SO 1 .80
63,71 10.0 1.87

* Reaction run in the absence of sodium perchlorate.

** Phe remainder of these experiments were run in O.2M
acetate and 0.2M acetic acid ( w = 0.L).
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TABLE X

EXPERIMENTS TO DETERMINE THE EFFECT OF LITHIUM AND MAGNESIUM IONS
ON THE MUTAROTATION OF GLUCOSE ACETATE BUFFER
(t =18.00°C, u = 0.2, HOAc = O,1M, AcO~ = 0,1M, Glucose = O.5M)

-1

Metal Ion Molarity x 10%R k x 10% sec
Li* 2.00 1.3kL
.00 1.31
5.00 1.30
6.00 1.31
8.00 1.33
10.00 1.37
Mgt 5.00 1.30
None 1.38
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shown in Figure 7. ﬁxoerlnent 12 (Table VIII) was run in the acetate
buffer minus the scdium perchlorzte and constitutes z verification of
Bronsted!s obssrvation of the ahsence of orimary and secord
The rzssults of the expsriments with acetate buffers indicate that
at the lower meital ion concentration a rsaction occurs which masks ths
effect of thes catalysis by the metal ion. A logical explanation of

such & phenomsnon is thai the concentration of one or more of the
catalytic spacies present is being effectively lowered., This conclusion

is in direct accord with R, P, Bellls work on th

(V)

incomplete dissccia-

I+

tion of szits (11 12,13). Bell pressnts datz for ihe decomposition of

de (13), = general bass catalyzed reaction, in the prasencs of
calcium and barium salis of carboxylic acids. The observed wvelocity
constanis were smallsr in soluticns of the salis of thess otivalent
cations than they wers in soluiions of ths corresponcing sodium salis,

In explaining these rasults it was assumed that the celcium and parium

censtants were calculated on this basis. In any reaction which is
subject to catalysis by ooth acids and basss thie problem of svaluating
such dissociation constants is more complex. The rate expression will

contain factors representing the reaction between the transition state

5

d the oppositely charged species present, and it becomes difficult to

istinguish obetween individual reactions. Thus Bell's work, while it

o

affords z reasonable explanation for the observed phenomena, 1t 4osSs not

provide a satisfactory method for computing the dissociation constants.
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The only case which lends itself to a reasonable mathematical
analysis is the lithium acetate system. The bi- and trivalent metallic
ion systems involve too many variables in the form of catalytic species
(such as [MeAcO]*) to be handled quantitatively.

In analyzing the lithium acetate system two methods, A and B, will
be discussed. The assumptions underlying method & are as follows:

1) Lithium acetate is incompletely dissociated.

2) The observed rate constant may be expressed as follous:

k =k, + ky (HOAc) + kp(hcO7) + ki (Lih)

The dissociation constant Kg for lithium acetate will be repre-

sented by the following equationsi

Lihe == Ii* + AcO~ (1
(Li‘*‘) (ACO-) - Kd (2)
(LiOAc)
Let x = the original lithium ion concentration

i

a the original acetate ion concentration

v = the amount of undissociated lithium acetate.

Therefore Kg =_Lx~y)(a-y)
Y

Solving this equation for y yields the followings:

vy =a+x+K; - [(a+x+Kg? - hax]*/® (3)
2

The observed velocity constant is given by the following:

kK =kg + ky (HOAc) + kp(a=y) + ka(x-y) (W
Substituting equation 3 into L yields:

k = ko + ko (HOAc) + 1/2x, {(a-x—Kd)+[(afx+Kd)2—hax)]1/§£ (5)

1/2k31x-a—Kd + [(a+x+Kg)?® - hax]l/z}
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This gives an expression in which the observed rate constant is a
function of the metal ion concentration., If this function is in accord
with the facts the first derivative should be zero and the second
derivative should be greater than zero if equation (5) possesses a
minimum point. Carrying out the reguired differentiation gives‘the

following equations:

& = -1/2k, + 1/2k; {(X‘a + Kg) ] +l/2k3+1/2k3[(x-a+Kd) \(6)
[ (a+X+Kd) B_L_Lax) 1/2 (a+X+Kd) 2"LL3X> 172]

2 -
A7k =k, [(a +x + Eg)® = bax)] - ka(x - a + Kd)B

dx=
2 [{a + x + KdYQ - Lax]a/=
. . (7
+ ka[(a + x + K4)® - Lax] - ka(x + Ky - a)

2 [(a + x + Kg)2 - Lax]s/=
In order that 42k ) o] the necessary and sufficient condition

dx=

is that:

(a+x+Kd)2-haX ) (x-a+Kd)2

On expanding this expression, it is seen that the left side is
greater than the right, and the left side of the ineguality sign will be
positive if a? + K;2 + x? + 2aKg + 2xK; ) 2ax. Substituting a =0.1
and x = 0.05 the values that these variables assume at the minimum point,
in the above expression yields; K2, + 0.3K4q + 0.0125 ) 0.01 which is
obviously true for any value of X4. Therefore, the function does have a
minimum point. To calculate Eg the first derivative in equation (6) is

set egual to zero, and the values of the variables at the minimum are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



substituted into the expression and Kd is then obtained by approximation,

Tnis gives a value of 1.l for the dissociation constant of lithium

m
(@]
(b
ct
f
ck
(14
5,1
}._J

ploying this value, and perferming the necessary calculations
the calculated rate constants listed in Teble XI are obtained.

In method B, the original assumption regarding the dissociation
constant for lithium acetate will be retained, iﬁ addition it will be
zssumed that the catalysis follows third order kinetics. With this new
assumption, k' may be expressed as follows:

k o=k + ky (EOic) + kp(4c07) + ka(Li*) + ke(Ti™)(4c07) ()

4

Combining k =~ k, - ky(HOAc) into one constant X and substituting the

various algsbraic expressicns for the lithium and acetate ions yields

K =21/2k, [a -x-Kg+[(a+Kg+x)2 - hex}>/2)
+2/2k, [x - a - Kg + [(a + Kg + %)? = Lax]*/?] (10)
+ k. Kg {Kd +a + X - [(a + Kd + x)? - hax]l/e]

witich on differentiation gives:

’ C -a+K
d¥ = _ - x-a+K5 ]+'1 X +1/2k [g a - oo )
d_x l/zkg + 3-/2k~ [T—__Qj_aaxd-l-x z - ).LaX) 1/2 /2 3 3 m%ﬂ LCLX] /

(11)
+ kg - kaXg 1 :Ec(; i ;dKQ_:_ X) 2 - haX]l/zl
at the minimum point dK =0 and
1/2k, - 1/2ks - X x -2 + Ky (1/2kz + 1/2ka)
ky = [(a + kg + x)¢ - Lax]%/? (12)

x - a + Kg ]
Kg V1 - T(g Ky + x)z - bhax]*/?
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TABLE XT

COMPARISON OF EXPERIMENTAL VALUES FOR k WITH THOSE DERIVED
BY METHODS A AND B

Calculated
Molarity of Experimental k x10%xsec™
Lithium Ion k x 1lO4xsec™* A B
"0.,0200 1.3, 1.37 1.36
0.0L00 1.32 1.36 1.35
0.0500 1.30 1.36 1.34L
0 .0600 1.32 1.36 1.345
0 .0800 1.33 1.37 1.35
0.100 1.37 1.37 1.37
*0 ,200 1.74 1.80 1.75

* Reaction mixture was 0.2M in Acetic Acid and 0.2M in Acetate
Ton ( u =0.2)
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Substituting this expression for k, into eqQuation (10), gives an
equation in Eé'which is capable of solution and yields, by approximation
0.55 as the dissociation constant. If this value along with the other
known variables are substituted into eguation (12) it gives 2.0 x 1074
as the third order catalytic constant. Pseudo constants calculated
from equation (9) at different lithium ion concentrations, using the
above values for Kq and k,, are shown in Table XI.

The results obtained by means of these two methods show that method
B, while it does not allow complete agreement with the observed effect,
is an improvement over method A where the third order term was neglected.

Application of Swain's analysis (5) to these results permits the
following calculation, As shown previously the pseudo constant k may
be expressed as follows:

ko= v/le] =k ( Z T [ND( Z rp (BD  (13)

Both ry and Ty will be set egual to 1.00 forAwater.
The experimental expression for the rate is:

k = 8.80 x 107® 4+ 1,16 x 10™% (£c0”) + L.2 x 107° (HOAc) + 3.0 xhlo"s(Li+)
(1L)

This expression contains second order terms, but no third order terms.
To calculate the magnitude of the third order terms, equation (13) is

applied to this experimental expression with the following results:

- . i .+
k = ko([Hz0] + ry o=[4cO PD([HEL] + rypp[HOAC] + rps+ [I1 1) (15)
This yields six cross combinations of nucleophilic and electrophilic

reagents which must be considered. These are shown in Table XIT.
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TABLE XTI

COMBINATIONS OF NUCLEOPHILIC AND ELECTROPHILIC REAGENTS
CONTRIBUTING TO BEACH KINETIC ORDER

KorylNlrglE] ' Expected Kinetic Order
1. k[H0]? K
2. kory.-[AcOT][HL0] Ko[AcO™]
3.k [Ha0lry, [HOAc] Kg[HOAC]
L. kory.o-[£c07 lrygptHOAC] K, [AcO™ }{HOAC]
- .+ . Tk
5. ko[th]rLi [Li™] _ Kg[Li ]-
6. korAcO"["\*co—]rLi+[Li+} Kg[Li*][£c0™]
‘.\
-
\
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The experimental coefficient for the uncatalysed term, 8.80 x 1078,
rust be set equal to'k;, the experimental coefficient for the acetate
term, L.L6 x 1074, must be set equal to kuj; ks eguals 4.20 x 107°%; and

kg eguals 3.00 x 107°, These eguations are capable of solution and give

the following expressions:

k

]

2.90x10"8([Hz0]+2.80x102[Ac0™]) ([H 0]+2.60x101 [HOAc ]+1 .88x101[Li™]
k

8.75x10—5+h.h6x10*4[AcO'j+h.15xlO"S[HOAc_]+3,OOxlO's[Li+]
+2.10x10”*[Ac~][HOAc ]+1 .53x10™4[Li*][HOAc ]

The.second of these calculated expressions agrees exactly with the
original experimental expression, except for the presence of the final
third order terms. The third order constant for the lithium ion - acetic
acid term agrees fairly well with the one derived previously.

In recapitulation it should be stated that this is the.first time
that metallic ions have been shown to act as electrophilic reagents in
‘the catalysis of mutarotation. Moreuver, in vicw of the above analysis
of the lithium acetate data, it appears probable that this catalysis
proceeds by way of a concerted mechanism. This mechanism, in which a
simultaneous attack by the metal ion and the nucleophilic reagent occurs

in the rate determining step, is shown below,

q Slow H _
C—~—— 0 = = 3 Me ——— C O
0O O
M

o=
W

OH

cC— 0

H
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SUMMARY

1. It was observed that metallic ions catalyze the mutarotation of
glucose. This is the first time that metal ions have been known

to act as electrophilic reagents in the catalysis of this particular

reaction.

2. Catalytic constants for lithium, beryllium, magnesium, calcium,

cupric and ferric ion were evaluated at 18.00° ¢

3. A diminution im the pseudo first order constant was observed for

the mutarotation of glucose, galactose, rhamnose, and xylose in
acetate buffer and in the presence of metal ions. This effect was

attributed to the incomplete dissociation of the acetate salts.

li. Aissuming incomplete dissociation of the acetate salts, it was
possible to analyse the lithium acetate system by two distinct
ﬁethods:

A, Assumes that the reaction follows second order kinetics.

B. Assumes that third order kinetics apply to the metal ion
catalysis of mutarotation, "Whilé the calculated values for
the pseudo constant by method B do not agree completely-wiih
the experimental values, they do show a marked improvement

over method 4,

5. Since third order kinetics may be applied to this reaction a mechanism
is postulated in which the metal ion and nucleophilic reagent attack

the aldose simultaneously in the rate determining step.
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