5302

ionic strength is brought to 0.2 N with tetra-
ethylammonium (TEAY) bromide, the binding
of Nat is about twice as large as it is with TMABr
at the same ijonic strength.!®* Because of their
larger size the TEA* ions cannot shield the PO;—-
groups as eflectively from each other as can the
TMA * ions.

Effect of Temperature.—If the data obtained at
5 and 23° in Table I are compared, one finds that

(13) P. D. Ross and U. P. Strauss, unpublished results.
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the values of Bm are somewhat larger at 25 than
at 5° at the few lowest concentrations of both
Lit and Na*. The effect seems to disappear at
higher (M), and also is not observable with K+
and Cs*. The results suggest that the change of
enthalpy on binding is slightly positive at low
(Li*) and (Na¥) and very close to zero in the
other cases. Since values of equilibrium constants
were not obtained at 25°, no quantitative calcula-
tion of AH and AS can be made.

NEw BRUNSWICK, NEw JERSEY

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY oF CALIFORNIA, RIVERSIDE]

The Lactone—Acid—Salt Equilibria for D-Glucono-é-lactone and the Hydrolysis Kinetics
for this Lactone

By Donawp T. SAWYER AND JOHN B. BAGGER
RecEIVED APRIL 20, 1959

Polarimetric and coulometric methods have been used for the study of the hydrolysis rate for p-glucono-s-lactone at
various solution conditions. The hydrolysis reaction is first order in lactone concentration and independent of pH from
pH 3 to pH 5. The rate constant k at 25° is: by optical rotation, 2.26 X 10~*sec.”}; by coulometry, 1.31 X 10~* sec.”!,
The activation energy for the lactone hydrolysis reaction is 15 kcal. per mole for the temperature range from 20 to 25°. To
carry out the polarimetric studies it was necessary to redetermine the specific optical rotations for p-glucono-é-lactone, glu-
conic acid and sodium gluconate; the values of [«])%D for the three species are, respectively +66.0, +5.40 and +12.0°.
The constants for several of the lactone—acid—salt equilibria have been determined at 25° by pH and optical rotation measure-
ments (L, HGH, and GHs~ represent p-glucono-é-lactone, gluconic acid and gluconate ion, respectively): X = (H™*)-
((8)1{4~)7/[7(HGH4) + (L)) = 176 = 0.05 X 10~%; K, = (H*)(GH,™)/(HGH,) = 1.99 = 0.07 X 10~ and K1 = (HGH,)/

The existence of strong metal-gluconate com-
plexes, which are formed by the salts of p-glucono-
0-lactone, has brought about renewed interest in
the aqueous solution chemistry of this lactone.!—3
Because the equilibrium constants for the lactone—
acid-salt equilibria are frequently necessary for the
calculation of the metal-gluconate stability con-
stants, accurate evaluation of the equilibrium
constants is desirable. Previous workers*—® have
reported various values for the dissociation con-
stant of gluconic acid, but they have not taken into
account the lactone-acid equilibria and, in some
cases, details of temperature and of the purity
or preparation of the acid were not reported.

Although empirical data have been reported for
the hydrolysis of p-glucono-é-lactone,” quantitative
relations were not developed and the effect of the
competing equilibria was neglected. Furthermore,
the specific rotations which were used for some of
the hydrolysis rates do not agree with our values
or those reported in the literatured and the rotation
due to sodium gluconate was not included in the
calculations of data reported. The salts of D-
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glucono-é-lactone are being used widely as chelat-
ing agents and a more fundamental understanding
of the hydrolysis kinetics for this lactone is of value.
Also, kinetic data may be helpful in establishing
the mechanism for chelation and in determining
the structure of various metal-gluconate chelates.

The results of a systematic study of the lactone—
acid-salt equilibria for D-glucono-s-lactone are
presented as well as a detailed study of the hydroly-
sis kinetics for the lactone by coulometric and
polarimetric techniques. The constants for the
equilibria have been evaluated by combining pH
measurements with optical rotation data. The
specific rotations for gluconic acid, sodium gluco-
nate and the §-lactone have been determined in
order to evaluate the equilibrium constants and the
rate constants.

Experimental

The coulometric generator and cell which were used for
the kinetic studies have been described previously.? The
generator provides a continuously variable constant current
for the range from 1 to 150 milliamperes which is regulated to
one-quarter of one per cent. Details for the cell system, the
electrolyte solution and the procedure for making a rate
constant determination are identical to those used in the
previous kinetic studies of water-soluble esters.® Approx:
imately 28 ml. of electrolyte solution (0.1 F X;S8O,and 0.03 F
KBr) is introduced into the cell (the cell solution is degassed
with purified nitrogen) and the pH is adjusted to the de-
sired value (pH 3.4 to pH 4.6) coulometrically. The weighed
sample is introduced as pure solid p-glucono-é-lactone. The
generation of hydroxide is started immediately and the cur-
rent is adjusted until the desired pH is obtained.

All pH measurements were made with a Beckman Model
GS pH meter, which was standardized with N.B.S. buffers.
Unlessootherwise noted all measurements were made at 25.0
=+ 0.1°.

(9) P. 8. Farrington and D. T. Sawyer, t9id., 78, 5536 (1956).
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Optical rotations were measured with a Rudolph Precision
Polarimeter, No. 70, to a precision of = 0.01° of arc. A
200 mm. thermostated polarimeter tube was used for all
measurements,

The specific rotation for the s-lactone was evaluated by
adding pure lactone to make a 0.05 or 0.10 F solution in a
0.14 F formic acid and 0.30 F sodium formate buffer. A
stopwatch was started and the solution was immediately
placed in a thermostated polarimeter tube. Polarimeter
readings were taken once a minute, plotted vs. time and ex-
trapolated to zero time to obtain the specific rotation for the
pure 8-lactone. For gluconic acid, a solution of the &-lac-
tone was made basic (pH 9) and allowed to equilibrate for
two days. The gluconate solution then was added quickly
to a sulfuric acid solution to give a final gluconic acid con-
centration of 0.05 to 0.1 Fwitha pH of 1. A stopwatch was
started simultaneously and polarimetric readings were
taken once a minute and treated in a similar manner to those
for the &-lactone with the extrapolated value at zero time
taken as the specific rotation for gluconic acid. The value
for sodium glyconate was obtained by making a 0.05 to 0.1
F solution of the $-lactone basic to pH 9 and allowing the
solution to equilibrate for two days before polarimeter read-
ings were taken.

The p-glucono-3-lactone (Matheson, Coleman and Bell)
was recrystallized twice from ethylene glycol monomethyl
ether and dried for 1 hr. at 110°. The recrystallized lac-
tone, which had a melting point of 152-153°, was analyzed
by adding excess standard sodium hydroxide and back
titrating with standard hydrochloric acid. The p-glucono-
§-lactone was found to be 99.69%, pure. All other materials
were reagent grade.

Results and Discussion

D-Glucono-3-lactone (hereafter the lactone is
represented by L, gluconic acid by HGH, and the
gluconate ion by GH,~) hydrolyzes in water to a
mixture of the §-lactone, the vy-lactone and gluconic
acid’

Ls é_._>_ L'y ( 1)

A4

HGH,

Because the reported values® for the specific ro-
tations of the §-lactone and +v-lactone are almost
identical (465.5° and +67.5°, respectively), it is
not possible to distinguish between the two lac-
tones in aqueous solution. Therefore the subse-
quent discussion will consider the two lactones as
being entirely in the form of the é-lactone. Glu-
conic acid dissociates to give a proton and the glu-
conate ion

HGH, —Z H* + GH,"~ (2)

The over-all equilibrium in solution can be repre-
sented by the constant
_ (H*)(GH)
K = meny + @ (3)

Although several values have been reported for
this constant,*—® they range from 1.38 X 10—*
to 2.78 X 10~* and the fact that these values
actually represent K is only implied. Also, the
reported experimental conditions were not specific
or complete.

The value for K has been determined in our labo-
ratory by pH measurements for the pure lactone over
the concentration range from 0.006 to 0.2 F.
The constant also has been evaluated at the half-
equivalence point over the same concentration
range. The solutions were prepared with carbon
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dioxide-free water and allowed to equilibrate for
72 hr. before the pH was determined. All solu-
tions were run in duplicate. The results of these
determinations are summarized in Table I; K =
1.76 £ 0.05 X 10~*is taken as the best value.

TABLE I
VALUES FOR LACTONE-ACID-SALT EQUILIBRIUM CONSTANT

Conen.,

moles/1, pH K

A. Pure lactone
0.200 2.22,2.22 1.88 X 10~
.100 2.39,2.38 1.77 X 104
.050 2.55,2.54 1.73 X 10—
.025 2.71,2.70 1.70 X 104
.0125 2.87,2.87 1.64 X 104
.00625 3.04,3.03 1.60 X 10~¢
B. Half-neutralized lactone

0.200 3.70,3.73 1.93 X 10~
.100 3.73,3.76 1.81 X 104
.050 3.75,3.78 1.74 X 10~
.025 3.78,3.82 1.63 X 10~
.0125 3.81,3.84 1.56 X 104
.00625 3.85,3.88 1.49 X 10~#

The dissociation constant for gluconic acid is
also of interest and has been evaluated by measuring

_ (H*)(GH,™)
Ka = T(HGH) (4)

the optical rotation of an equilibrium solution of the
lactone at various concentrations and in the pres-
ence of different buffers.

The specific rotation for the §-lactone has been
reported in the literature® but the value was re-
corded 5 minutes after solution of the lactone in a
system which rapidly hydrolyzes. In addition,
the work was done at 20°. Values for the specific
rotation of gluconic acid were also given, but were
evaluated 45 minutes after solution in a system
which was equilibrating rapidly, and again at 20°.
Subsequently, a value has been reported for sodium
gluconate at 20°.° Because of the somewhat
questionable accuracy of these literature values
and because they are at 20° rather than 25°, the
specific rotations for p-glucono-§-lactone, gluconic
acid and sodium gluconate have been redetermined

at the higher temperature and are summarized in
Table IT.

TaBLE IT

SPECIFIC AND MOLAR ROTATIONS
Molar rotation,

[e]2D 200 mm. tube
p-Glucono-é-lactone +66.0° +23.5°
Gluconic acid + 5.40° + 2.12°
Sodium gluconate +12.0° + 5.25°

The molar rotations for the three gluconate
molecules using a 200 mm. polarimeter tube at 25°
are also given in Table IT.

By assuming that the molar rotations are addi-
tive and by using the values given in Table II, the
rotation of a lactone-acid-salt solution can be

(10) P. A, Levene and G. M., Meyer, J. Biol. Chem., 26, 355 (1918).
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related to the concentration of the three gluconate
species

= 23.%1L) + 2.12(HGH,) + 5.25(GH.™) (&)

where R is the optical rotation for the solution in a
200 mm. polarimeter tube. The sum of the con-
centrations for the three gluconate species is equal
to the total concentration of lactone Cr originally
placed in the solution

= (L) 4+ (HGH,) + (GH,™) (6)

By combining equations 3, 5 and 6 the dissociation
constant for gluconic acid (K4 in equation 4) can
be evaluated. To do this, the pH and the optical
rotation of a gluconate solution must be measured,
and the amount of lactone originally placed in the
solution and K (equation 3 and Table I) must be
known. All solutions were allowed to equilibrate
for at least 72 hr. before readings were taken. The
values for K4 at various concentrations in different
buffer solutions which have been calculated by
this method are summarized in Table III; K, =
1.99 £ 0.07 X 10—*is taken as the best value.

TasLE III
VALUES FOR GLUCONIC AcIp DissoClaTioN CONSTANT
I.actone Optical
conen., rotation Ka
moles/l. Buffer system R pH X 104
0.100 0.05 F potassium acid

phthalate +0.360° 3.08 1.86
0.30F sodium formate,

(.14 F forinic acid +
.100 +
050 0.60 Fsodium formate,

0.29 F formic acid -+
0.42 F sodium formate,

0.47 F formic acid

.100
.504° 3.72 2.02
.468° 2.36 1.99

.240° 3.96 1.94

.050
+ .280° 3.64 2.14

By dividing equation 3 by equation 4 and re-
arranging terms an equilibrium expression is ob-
tained for the hydrolysis of the lactone

L + H,0 = HGH, (7
(HGHy) _ K _ __ .
KL (L K\ _ K = {.f (8

Equations 3, 5 and 6 also can be used to determine
the concentrations of lactone, gluconic acid and
gluconate ion at any instant for a hydrolyzing
lactone solution. This can be accomplished by
placing a known amount of lactone into a buffered
solution of known pH and measuring the optical
rotation of the solution in a thermostated tube.
Using a formate buffer of pH 4 and an initial lactone
concentration of 0.05 F, a plot of the logarithm of
the lactone concentration (corrected for the
equilibrium lactone concentration) ps. time gives
a linear curve, as shown in Fig. 1; several other
studies at different conditions also are shown in
Fig. 1. These data support the conclusion that the
hydrolysis is first order with respect to lactone
concentrations. Graphing the data in terms of
three-halves order and second-order kinetics gave
non-linear curves. Table IV summarizes the ki-
netic studies by the optical rotation method at 25°
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using various buffers and initial lactone concentra-
tions.

TasLe IV
RATE orF LAcToNE HvDRoLvsis BY OpTicAL RoTATION
METHOD
Initial
lactone
concn.,,
moles/1. Buffer system pH k, sec. ™}
0.05 0.60 Fsodium formate 3.98 2,98 X 10~
.29 Fformic acid
.05 .42 F sodium formate 3.67 3.06 X 10~¢
.47 Fformic acid
.10 .30 Fsodium formate 4.00—3.72 1. 86 X 104
.14 Fformic acid
.10 .05 Fpotassiumacid 4.01—3.08 1.16 X 10~¢

phthalate

For those systems where the pH has changed
during the course of the hydrolysis, corrections
based on the approximate pH at a given time have
been made in the calculations. From the data in
this table the hydrolysis appears to be independent
of pH in the region covered by the data.

Because the coulometric method has been shown
to be a convenient method for studying the ki-
netics of fast hydrolysis reactions,® the technique
has been applied to the hydrolysis of p-glucono-s-
lactone. The general equations and theory of the
coulometric method are the same as previously
described® but are summarized briefly here.
Equation 7 represents the hydrolysis reaction
for the lactone. At pH’s greater than 3 significant
portions of the gluconic acid react with base to
form the gluconate ion as shown by equation 4.
The rate of coulometric generation of hydroxide ion
to maintain a constant pH is exactly equal to the
rate of production of gluconate ion
d(GH,™) _ d(OH™) _ 4

a T T di T TF )

where

4 is the current in amperes
V is the volume in liters
F is the faraday

The rate of disappearance of lactone can be
related to the rate of production of gluconate ion
by using equation 4
—d(L)  d(HGH,)

T

d(GH4

[1+(H+) d(GH4 )
(10>

which, when combined with equation 10, gives

[ ]

The data in Table V summarize the results of a
series of coulometric studies at various lactone
concentrations and pH’s at 23, 22.5 and 20°.
At least three separate runs have been made for
each value in Table V. The lactone concentrations
have been corrected for depletion during the course
of the run (less than 500 sec.) and from these
corrected values the final equilibrium lactone con-

—d(L)
T, (11)
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Fig. 1.—Rate of hydrolysis of p-glucono-3-lactone at 25°
using various buffers and initial lactone concentrations:
(O) 0.05 F lactone, 0.60 F sodium formate-0.29 F formic
acid, pH 3.98; (@) 0.05 F lactone, 0.42 F sodium formate—
0.47 F formic acid, pH 3.67; (©) 0.10 F lactone, 0.30 F
sodium formate-0,14 F formic acid, pH 4.00—3.72; (@)
0.10 F lactone, 0.05 F potassium acid phthalate, pH 4.01 —
3.08.

centrations as determined by equations 3 and 4
have been subtracted (the constants have been
assumed to hold for the 20 and 22.5° runs). The
data in Table V support the conclusion that the
rate of hydrolysis for the lactone is independent of
pH from pH 3 to pH 5.

TABLE V
RATE oF LacToNE HyDrRoOLYSIS BY COULOMETRIC METHOD

Effective ksgi_l—(xﬂ'
Initial lactone d(L)
conen. %108 _dwy T~ Tar
X 102 (L)cor, — d: [(L)oor — T,
moles/1. (Lyequil. pH X 108 (L) equill °C.
10.00 9.05 4.00 14.09 1.56 24,93
7.50 7.08 4.00 8.95 1.26 24 .93
5.00 4.73 4.00 4.76 1.01 24.93
2.50 2.29 4.00 1.97 0.86 24.93
10.00 9.46 4.60 15.87 1.68 24.93
10.00 9.48 4.48 15.78 1.66 24.93
10.00 9.42 4.30 15.25 1.62 24 .93
10.00 9.39 4.18 14.80 1.58 24.93
10.00 8.88 3.70 9.24 1.04 24,93
10.00 8.24 3.40 6.87 0.84 24.93
10.00 9.40 4.00 11.03 1.17 22.44
10.00 9.37 4.00 8.75 0.93 19.95
7.50 7.05 4.00 5.60 .79 19.95
5.00 4.70 4.00 3.04 .65 19.95
2.50 2.26 4.00 1.23 .55 19.95
10.00 9.68 4.60 14.47 1.50 19.95
10.00 9.55 4.48 11.55 1.21 19.95
10.00 9.42 4.30 9.66 1.03 19.95
10.00 9.11 3.70 5.84 0.64 19.95
10.00 8.63 3.40 4.37 0.51 19.95

Although the rate constant & has been calculated
in Table V on the basis that the kinetics are first
order with respect to lactone concentration, the
order of the reaction can be confirmed by a logarith-
mic plot of the rate of disappearance for the lactone
vs. the adjusted concentration. The slope of the

—d(L)

d&t =k [(L)cor h (L)aquillz (12)
tog (~ L)) = t0g £ + # log [(Lhew — (Luaus) (1
curve equals the order of the reaction, x. The
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Fig. 2.—Effect of lactone concentration on the reaction

rate for the hydrolysis of D-glucono-s-lactone at pH 4.00.

The slope of the curve represents the order of the reaction:
(0) 24,93°; slope, 1.2 to 2.0; (O) 19.95°; slope, 1.2 to 1.6.

results of such a plot for the data in Table V at
pH 4.0 are shown in Fig. 2 and indicate that
the order of the reaction apparently is changing
with lactone concentration. An alternative and
more probable conclusion is that the activity co-
efficients for the reacting species change signifi-
cantly with concentration and that the reaction
is first order. The latter conclusion is supported
by the data for the hydrolysis of y-butyrolactone
in various salt solutions.!! The coulometric
method is particularly attractive for studying
reaction kinetics at constant concentrations of
reactants. By this technique changes in the rate
constant at different concentrations of reactants
can be detected while classical methods can only
give the over-all rate constant, e.g., the optical
rotation method discussed earlier in the paper.

The close comparison for the values of the rate
constants determined by the optical rotation and
coulometric methods strongly supports the con-
clusion that the reaction is first order with respect
to lactone concentration. The linearity of the
curves in Fig. 1 also strongly supports this conclu-
sion.

The activation energy for the hydrolysis reaction
can be determined on the basis of the data shown
in Fig. 3, which is a plot of the logarithm of the
rate constant vs. the reciprocal of the absolute
temperature over the temperature range from 20 to
25°. From this plot, the activation energy for 0.1

Ink = —E,/RT + constant (14)

(11) A. A. Frost and R. G. Pearson, "“Kinetics and Mechanism,”
John Wiley and Sons, Inc., New York, N. Y., 1953, p. 140.
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Fig. 3.—Effect of temperature on the rate constant for
the hydrolysis of D-glucono-s-lactone: E./R = —2303 X
slope; slope = —3.34 X 103

F lactone at pH 4.0 is calculated to be 15 kcal.
per mole.

On the basis of the observed kinetics, the rate-
determining step is postulated to be

L + H,0 = HGH, slow (15)

followed by a fast, pH dependent dissociation
reaction

HGH4 + Hzo - H30+ + GH.;— fast

3.42

(16)
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The rate equation for the hydrolysis reaction is

— ML)~ p1) — m(EGH) 1
where k, is the rate constant for the lactonization
reaction. Because the hydrolysis reaction does
not go to completion but comes to equilibrium
(equation 8), the reverse reaction takes place.
At equilibrium

k(L)equil = kl(HGHd)cquil (18)
and the rate equation reduces to
ZUE) - B ~ (Lt (19)

which represents the expression used in the kinetic
studies. Combination of equation 18 with equa-
tion 8 gives

k 1.78 X 104

kl=E= -

= 23 X 1078 sec.”! (20)
by using the average of the rotational and coulo-
metric values for &, 2.26 X 107* sec.”™! and 1.31
X 10—*sec.™?, respectively.

The independence of the rate of hydrolysis from
hydrogen ion or hydroxide ion concentration is
surprising. This is particularly true in view of the
mechanisms for ester hydrolysis listed by Frost
and Pearson!? and the implication that lactones
with unstrained rings tend to have reaction mech-
anisms similar to those of simple esters. The
polyhydroxy character of glucono-lactone un-
doubtedly complicates the mechanism interpre-
tations, but the data clearly indicate that the re-
action rate is pH independent from pH 3 to pH .
Apparently the reaction with water is more im-
portant in this pH range.
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