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did not follow the Langmuir equation at con-
centrations greater than 1:1,000. The adsorp-
tion of neither compound conformed to the
Freundlich adsorption isotherm at high concen-
trations.

6. Benzalkonium chloride solutions showed
an anomaly with respect to surface tension.
This anomaly seemed to be related to the failure
of the application of the Langmuir equation to the
adsorption determinations of benzalkonium chlo-
ride.

7. Chemical and bacteriological tests indi-
cated that 1 Gm. of tale inactivated approxi-
mately 5 mg. of cetylpyridinium chloride by
irreversible adsorption.
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Stability of Atropine in Aqueous Solution®

By ALBERT A. KONDRITZER and PETER ZVIRBLIS

A kinetic study of the proton catalyzed hydrolysis of atropine has been carried out
and the temperature dependency of this reaction established. The constants ob-
tained for this reaction have been combined with those previously regorted for the

hydroxyl catalyzed reactions and an equation pro éaosed to predict t
atropine undergoing hydrolysis at constant pH an

e half life of

temperature. The pH of mini-

mum hydrolysis has been calculated and found to vary with temperature from pH

4.11 at 0° to pH 3.24 at 100°,

Calculated half lives of atropine in solution over the

region of pH 2 to 7 at temperatures from 20° to 100° are given.

WE ARE engaged in a program to identify
and evaluate the factors involved in the
deterioration of aqueous solutions of atropine and
its salts. A previous study (1) of the chemical
kinetics of the alkaline hydrolysis of atropine in
aqueous solution has shown that the mechanism
of this hydrolysis consists of two reactions: one
involving the unprotonated (base) form, and the
other the protonated (ionic) form of the alkaloid,

* Received February 25, 1957, from the Physiology Divi-
sion, Directorate of Medical Research, my Chemical
Center, Md.

Presented to the Scientific Section, A. Pa. A, New York
meeting, April-May, 1957.

The effect of each reaction is governed by the
hydroxyl-ion concentration and the temperature,

We have now studied the kinetics of the hy-
drolytic reaction catalyzed by hydrogen ions and
correlated the resultant data with that obtained
from the hydroxyl-ion catalysis. The pH for
maximum stability to hydrolysis of sterile aque-
ous solutions of atropine and its salts has been.
calculated, as well as the influence of temperature.

HISTORICAL

The hydrolysis of atropine on heating either with
HCl or Ba(OH); solution was demonstrated by
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Kraut in 1864 (2) and others (3). Since then the
deterioration of atropine in aqueous solution and
the greater influence of alkalinity compared to acid-
ity on this process seem to be generally recognized,
although until recently (1) quantitative data have
been lacking and there has been no agreement con-
cerning the precise range of pH favorable to maxi-
mum stability, Stability and resistance to acid and
alkali, up to pH 9.2, has been claimed for solutions
of atropine salts as well as to heating at 100° for
thirty minutes (4). Atropine nitrate and phosphate
were found to be more stable in aqueous solutions
than atropine sulfate (5). A 209, hydrolysis of
atropine at pH 5 at 80° in five hours has been re-
ported (6); on the other hand no appreciable de-
composition was found on sterilization for twenty
minutes at 120° until pH 6, or over, was reached,
when hydrolysis became very rapid (7). The
preservation of aqueous atropine solutions by buffer-
ing at pH 4-5 has been recommended (8). Stability
is claimed for 0.19, sterilized atropine sulfate solu-
tion in storage if the pH is kept in the range 2.8—
6.0 (9), distinct deterioration on storage occurring
if the pH is kept at 7 or higher, An isotonic atro-
pine-borax-boric acid solution deteriorated 449, in
one month (10). A 0.19 solution of atropine sul-
fate in water was found to be stable for at least four
months when stored in resistance glass, whereas in
lime glass 909, deterioration occurred in three weeks
(11). In addition to deterioration caused by chemi-
cal and physical factors instability of atropine in
solution has been attributed to the presence of fungus
contamination as the result of the complete loss of
pharmacological activity in a three-day old atropine
solution (12).

THEORETICAL

If (AtH*) represents the concentration of the pro-
tonated form of atropine and kg+ the catalytic con-
stant of the hydrogen ion catalysis (13), then

~ L) (A (Bq. 1)
or,
_ @1"_(1;:_5'1) = ky+ (H*)  (Eq.2)

Since the right side of Eq. 2 is a constant at constant
pH, the rate of hydrolysis will be kinetically of the
first order with respect to drug concentration, with a
velocity constant

k = kﬂ+ (H+) (Eq. 3)

The most general expression for the observed
velocity constant of reactions catalyzed by both hy-
drogen and hydroxyl ions (13) is

k= kg + ka+ (H*) + kou(OH-) (Eq. 4)

where ko represents the velocity constant of the
“spontaneous’ reaction, i. e., catalysis by the solvent
molecules, and for water solutions equals 2g,0(Hz0).
Hydrolytic reactions catalyzed by both hydrogen
and hydroxyl ions, with no detectable water reaction,
include hydrolysis of carboxylic esters (13-15).
The results reported by Bullock and Cannell (16) in-
dicate this to be true for the hydrolysis of procaine.
Assuming that the hydrolytic reactions of atropine
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are included in this category and introducing the
ionic product of water, by = (OH-YH*), Eq. 4,
can be written

b+ kgt(H*) + kon- (g—i’) (Eq. 5)

Between the regions of high and low pH the veloc-
ity will pass through a minimum at a hydrogen ion
concentration which is found by differentiating &
with respect to (H?*) in Eq. 5 and equating to zero
(17), thus

kH+ —_ Kw(—lj%;? = 0, or (H+)2M = Kw:(:l—]i—-
(Eq. 6)

where (H*))r is the hydrogen ion concentration at
minimum velocity.

The value of ka, the velocity constant at (H*)y,
is obtained by substituting in Eq. 5 the value of
korn~Kw from Eq. 6.

by = 2 ky+(HY)y (Eq. 7)

EXPERIMENTAL

Scope of the Studies.—The hydrolysis of atropine
in perchloric acid solutions varying from 0.1 N to
0.4 N and at temperatures ranging from 70° to 90°
was studied. The catalytic constant for the hydro-
gen ion catalyzed reaction was determined at the
various temperatures and used to calculate the acti-
vation energy. With these values an equation was
derived for predicting the rate of proton hydrolysis
at any particular temperature and hydrogen ion
concentration. By taking into account the effect
of both hydroxyl and hydrogen ions the pH of mini-
mum hydrolysis at various temperatures and the
hydrolytic rates at these minimum pH values have
been calculated. Also, the half lives of atropine
solutions have been calculated for various pH values
and temperatures.

Procedure.—A standardized solution of per-
chloric acid of the desired normality and containing
1 mg./ml. of atropine sulfate (U. S. P., twice re-
crystallized from ethanol; m. p. 189°-190° uncorr.)
was kept at constant temperature in a thermostati-
cally controlled bath. The hydrolytic reaction
was followed by periodically removing 10-ml.
samples for residual ester determination. The
sample was made alkaline with ammonium hydrox-
ide and the atropine base extracted with two 10-ml.
portions of chloroform. The chloroform extracts
were combined and extracted with exactly 10 ml.
of 0.1 N HCl. The concentration of atropine in the
acid solution was determined by ultraviolet absorp-
tion measurements at wavelengths 256.5 and 262 myu
using a Beckman model DU quartz spectrophotom-
eter as previously described (1).

RESULTS

Influence of Ester Concentrations.—Velocity
constants for atropine hydrolysis were determined
in 0.099 N, 0.199 N, 0.301 N, and 0.401 N HCIO,
at 70.0°, 80.0° and 90.3°. Figures 1, 2, and 3 show
that at constant temperature and hydrogen ion con-
centration the observed rate of hydrolysis of atropine
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Fig. 1.—Hydrolysis of atropine in dilute perchloric
acid solutions at 70°.
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Fig. 2.—Hydrolysis of atropine in dilute perchloric
acid solutions at 80°.

is first order with respect to ester concentration.
These results are in accord with Eq. 3.

Influence of Hydrogen Ion Concentration and
Temperature Dependency.—The regression line
for the velocity constants obtained at the various
normalities was calculated for each temperature
(18). A straight line relationship was obtained,
showing the dependency of the rate of hydrolysis
on the hydrogen ion concentration. The slope of
the line for each temperature is equal to the re-
spective catalytic constant. The values obtained
for this constant are: km+ @ 70° = 1.754 X 10~*
min. ", kg+ @ so° = 3.668 X 1074 min.~, and
ka+ @ 90.3° = 7.350 X 10~*min. !

In Fig. 4 the velocity constants are plotted against
the reciprocal of the respective absolute tempera-
tures. The straight line relationships indicate that

ScIENTIFIC EDITION
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Fig. 3.—Hydrolysis of atropine in dilute per-
chloric acid solutions at 90.3°.
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Fig, 4—Temperature dependency of the hydro-
lytic reaction of atropine catalyzed by hydrogen
ions. Log K min.! ys, reciprocal of the absolute
temperature.

the mechanism responsible for the ester hydrolysis in
acid solution is not altered with change in tempera-
ture. By subjecting the velocity constants to an
analysis of covariance (18) the slope of the lines
was found. The slope was set equal to —Ee/2.303R
and the energy of activation, Ee¢, was calculated to
be 17,200 == 500 calories per mole. By substituting
both this value and the kx+ at 70° in the Arrhenius
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equation, b = Ze—Ee¢/RT; or log k = log Z —
(Ea/2.303 RT), Z, the Arrhenius frequency factor,
is found to be 1.54 X 107 min. %, and

k11+ =

1.54 X 107 ¢—17,200/RT spip. -1

(Eq. 8)

By substituting this value for kg+ into Eq. 3,
the rate of hydrolysis of atropine due to proton catal-
ysis can be calculated for any hydrogen ion con-

centration and temperature.

The half lives of atro-

pine determined experimentally are compared in

Table I with values calculated from Eq. 3.

pH of Minimum Hydrolysis.—Equation 6 for the

TanLeE I.—EXPERIMENTAL HALF LIVES OF ATRO-
PINE COMPARED 10 CALCULATED VALUES

Temp., °C.
70.0

80.0

90.3

N HCI04

0.099
0.199
0.301
0.401
0.099
0.199
0.301
0.401
0.099
0.199
0.301
0.401

—Half Life, Hr.—
Calced.

Exptl.
676
352
220
161
329
170
107

76
180
80
56
37

670
333
220
166
328
163
108
81
164
81
54
40

TABLE J1.—STABILITY OF ATROPINE AT PH OF
MiNniMUM HYDROLYSIS

[ RVERVVEVLRVLEVL RV R VLR VLR OO TN
O
S

hre* Yr.
3.17 X 104
7.50 X 103
1.96 X 102
5.87 X 10
1.88 X 102
6.34 X 10!
2.36 X 10!
9.42 X 10°
3.93 X 10°
1.82 X 10°
88 X 10

e 4172 at the pH of minimum hydrolysis was calculated by

means of the foliowing equations:

1 2kw+(Hhy

Vol. XLVI, No. 9

(H*) of minimum hydrolysis of atropine may be
written in log form, thus

2log(H*)y =logkon— — logku+ +log K., (Eq.9)

On substituting into Eq. 9 the log of the value of
ky+, given in Eq. 8, and for log kox- the log of the
the constant reported previously (1) for the
singly charged (protonated) form, i. e, 2.10 X
109 —12,700/RT  the equation may then be expressed
as

983

pHy = 1Y, (pKw - 313 — 7) (Eq. 10)

The pH of minimum hydrolysis, Table II, changes
inversely with increase in temperature, the values
decreasing from 4.11 at 0° to 3.24 at 100°.

The half lives of solutions of atropine at various
pH values and temperatures can be calculated for
both hydroxyl-ion and hydrogen-ion catalysis.
The former accounts for the instability above ap-
proximately pH 5 and the latter for instability be-
low approximately pH 3. The half life at any
hydrogen ion concentration between pH 3 and 5
is so great that its experimental determination is not
practical. On the assumption that over this range
of acidity instability of atropine is due to both
hydroxyl ion and hydrogen ion catalyzed hydrolysis,
and that the water reaction is minor, the half life
at any pH value between these two regions and for
any temperature can be calculated by means of the
equation: f1/, = 0.693/(kg+ + konx~). Thelogarith-
mic form of this equation, after setting kz+ equal
to 0.693/t1/,5+ and kon- equal to 0.693/f1/,05- and
simplifying, is log ti/, = log b+ + log bfwon-
— log (1/,54+ + byon—). Calculated half lives of
solutions of atropine over the region of pH 2 to 7 at
temperatures from 20 to 100° are given in Table I11.

SUMMARY

The rate of acid hydrolysis of atropine has been
measured in aqueous solution, and the activation
energy and frequency factor calculated from Ar-
rhenius plots. As expected, the hydrogen ion cata-
lyzed hydrolysis of atropine is slow, the catalytic
constant for the reaction at 40° having a value of
1.6 X 10~ min. ! compared to that for the hydroxyl
ion catalysis of the protonated species of atropine of

A 33.6 min. !
5 — in.— + N T
2.886 (1.5¢ X 107 ¢~ 17.200/RTmin. ) (# "ar Above pH 4.5, the predominant catalytic reaction
_ 3758.74 4 involves hydroxyl ion; below pH 3, the predominant
= log#1/s = 7.6478 — === + log (HD)u catalytic reaction involves hydrogen ion; while
TABLE I1].—PREDICTED STABILITY OF ATROPINE IN AQUEOUS SOLUTIONS f1/; IN YEARS
pH
Temp., °C. 7.0 6.0 5.0 4.5 4.0 3.0 2.0
20 2.7 27 266 811 1800 548 56
30 0.61 6.1 61 194 473 203 21
40 0.16 1.6 16 49 135 80.7 8.5
50 .. 0.44 4.4 13.8 39.2 33.3 3.6
60 0.14 1.4 4.3 12.9 14.4 1.6
70 .. 0.46 1.39 4.34 6.52 0.76
80 0.17 0.5 1.63 3.04 0.37
90 .. 0.21 0.65 1.48 0.19
100 0.1 0.31 0.76 0.10
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between these two regions, both ions contribute to
the hydrolysis.

The pH for maximum stability of atropine in
sterile agueous solution varies between 4.11 at 0°
and 3.24 at 100°,
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Enzymatic Decomposition of Digitalis Glycosides®

By OLE GISVOLDf and S. E. WRIGHT]

Using paper chromatographic methods the glycosidic constituents of freshly
gathered leaves of ngttalzs? nata have been examined before and after exposure to
a limited period of enzymatic action. It appears that the original plant does not
contain desglucoglycosides in quantities detectable by very sensitive methods, but
that after exposure to enzyme v;‘i] gradation under defined conditions, glucose only
is removed from the lanatosides to give acetyl digoxin, acetyl digitoxin, and prob-
ably acetyl gitoxin. The separation and identification of the less water soluble
digitalis glycosides, some of their acetyl derivatives, and their genins, has been
helped by the use of a new temperaturei:nsensmve method of paper chromatog-
raphy.

HE NUMBER of cardiac glycosides isolated
from or detected in species of Digitalis con-

tinues to increase. Using paper chromatographic
methods, several workers have detected appar-
ently new glycosides in extracts of the leaves of
D. lanata and D. purpurea. Jensen (1) detected
nine unknown substances in an aqueous extract of
D. purpurea. Sasakawa (2) revealed six sub-
stances which fluoresced similarly to the B series
of digitalis glycosides, but the method used for
extraction was not described. Aldrich, Frith,
and Wright (3) used an enzyme-inhibiting,
extraction process based on that used by Stoll
and Kreis (4) in the isolation of the ‘‘genuine’’
glycosides lanatosides A, B, and C, and showed
the presence of six substances, some of which
were apparently cardioactive, in very young
and mature plants of D. lanata.
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Several new glycosides isolated from D. lanata
and D. purpurea have been described in recent
vears, and the literature has been reviewed by
Jensen (1) and by Tamm (5). In addition, we
could mention gitaloxin (16 formyl gitoxin),
verodoxin (16 formyl strospeside), and odoroside
H (desgluco digitalinum verum), which have
been reported by Haack, Kaiser, Gube, and
Spingler (6) to be constituents of the “gitalin®’
fraction obtained from D. purpurea. Odoroside
A also was detected in small quantities in D.
lanata (7). Tschesche and co-workers (8) have
isolated cardio-inactive compounds, resembling
the digitalis glycosides in some of their chemical
properties, from D. lanata and D. purpurea (digi-
folein) and from D. purpurea (digipurpurin).
Murphy (9) found diginatin, the tentative struc-
ture of which is 16-hydroxy digoxin, occurring in
small quantities with digoxin obtained from D.
lanata. The same author (10) has also described
another glycoside from D. lanata, gitoside, as the
monodigitoxoside of gitoxigenin.

Since the work of Stoll and Kreis (4), it has
been realized that many of the glycosides isolated
from digitalis are artifacts produced during the
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