Catalytic Effect of Buffers on Degradation of
Penicillin G in Aqueous Solution

By PER FINHOLT, GRETHE JI"JRGENSEN, and HARALD KRISTIANSEN

The catalytic effect of general acids and bases on the degradation of penicillin G
in aqueous solution at 60° has been studied. Dihydrogen citrate ion, monohydro-
gen phosphate ion, and borate ion are catalytic with respect to benzyl penicillinate

ion, while acetic acid catalyzes the degradation of benzyl

enicillinic acid. There

is a positive primary salt effect in weakly alkaline solution but no primary salt effect
in weakly acid solution.

THE DEGRADATION of penicillin G in aqueous

solution has been studied extensively. The
reaction has been found to be first order with
respect to penicillin! in acid, neutral, and alkaline
medium (1, 2). The rate depends on hydrogen-
ion concentration. In alkaline medium, the
rate is inversely proportional to the hydrogen-ion
concentration at constant salt concentration and
temperature (2). In acid solution, the rate
increases with increasing hydrogen-ion concen-
tration, but there is no strictly linear relation
between rate and hydrogen-ion concentration.
The reason for this is that benzyl penicillin,
which has a pKa of about 2.8, exists as a mixture
of free acid and ion in the pH range from about
1.5 to 4.5, and each of these species is inactivated
at a different rate. This produces a curvature in
the pH-rate profile around pH 2.8 (2).

The pH-rate profile of the hydrolysis of benzyl
penicillin has a minimum at a pH of about 6.5.
To obtain optimum stability of penicillin solu-
tions, it is necessary to buffer at a pH of about
6.5. Phosphate and citrate have been used for
this purpose.

Pratt (3) found phosphate buffers of low con-
centrations to exert a stabilizing action on solu-
tions of penicillin. There was an increase in the
stabilizing effect by increasing the phosphate
concentration from 1 mmole per liter up to 5
mmoles per liter. This result indicates that the
buffer solutions of the lower concentrations had
too low a buffer capacity for the concentration
of penicillin used. In other experiments, where
both the phosphate and the penicillin concentra-
tion were varied, it was shown that maximum
protection occurred when the ratio between the
molar concentration of penicillin and of phos-
phate was approximately 1 to 1.

Clapham (4) used sodium citrate for stabilizing
penicillin solutions and found that the optimum
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t'When the word ‘‘penicillin” is used in this paper, it
means benzyl penicillin.

concentration of the anhydrous salt was 4.5%,
w/w for penicillin concentrations from 50,000
to 500,000 units/ml. For some samples of
sodium penicillin, an increase in buffer concentra-
tion within certain limits was an advantage in
the case of the more concentrated penicillin
solutions. According to Macek et al. (5), the
stabilizing effect of citrate and phosphate de-
pends on their buffer action and not on a specific
ion effect.

Some authors have compared stability of peni-
cillin in citrate and phosphate buffers of the
same pH. Hahn (6) found better stability in
0.0025 M citrate solution, pH 6.4 to 6.8, than in
distilled water adjusted with phosphate buffer to
pH 6.6. (The phosphate concentration is not
given.) Hahn suggests that sodium citrate may
have an inhibitory effect on the hydrolytic
destruction of penicillin. He apparently does not
realize that the reason for the difference in stabil-
ity of penicillin in the two buffer solutions may
be that phosphate catalyzes the decomposition
of the drug, while citrate does not.

Kaern (7) showed that penicillin was more
stable in 0.2 M citrate buffer than in 0.2 M
phosphate buffer. The pH of both buffer solutions
was 6.1. At this pH, the buffer capacity of
citrate and phosphate was found to be identical.
He suggests that the phosphate ion may have a
catalytic effect on the hydrolysis of penicillin,
but he does not try to prove this.

Fujiwara (8) studied the kinetics of the de-
composition of procaine penicillin in aqueous
solution and found that phosphate buffer pH
6.75 had a pronounced catalytic effect on the
degradation. Citrate and acetate buffer of the
same pH also had some effect, but less than the
phosphate buffer. Procaine penicillin exists in
aqueous solution partially in the undissociated
state and partially as the dissociated species of
procaine and penicillin (9).

Schwartz et al. (10) determined the degradation
rates for potassium phenethicillin (a-phenoxy-
ethyl-penicillin) in aqueous solution and found
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TaBLe I.—INFLUENCE OF EXCEsS JODINE ON
RECOVERY AND PRECISION OF THE ANALVTICAL

METHOD

Excess Coefficient

0.01 N Deter- o

Iodine, minations, Recovery, Variation,

ml. No. % %

1.50-2.50 13 101.4 0.26
3.50-4.50 14 103.6 2.48
5.50-6.50 11 106.7 3.58

that secondary phosphate ion catalyzed the
hydrolysis, while unprotonated citrate ion had
no catalytic effect.

Surprisingly, no studies of the catalytic effect
of buffers on the degradation of benzyl penicillin
in aqueous solutions have appeared in the
literature. The scope of the present work was to
make such a study. In addition, the authors
were interested in investigating the influence of
the ionic strength on the degradation. Such
studies have been undertaken by Brodersen
(11) but only so far as the degradation in acid
solution is concerned. From his experiments,
Brodersen drew the conclusion that penicillin
had no charge in strongly acid solutions. The
effect of ionic strength on the reaction rate in
neutral or alkaline solutions has not been studied
earlier.

EXPERIMENTAL

Materials.—The benzyl penicillin used was benzyl
penicillin sodium, Ph.N.V (‘“Pharmacopoea Nor-
vegica,” V ed. Addendum, 1957).

All reagents were of analytical grade. The water
was distilled water redistilled from a neutral glass
still, boiled, and cooled under oxygen-free nitrogen,

Analytical Method.—The residual penicillin con-
centration of the heated solutions was determined
iodometrically according to Ortenblad’s (12) modifi-
cation of Alicino’s (13) method.

From the heated solution, two equal samples,
A and B, each containing approximately 3.5 mg. of
benzyl penicillin sodium, are pipeted into separate
100-ml. conical flasks with glass stoppers. To A4,
1.00 ml. of 1 N sodium hydroxide is added. After
standing for 20 min. at room temperature, 5 ml. of
phthalate buffer solution, pH 4.5, 1.00 ml. of 1 NV
hydrochloric acid, and ¢ ml., usually 10.00 ml., of
0.01 N jodine are added. The flask is closed and
kept for 20 min. in darkness at room temperature.
Excess of iodine is titrated with 0.01 N sodium thio-
sulfate using 2 drops of starch mucilage as indica-
tor. The amount (a) of 0.01 N iodine added to sam-
ple A has to be such that 1.5-2.5 ml. of 0.01 N
sodium thiosulfate are consumed by the titration.

To B, 5 ml. of phthalate buffer solution, pH 4.5,
and e ml. of 0.01 N iodine are added. The flask is
closed and kept for 20 min. in darkness at room
temperature, and the mixture is titrated with 0.01 ¥V
sodium thiosulfate.

The difference between the two titrations rep-
resents the amount of iodine equivalent to the
penicillin present. Each milliliter of 0.01 N iodine
is assumed to be equivalent to 0.4455 mg. of benzyl
penicillin sodium.
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Todine, 0.01 N.—Iodine (1.27 Gm.) and 2.0 Gm.
of potassium iodide are dissolved in sufficient water
to produce 1000 ml.

Phthalate Buffer Solution, pH 4.5.—Potassium
biphthalate (60 Gm.) is dissolved in about 500 ml.
of water and mixed with 80 ml. of I N sodium hy-
droxide. Sufficient water to produce 1000 ml. is
added.

Kinetic Studies.—In most cases the following
procedure was used. Benzyl penicillin sodium
(0.001 mole) was dissolved in 100 ml. of the ap-
propriate buffer solution containing a sufficient
amount of sodium chloride to give the penicillin
solution an ionic strength of 0.50. The solution was
filled into 5-ml. ampuls, and the air in the ampuls
was replaced by nitrogen. The ampuls were sealed
and heated at 60.0° in a constant-temperature bath.
At appropriate intervals, ampuls were taken from
the bath, cooled on ice, and the solution analyzed.

In those cases where the half-life was less than
30 min., .e., at pH < 4, the following technique was
used. The buffer solution (99 ml.) was heated at
60.0° in a 200-ml. volumetric flask in a constant-
temperature bath, and 0.001 mole of benzy! penicil-
lin sodium dissolved in 1 ml. of water was added.
Five-milliliter samples were withdrawn at appro-
priate intervals, mixed with a sufficient amount of a
concentrated solution of sodium hydroxide to yield
a pH of about 6.5 in the mixture, and cooled on ice.

Determination of pKa of Benzyl Penicillin at 60°
and Ionic Strength = 0.5.—The pKa of benzyl
penicillin was determined by measuring the pH at
60° of solutions prepared by mixing known amounts
of benzyl penicillin sodium with known amounts of
0.1 N hydrochloric acid and adding water and a
sufficient amount of sodium chloride to obtain an
ionic strength = 0.5. The pKa was calculated ac-
cording to Eq. 1.

(a/10) — [HH]
¢ — (a/10) + [HY]

where ¢ = moles of benzyl penicillin sodium added
per 1000 ml. of the solution, and ¢ = milliliters of
0.1 N hydrochloric acid added per milliliter of the
solution. pKa = 2.78 was found.

Determination of the pKa of Some General Acids
at 60° and Ionic Strength = 0.5.—To determine the
catalytic effect of a buffer on the degradation of
benzyl penicillin, a series of solutions of different
buffer concentrations but the same pH and ionic

pKa = pH + log (Eq. 1)

TABLE IL.—DETERMINATION OF PENICILLIN IN
SoLuTioONS CONTAINING DEGRADATION PRODUCTS

Acid- Base-
Penicil- degraded degraded Penicillin
lin Penicillin Penicillin Found

{moles/L. (moles/L. (moles/L (moles/L. Recovery,
X 109 X 103) X 10 X 109)
9.00 1.00 0 9.00 100.0
8.00 2.00 Q 7.92 99.0
7.00 3.00 0 6.86 98.0
6.00 4.00 0 5.87 97.8
5.00 5.00 0 5.02 100.4
4.00 6.00 0 3.88 97.0
8.00 0 2.00 7.95 99 .4
7.00 0 3.00 6.89 98.4
6.00 0 4.00 6.00 160.0
5.00 0 5.00 4.94 98.8
4.00 0 6.00 3.97 99.3
3.00 0 7.00 2.83 94.3
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Fig. 1.—Plots showing the over-all first-order
character of the degradation of penicillin G in aque-
ous solution at different pH values at 60°C. For the
actual runs, 0.3 M acetate (pH 3.80 and pH 5.00),
0.06 M citrate (pH 5.65), 0.2 M phosphate (pH
6.63), 0.1 M phosphate (pH 7.60), and 0.1 M borate
{(pH 8.77) were used.
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Fig. 2.—Effect of acetate concentration on the
pseudo first-order rate constant of the degradation
of penicillin G at fixed pH values (60°C., u =
0.5).

strength had to be prepared. To calculate the com-
position of these solutions, the pKa of the acid
component of the buffer solution was determined at

60° and an ionic strength = 0.5. The values
obtained are:
Acid..............pKa
Aceticacid. ....... 4.58
Boricacid......... 8.75
Phosphoric acid. . . .6.54 (2nd)
Citricacid......... 272, 4.30,
5.47

RESULTS AND DISCUSSION

Precision of the Analytical Method.—Solutions
containing known amounts of benzyl penicillin
sodium (approximately 3.5 mg./ml.) were analyzed
according to the analytical method. The amount
(@) of 0.01 N iodine added was varied.

Table I shows that there is an increase in recovery
and in coefficient of variation with increasing excess
of iodine in sample 4. The method gave the most
precise results when the excess of 0.01 N iodine was
1.5-2.5 ml. Consequently, an amount of 0.01 N
iodine was added so that 1.5-2.5 ml. of 0.01 N
sodium thiosulfate was consumed in the titration
of sample 4.

Determination of Penicillin in Solutions Contain-
ing Degradation Products.—A solution containing
the degradation products formed by the decomposi-
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tion of benzyl penicillin in acid solution was prepared
by keeping a 0.05 M solution of benzyl penicillin
sodium to which hydrochloric acid had been added
to pH 3.3 for 24 hr. at room temperature, No
undegraded penicillin could be found in this solution
by the iodimetric determination. Different amounts
of this solution, containing 0.05 moles of acid-
degraded penicillin per liter, were mixed with
different amounts of freshly prepared 0.05 M benzyl
penicillin solution and a sufficient amount of water to
obtain various mixtures with a total concentration of
undegraded and acid-degraded penicillin equal to
0.01. One-milliliter aliquots of the mixtures were
analyzed (Table II).

A solution containing the degradation products
formed by the decomposition of benzyl penicillin
in alkaline solution was prepared in the following
way. Benzyl penicillin sodium (0.00125 mole) was
dissolved in a mixture of 5.0 ml of 1 N sodium
hydroxide and 20.0 ml. of water. After standing for
20 min. at room temperature, 20.0 ml. of phthalate
buffer solution, pH 4.5, and 5.0 ml. of 1 N hydro-
chloric acid were added. Different amounts of
this solution, containing 0.025 mole of base-degraded
penicillin per liter, were mixed with different
amounts of freshly prepared 0.025 M benzyl penicil-
lin solution and a sufficient amount of water to
yield various mixtures with a total concentration of
undegraded and base-degraded penicillin equal to
0.01 M. One-milliliter aliquots of these mixtures
were analyzed (Table IT).

o

=

"

& 2 pH 525

S _____v,,___of——k"o—_’"

o

z 1

8

W a — O 0——-pH 570

E o oH 6.25

oH .

002 004 006 0.08 0.10

TOTAL CITRATE M/L

Fig. 8.—Effect of citrate concentration on the
pseudo first-order rate constant of the degradation
of penicillin G at fixed pH values (60°C., x = 0.5).
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Fig. 4.—Effect of phosphate concentration on the
pseudo first-order rate constant of the degradation
of penicillin G at fixed pH values (60°C., » = 0.5).
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Table II shows that the analytical method gives
satisfactory results for determination of penicillin
in solutions containing degradation products.

Ortenblad (12) used this method for determination
of penicillin in partially degraded solutions and found
that it gave results that agreed well with those of
biological determination.

That in all our kinetic experiments a strictly
linear relationship between time and logarithm of
residual penicillin concentration was found (¢f.
Fig. 1) strongly indicates that the analytical
procedure was satisfactory for studies on the deg-
radation of penicillin in aqueous solution.

Catalytic Effect of Buffers on the Degradation of
Benzyl Penicillin,.—The catalytic effect of a certain
buffer was determined by experiments at constant
pH, constant ionic strength (¢ = 0.50), and constant
penicillin concentration, varying only the buffer
concentration at a given pH. This was repeated at
several pH values within the effective range of the
buffer employed.

The results of these studies are summarized in
Figs. 2-5, where the observed rate constants are
plotted against buffer concentration.

Figure 2 shows the catalytic effect of acetate
buffers pH 3.50 to pH 5.00. In this pH region,
penicillin will exist as undissociated acid (HP) and
penicillinate ion (P~). The following reactions may
oceur:

HP fl» products

P- —If: products
HP + HA Eﬂ» products
HP + A~ —k: products

ks

P~ + HA — products
ks

P~ 4+ A~ — products

where HA = undissociated acetic acid, and A~ =
acetate ion.

The over-all velocity for such a system would be
equal to the sum of the rates of all these reactions.

— APl L [HP) + k(P-] + k[HPI[HA] +
BIHPI(AT) + BIPCIIHAT + AlPIIA ]

Eq. 2)

[Pr] = [HP] + [P7] (Eq. 3)

Because of the first-order character of the over-all
reaction we have

- d[};” = k(P (Eq. 4)
Combining Eqs. 2, 3, 4, and the equations
_ [HAA
Kawer = (11 (Eq. 5)
_ [H*[P7]
Kapen = 7[—I'IP-] (Eq 6)
[Ar] = [HA] + [A7] (Eq. 7)
b — BIHP] + b[P7] (Eq. 8)

[Pr]
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Fig. 5.—Effect of borate concentration on the
pseudo first-order rate constant of the degradation
of penicillin G at fixed pH values (60°C., u = 0.5).

TaBLE III.—SLOPES (Sexp.) OF THE LINES IN FI1G. 2
AND SLOPES (Sea10d.) CALCULATED FROM EgQ. 10

pH Sexp. Sealed,
3.50 3.3 3.3
3.90 0.7 1.3
4.42 0.3 0.3
5.00 0.3 0.1
we find
E =k +
[AT](ka[H+]2 + kAKaacet[H +] + ksKapen[H +] +
ksKaacetKapen)

(TH*] + Kapen)( [H *] 4+ Kagget)
(Eq. 9)

where k; is the rate constant at zero buffer concentra-
tion.

According to Eq. 9, a plot of rate constant against
total acetate concentration should yield a straight
line with

slope =
ks[H*]% + kiKaseel[H*] + kKapen [HY] 4
quauegKapen
([H*] + Kapea)([H*] + Kaaces)
(Eq. 10)

By substituting k3 = 22 hr.”! mole! liter, &, =
0, ks = 0, and ks = O into Eq. 10, slopes were cal-
culated that agreed well with the slopes in Fig. 2
(¢f. Table III).

Figure 3 shows the catalytic effect of citrate
buffers, pH 5.25 to pH 6.25. In this pH region less
than 0.19%, of total penicillin exists as undissociated
peunicillinic acid, and less than 0.19%, of total citrate
exists as undissociated citric acid (HzA). There-
fore, it is reasonable to assume that Fig. 3 gives a
picture of the catalytic effect of citrate ion (A=),
monohydrogen citrate ion (HA™), and dihydrogen
citrate ion (H,A ~) with respect to penicillinate fon.

At pH 6.25, 869, of total citrate exists as citrate
ion. The zero slope of the line at this pH indicates
that citrate ion is noncatalytic. The -catalytic
constants kg,a- and kma- of dihydrogen and mono-
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TABLE IV.—SLOPE (Sexp.) OF THE LINES IN Fic. 4
AND SLOPES (.Sea1cd-) CALCULATED FROM Eg. 20

pH Sexp. X 102 Sealoed. X 102
6.00 24 25
6.55 44 44
7.05 62 63
7.55 76 76

TABLE V.—SLOPES (Sexp.) OF THE LINES IN FI1G. 5
AND SLOPES (Sgica.) CALCULATED FROM Eg. 22

pH Sexp. Sealed.
8.25 2.2 2.2
8.75 4.2 4.6
9.13 8.1 6.6

hydrogen citrate ion have been calculated from the
experiments at pH 5.25 and pH 5.70 using the
following equations:

k= ky + ngA—[H2A—] + kmia-[H:A=] (Eq. 11)

[H¥] [HoA ]
= e .12
Ka, [HoA] (Eq. 12)
_ [BYHAT
Kas = ~ 19 a9 (Eq. 13)
_ [H*[A=]
Ka; = AT (Eq. 14)
[HaA] + [H2A™] + [HA®] + [A=] = C (Eq. 15)
where
k = the observed rate constant.
ko = the rate constant at zero buffer con-
centration = the intercept of the
lines with the y axis.
[H;A] = concentration of undissociated citric
acid.
[H»A~] = concentration of dihydrogen citrate
ion.
[HA™] = goncentration of monohydrogen citrate
ion.
[A=] = concentration of citrate ion.

The following catalytic constants were found:
krga- = 3.3 hr.~1 mole~! liter
kaa= = 0.2 hr.”1 mole! liter

Figure 4 shows the catalytic effect of phosphate
buffers, pH 6.00 to pH 7.55. The following equa-
tions are valid:

E = ko + kmpo, [H,PO,7] +

kﬂpof[HPO.;"] (Eq. 16)
_ [H*][HPO,]
Kay; = “mLPO] (Eq. 17)
[H.PO,~] 4+ [HPO4~] = C (Eq. 18)
Combining Egs. 16, 17, and 18 gives
STH+ K
B o=+ CkﬂzP04 [H*] 4+ kagro,-Ka, (Eq. 19)

{H*] + Ka.
A plot of observed rate constant versus total phos-
phate concentration should yield a straight line with

Emeo-JH*] + kmpo-Ka,
[H*] + Ka

slope = (Eq. 20)
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By substituting the k2 values mentioned below
into Eq. 20, slopes were calculated that agreed well
with the slopes of the lines in Fig. 4 (¢f. Table IV),

km,po,- = 0.06 hr.~! mole~1 liter

kupo,~ = 0.82 hr.~! mole~! liter

Tt is obvious from Fig. 5 that borate buffers, pH
8.25 to pH 9.13, have a catalytic effect on the
degradation of penicillin. If the assumption is
made that boric acid in this pH region exists mainly
as H;BO; and H2BO;™, an equation (Eq. 21) similar
to Eq. 19 may be derived.

kago,[HY] + kmpo,-Ka

k=ko+c

A plot of observed rate constant versus total borate
should yield a straight line with

kg0 /H*] + kg,po,-Ka
[H*] + Ka

By substituting kmsBo, = 0, and kmso:.- = 9.3
hr.~! mole ! liter into Eq. 22, slopes were calculated
that agreed well with the slopes of the lines in Fig. 5
(¢f. Table V).

Primary Salt Effect.—A series of runs was made
keeping pH, penicillin concentration, and buffer
concentration constant in each series but varying
the ionic strength by addition of different amounts of
sodium chloride. The authors are aware that the
hydrogen-ion concentrations of solutions of the
same pH but of different ionic strengths will not be
the same, but in the experiments the differences in
hydrogen-ion concentrations were so small that the
effects on the reaction rates were not significant.

The results of the experiments are shown in Fig.
6, where the logarithm of the rate constant, k, has
been plotted against the square root of the ionic
strength, 4. This plot shows that there is a primary
salt effect at pH 6.80 and pH 8.75 but no effect at
pH 4.50.

According to the theory of Brgnsted and Bjerrum,
there is a linear relationship between the logarithm
of the rate constant and the square root of the
ionic strength when two charged species react in
dilute solution (v/z < 0.2). At higher concentra-
tions, the situation is more complex. Therefore, it
is rather surprising that we find—at pH 6.80 and
pH 8.75—a nearly linear relationship between log
k and /g at 4/ values from 0.3 up to 0.7.

The positive primary salt effect at pH 6.80 and
pH 8.75 indicates that the dominating processes at

(Eq. 22)

slope =

o pH 875
;_;’,4 PH4.50
Fig. 6. —Effect of the
x-osL ionic strength (u) on
e the pseudo first-order
= rate constant (&) of the
degradation of penicil-
T oH6.20 lin G at different pH
values at 60°C.
&
02 04 06 08 10
w
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Fig. 7.—pH-rate
profile of the degra-
dation of penicillin
G in aqueous solu-
tion at 60° C. Key:
O, experimental re-
-2 sults; —,corresponds
3 to that expected
theoretically from
the three proposed
pH reactions.

LOG K
- =3
o

these pH values are reactions between two species
with the same charge, positive or negative.

At pH 6.80, where 0.1 M phosphate was used as
buffer, the dominating process is a reaction between
the negatively charged penicillinate ion (P~) and
monohydrogen phosphate ion,

P~ 4+ HPO;~ — products

Since a doubly charged ion is involved, it is not
surprising that the log k/+/u curve at pH 6.80 is
rather steep.

At pH 8.75, 0.1 M borate was used as buffer.
Between pH 8 and 9, there is an increase in rate
with increasing pH (Fig. 7). The dominating
processes at pH 8.75 are presumably

P~ 4+ OH~ — products
P~ 4+ H,BO;~ — products

Both reactions will give positive primary salt
effects.

At pH 4.50, there is no primary salt effect. The
buffer used, 0.1 M acetate, has no catalytic effect.
Since the rate decreases with increasing pH between
pH 4 and 5, the rate-determining process at pH 4.5
must be a water attack on unionized penicillinic
acid (HP)

HP —> products
H.0

pH-Rate Profile of the Degradation of Benzyl
Penicillin in Aqueous Solution at 60°.—The rate
constants at zero buffer concentration can be picked
easily from Figs, 2-5. In Fig. 7, the logarithms of
these rate constants are plotted wersus pH. The
shape of the pH-rate profile may be explained by
assuming the following reactions to occur in the pH
region 4-9.

ky
HP —> products (Reaction 1)

ke
P~ —> products (Reaction 2)

ks
P~ 4+ OH~ —> products (Reaction 3)

The reaction, HP 4+ H+ — products, is assumed to
be of no significance at pH > 4.

The over-all velocity is equal to the sum of the
rates of these reactiomns.

~ 2] p(P) + ) +
k[P-1{OH] (Eq. 23)

Combining Eq. 23 with Egs. 3, 4, and 6 gives
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_ kl[H+] + k2Kapen + k3Kapen[0H —]
B [H*] 4+ Kagen

[H*] and [OH-] may be calculated from the pH
measurements using Eqs. 29 and 30. These equa-
tions were derived in the following way.

Harned and Hamer (14) have shown that

[H¥] X [OH-] = 1.94 X 10~13 (Eq. 25)

in solutions of potassium chloride at 60° and g =
0.5. The same authors have found that

ap+ X gop~ = 9.61 X 1014

k

(Eq. 24)

(Eq. 26)
at 60°.
Combining Egs. 25 and 26 with the equations

an+ = fH?| (Eq. 27)
aon- = fIOH™] (Eq. 28)
gives f = 0.7 and
log[H+] = —pH + 0.15 (Eq. 29)
log[OH-] = pH — 12,94 (Eq. 30)

From the experimental results, the following %
values have been calculated

ki = 29.4 hr.?
ky = 6 X 1073 hr. !
ks = 6.38 X 10 hr.7! mole~! liter

The theoretical line in Fig. 7 has been calculated
by substituting the above % values into Eq. 24.

The relatively good agreement of the experi-
mental data and the theoretical profile does not
prove that the proposed reactions I-3 are the correct
ones. Other reactions could lead to the same ob-
served experimental dependency.

At pH 4-8, the following two reactions would
give the same log 2/pH dependency.

P~ + H* — products
HP — products

The lack of primary salt effect at pH 4.5 indicates
that the dominating reaction cannot be P~ 4+ Ht —
products, but HP — products.

At pH > 8, only the reaction P— 4+ OH- —
products will give the log k/pH dependency found.

The pH-rate profile has a minimum at pH 6.75.

Brim. = 1.41 X 1072 hr,™!

At 60°, Brodersen (2) found by calculation that
kmin. = 181 X 1072 hr.7! at log [Ht] = —86.50,
i.e., at pH = 6.65.

SUMMARY

The catalytic effect of general acids and bases on
the degradation of penicillin G in aqueous solution
at 60° has been studied. It has been found that
dihydrogen citrate ion, monohydrogen phosphate
ion, and borate ion catalyze the degradation of
penicillinate jon; while acetic acid, acetate ion,
monohydrogen citrate ion, unprotonated citrate
ion, dihydrogen phosphate ion, and boric acid are
noncatalytic or nearly noncatalytic. Acetic acid
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catalyzes the degradation of benzyl penicillinic acid,
while acetate ion has no effect.

There is a positive primary salt effect in neutral
solution (phosphate buffer, pH 6.80) and in weakly
alkaline solution (borate buffer, pH 8.75) but no
primary salt effect in weakly acid solution (acetate
buffer, pH 4.50).

In buffer-free solutions, pH 4-9, at least three
separate reactions take place: (a) noncatalyzed
cleavage of undissociated benzyl penicillinic acid,
(b) noncatalyzed cleavage of benzyl penicillinate
ion, and (¢) hydroxyl ion catalyzed cleavage of
benzyl penicillinate ion. Reaction ¢ is about 5000
times faster than reaction b.
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Anticholinergic Heterocyclic Ketoximino-Ethers
and -Esters

By MAN M. KOCHHAR*, ROBERT G. BROWN, and JAIME N. DELGADO

The synthesis of a series of oximino-ethers and -esters was accomplished by O-alkyla-

tions and esterifications of 1-methyl-4-oximinopiperidine and 3-oximinotropane.

In the course of this investigation, 13 new compounds were synthesized and eval-
uated for their anticholinergic activity.

A:mouc.ﬂ MANY of the anticholinergic com-
pounds are esters, it is known that the ester

group is not absolutely essential for this bioaction
(1, 2). Consequently, the medicinal chemist has
studied how other groups affect the distribution
characteristics and the intrinsic reactivity of
compounds possessing the anticholinergic phar-
macophores (3). The oximino group should cer-
tainly alter the partition (lipid-water) coefficient
of the compound and thus affect its distribution
in the body. Additionally, the oximino linkage
should affect the intrinsic reactivity and stereo-
chemistry of a given compound as well as its sus-
ceptibility toward metabolic degradation. In
accordance with these considerations, it became
of interest to study such structure-activity rela-
tionships by synthesizing oximino-esters and
-ethers possessing the anticholinergic pharmaco-
phores. Structure-activity studies of anticho-
linergic agents have led to the postulation of three
pharmacophoric groups, i.e., (a) a potential or
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actual cationic-nitrogen function to interact with
the anionic region of the acetylcholine-receptor
site, (b) a polar and/or polarizable group to inter-
act with the esteratic region on this receptor site,
(¢) a large aryl or aralkyl moiety to provide the
umbrellalike effect that appears to be necessary
for effective blockade of the receptor surface (4,
5). The spatial relations among these groups
appear to be critical factors that affect the ac-
tivity. Accordingly, this work entails a study of
structure-activity relationships among certain
oximino-esters and oximino-ethers derivable from
tropinone and 1-methyl-4-piperidone.

The oximes, starting materials for the synthesis
of oximino-ethers and -esters, were prepared ac-
cording to the method of Dickerman and Lindwall
(6), with slight modification of reaction period.
In the oximino-ethers, this work demonstrated
that 1-methyl-4-oximinopiperidine and 3-oximino-
tropane can be alkylated to give O-alkyl ethers.
The O-alkylation was effected by allowing a
dialkylsulfate or an alkyl halide to react with.the
salt of the oxime, according to the method of
Waters and Hartung (7) and French and Harrison
(8). The use of a weak base (e.g., tri-n-propyl-
amine, pyridine, etc.) did not promote the reac-



