Kinetics of Hydrolytic Degradation in
Unbuffered Solutions

Theoretical Analysis of Autocatalytic Processes Controlled
Primarily by Specific Acid Catalysis

By NICHOLAS G. LORDI and STEPHEN F. BARON

The kinetics of degradation of neutral and acidic molecules which form acidic prod-
ucts in unbuffered solutions has been considered. The validity of the analytic solu-
tions for autocatalytic cases involving specific acid catalysis in competition with
specific base catalysis or spontaneous degradation has been verified through analog

simulation of the reactions.

Since the time required for 10 per cent degradation of

a drug is of pharmaceutical interest, the effect on this parameter of variation in initial

concentration of drug, rate constants, and dissociation constants of reactants and

products was investigated. The equations presented may be applied to the estima-

tion of drug stability under the conditions described, if the relevant kinetic param-
eters are known.

THE PROBLEMS involved in treating stability in

pharmaceutical systems in which the products
influence the course of degradation have not been
considered in detail. In his comprehensive
review of pharmaceutical stability, Garrett (1)
suggests that ‘‘...autocatalytic degradation
may need special treatment...” to apply the
principles of stability prediction which have been
elaborated. Kinetic mechanisms involving auto-
catalysis have been described for certain autox-
idations (2), biochemical processes (3), and
thermal degradations (4, 5). The degradation
of amyl nitrite (6) has been shown to be auto-
catalytic. It is also well known that the ‘‘spon-
taneous’ hydrolysis of esters in aqueous solution
is autocatalytic, the catalyst being the acid
formed upon hydrolysis. In this respect, Zawid-
zki (7) has reported studies of the autocatalytic
hydrolysis of alkyl sulfates and Dawson and
Lowson (8, 9) that of ethyl acetate. General
theoretical treatments of autocatalytic kinetics
have been presented by Zawidzki (10) and Reed
and Berkson (11). The latter have discussed the
application of the “logistic”’ function to auto-
catalytic processes.

This study considers the kinetics of homo-
geneous degradation of drugs in unbuffered sys-
tems which are subject to specific acid and/or
base catalysis and form acids and/or bases as
products. Sound kinetic technique dictates that
stability analysis of such drugs be carried out
in buffered solutions to simplify interpretation of
experimental data and to extract the maximum
information from the study concerning mech-
anism of reaction and pH of optimum stability.
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However, there are instances where it may
prove undesirable to prepare buffered pharma-
ceutical systems containing these drugs. General
acid and/or base catalysis may prove sufficiently
severe so that buffering actually results in
decreased stability when compared to the un-
buffered system. Buffers may be incompatible
with the drug or with other components of the
preparation. In other instances, the pH of
maximum stability may be too high (>10) or too
low (<2) to permit effective buffering for op-
timum stability. Drugs of a high order of
stability are often formulated in unbuffered
systems. Drugs of a low order of stability may
be used in unbuffered solution forms which are
prepared prior to use and may often have been
stored for periods of several weeks. It would
seem desirable to have a valid means for pre-
dicting the possible extent of degradation in
such instances as well as for kinetically analyzing
data obtained in the absence of pH control.
Although Zawidzki and Dawson have developed
theoretical treatments for some specific cases of
the type under conmsideration, no prior sys-
temalic quantitative treatment of cases of this
sort has otherwise been reported.

The specific cases dealt with in this report
concern the hydrolytic degradation of neutral
and acidic molecules which form acidic products.
Examples of the model reactions included in
this report are listed in Table I. Although the
theory has been developed assuming only
hydrolytic degradation, the proposed models
may apply to other kinds of degradative processes
as well.

Differential equations descriptive of the models
have been derived and solved analytically. The
complexity of some of the solutions obtained
prohibit their ready application to practical
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TaABLE I.—MoODEL REACTIONS TREATED

pH-Determining

Case Reactant Product Examples Ref.
I Neutral¢ molecule Strong acid Ethyl trifluoroacetate (12)
N—-H*+ A-

11 Neutral® molecule Weak acid Choline esters (13)
N—HA = H* + A, (14)
Alkyl! sulfates (15)
111 Weak acid Weak acid Acylsalicylates (16)
HA, — HA; Alkyl-dl-a-(2-piperidyl)- (17)

1 1 phenylacetates
H+* 4+ A~ H*4+ A~ (18)

a Neutral in the sense of acidity, not charge.

problems, necessitating some degree of approx-
imation. An analog computer was used to
simulate the models and thus generate the
experimental data required to test the validity
and useful range of the computational techniques
developed which may have specific application
to stability prediction in pharmaceutical systems.

THEORY

A generalized differential equation describing the
rate of irreversible hydrolytic reactions in unbuffered
solutions in the absence of general acid and base
catalysis may be written (1)

dlX]

& ka[HY][X] + ko[X] +

kor[OH][X] (Eq. 1a)

where kg is the bimolecular rate constant charac-
terizing the specific acid-catalyzed degradation, kor
is the bimolecular rate constant characterizing the
specific base-catalyzed degradation, and &k is a
first-order rate constant which may characterize the
spontaneous reaction of a drug with the solvent or
an intramolecular catalysis. [X] may be consid-
ered to be a neutral, acidic, or basic species of react-

ing drug. It will prove more convenient to write
this rate expression in the form
aX] _ + bka[X]
G = kelHALX] 4+ ckulX] + T
(Eq. 1b)
where @ = ky/ky and b = kogKw/kg.

The problem reduces to defining hydrogen ion
concentration [H¥] in terms of reactant concen-
trations and appropriate constants to arrive at dif-
ferential equations which are amenable to integra-
tion and computer simulation. Degradations of
the type discussed in this report may be followed in
practice by measuring changes in pH or reactant
concentration. Equations describing the degrada-
tion rate may be written as functions of either or
both these parameters. In general, equations will
be expressed here in terms of concentration of
undegraded drug.

The development which follows is based on the
premise that the bulk of the observed degradation
in the systems studied will be the result of specific
acid catalysis, at least in systems which are initially
neutral or weakly acidic. The existence of acids
initially in the system, specific base catalysis, and/or

first-order degradative processes in this view serve
primarily to initiate degradation and thus deter-
mine the length of the induction period observed
before degradation significantly begins to accelerate.
Systems which are perturbed by the presence of
bases are not specifically considered in this report.
In these instances, specific base catalysis and first-
order processes may account for significant degrada-
tion.

Case 1. Homogeneous Degradation of Neutral
Molecules Which Form Strong Acids.—In this case!
the hydrogen ion formed in the degradation will be
reduced by the hydroxyl ion present in solution. In
pure water

[H*] = [M] = (N] + [OH"] =

(N — [N + 5
or
[H*]2 — ([N} — [NI}[H*] — Kw = 0 (Eq. 2a)

where [N] is the concentration of undegraded drug
at any time { and [N,] its concentration at ¢t = 0.
The positive root of Eq. 2a is

No] — [N

[ No] - [N] +

1 /TN = [NI]" + 4Kw (Bq. 20)

[H*] =

Since it will prove generally true that [N,;] > Kw,
[H*] ~ [N] — [N] (Eq. 2¢)

during the bulk of the degradation; at¢ = 0
[H¥] = [Hy] = Kwl'? (Eq. 2d)

in pure aqueous solution. Equation 2¢ is substi-
tuted in Eq. 15 which is then integrated? to give

VI[N = [N} + a{[N] — [N} + b6 _

In

(N1
(o +3) S
a{(Nol — [N]]

{[No] — [NT}* + a{[Nol — [N]} + b
{[No]2 + a[No] 4+ blkut + constant (Eq. 32)

L All derivations have been made in terms of concentrations
rather than activities, thus presuming constancy of iomic
strength during the degradation.

2 The integration was camed out using integral No. 99 as
listed in the Table of Integrals, ‘' Handbook of Chemistry and
Physics,’’ 43rd ed., The Chemical Rubber Publishing Co.,
Cleveland, Ohio, 1961 PD. 254 280. Equations 3b and 3¢
were obtamed by substttutlon in integrals No. 87 and 88.
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TABLE I1.—PARTICULAR SoLuTIoNs oF EQ. 156 (HOMOGENEOUS DEGRADATION OF NEUTRAL MOLECULES
WHicH ForM STRONG AcIDS)

InX-—-VY

=1InZ 4 C kut
Y

Condition X Z C Equation
- b= [No] — [N] (Ho) .
a=b=20 (N] 0 A [No] 4
_ [No] — [N] ta [Ho] + a
b=20 ——[N] 0 _lNo] [Ng] + a 5
V(NI =[NP +b Vb Nl = IN] VH2+b (N +b
a=0 V] (Vo] 3““‘ RV (Ve (Vo] 6

1 Ho
tan \/I; 2

a Equation characteristic of second-order autocatalytic processes (11, 19).

TaBLE 1II.—PARTICULAR SoLuTiONs oF Eg. 10 (HOMOGENEOUS DEGRADATION OF NEUTRAL MOLECULES
WaicH Form WEAK AcCIDS)

VB + vB—1N] V8 - VB - IN]
Aln Y2 = YP 1 0 —Bln —— Y ——~—= + (B—A)lnY + Z = Ka/%n!
Ve + VB - N vV ~ VB = Nl '
Condition A B ) 4 z Equation
1 1 [H*]e
a=b=90 _ T 13¢
Kay? Kajgi/? Hplb
vE + 5 vE - 55 (He]
1 1 [H*] +a
b=20 b 0 14
— , Kasl/? a Kaz‘/’ a (Ho} 4+ a
VE+T3 “man V-3 tram
Kasl/? KasV/2
o VE +—5— VB - R pa §tn_‘_ﬂj 5
= Kml/z — Ka,ll? ? b [Ho]? + & * Vi~
(vF+ ) + = (va- K
[Ho]
tan—! ‘\/b
a Given by Eq. 10s. b Given by Eq. 11 or 2d. ¢ Dawson and Lowson (9) had derived Eq. 13 expressed in terms of prod-
Kar/4 b/K Kas!/?
uct rather than reactant concentrations. = (A—-—B)-(A+B) (a'/—-*-_(—/—u) a—’—
VB Vb
If a? > 4b the integral will have the value + [No] — [N]
[H4] = S 4

2 2{[No] —

_ [N} +a
- \/_a"‘ 0 tanh ! Vo — b (Eq. 3b)
If 4b > a? the integral will be
2 L 2N = N ta g g

V4b — a? Vb — a?

Particular solutions of Eq. 3a that apply to situa-
tions in which only specific acid catalysis, specific
acid catalysis and first-order degradation, or specific
acid and specific base catalysis are involved result
whena = b = 0, b = 0, or a = 0, respectively.
These are listed in Table II.

In systems free of acid prior to degradation [Hy)
is given by Eq. 2d. If strong acid is initially present,
[H,) becomes equal to its concentration, and [N,] is
increased by the amount of acid present. On the
other hand, if a weak acid HA, with a dissociation
constant® Ka, is present in solution at a fixed con-
centration G, then [H*] = [OH"] 4+ [Ao”] +
[No] — [N]. Therefore

 Dissociation constants are assumed to be classical in form
so that all [H*] functions may be expressed in terms of
stoichiometric concentrations, If apparent dissociation con-
stants Ka’ are used, then the substitution Ka = Ka'/fu
must be made. Also note that the thermodynamic ion prod-
uct of water Kw = fufon-Kw. fu and fou are the activity
coefficients of hydrogen and hydroxyl ion.

L T = TVIT® F 4(KaoGo + K} (Eq. 7a)

assuming Co ~ [HAo]. Att¢ =0,
[H* = {Ho = VKal + Kw (Eq. 7b)

The contribution of the weak acid to the rate of
degradation will be significant only during the early
stages of the reaction if [Hy] < N,; otherwise (Ho}
must be added to [N,] wherever it appears in Egs.
4-6.4

When only specific base-catalyzed degradation is
considered, Eq. la reduces to —(dN/dt) = kogKw-
[N]/{[No] — [N]} integration of which leads to

L 1) (1 B [Nl) _ korKw

sl [{No) (Vo)
This equation may be modified in the manner dis-
cussed when applied to systems containing acid prior
to the initiation of degradation.
Case II. Homogeneous Degradation of Neutral
Molecules Which Form Weak Acids.—Assuming
that a weak acid HA, other than the product HA: of

t (Eq.8)

4 This constitutes an approximation of Eq. 7a which is
necessary, since one cannot readily arrive at an exact solution
to Eq. 15 employing Eq. 7a.
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Fig. 1.—Computer simulated degradation (ac-
cording to Eq. 4) of a neutral compound subject only
to specific acid catalysis in unbuffered solution.
Degradation product is a strong acid; [N,] = 0.01
M. Fraction of undegraded reactant (curve A4),
[N]/[Ny), and rate of degradation (curve B),
d(N)/d7, are shown asa function of the time param-
eter v = kut. Inset shows pH variation with +
for this system.

the degradation is also present in solution at a fixed
concentration Cy = [HA,] + [A¢~], the [H*] func-
tion characteristic of this system may be derived
in the following manner. Since [H*¥] = [A;"} +
[A7] + [OH"] or

Kas[HA,|
(H]

Kao[HA)
[H]

Kw
* HY

[HY] = (Eq. 9a)

and [No] — [N} = [HA,] 4+ [A:~] therefore,

(H*]? — Kag {[No] — [N] — [A:7]} —
Kay {C — [A7]} — Kw = 0 (Eq. 9)

where [Ny] is the initial concentration of reactant,
and Ka, and Ka, are the dissociation constants of
the product and other acid present in the system.
It may be further assumed that during the course of
the degradation [A,~] > 20 [A,~] and [A;7) >
[OH-], so that (A;7] ~ [H*]. The resulting
quadratic expression can then be solved for [H*],
the positive root of which is

[H*] = Ka? {+/B — [N] — Ka;¥?/2} (Eq. 10a)

where 8 = {(Ka,/4) + (Kw/Ka,) + (Kae/Kaz)X
Co + [No]}. 1f Kap < [Ng], then
[H*] = Ka,¥2+/8 — [N] (Eq. 10b)

Att =0

[H*] = [Ho = Jg‘—i‘f + KasCo + Kw — —15230

(Eq. 11)

in the presence of weak acid, or {H*| is defined by
Eq. 2d in its absence.

Substitution of Eq. 10¢ in Eq. 1b results in a dif-
ferential equation which adequately represents all
significant features of the model. Its solution®
takes the form

s Equation 12 was derived by the method of partial frac-

tions and subsequent application of integral No. 29 and 93
(see Foolnote 2).
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Fig. 2.—Computer simulated degradation (ac-
cording to Eq. 13) of a neutral compound subject
only to specific acid catalysis in unbuffered solution.
Degradation product is a weak acid, pKae = 4.0;
[No] = 0.01 M. Fraction of undegraded reactant
(curve A), [N]/[Ns], and rate of degradation (curve

), d[N]/dr, are shown as a function of the time
parameter k. Curve C represents the theoretical
course of degradation according to Eq. 16. Inset
shows pH variation with r for this system.
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Fig. 3.—Dependence of the time required for 109,
degradation of neutral compounds in unbuffered
solution on the initial reactant concentration ( [Ny])

and product acidity (pKa.). Key: . Tio-
values computed from Eqs. 4 (pKa; — «)and 13
(pKaz 2-6) assuming [Hy] = 1074 M; ——~— = 7
values computed from Eqgs. 4 (pKa; — ) and
13 (pKaz 4 and 6) assuming [Hy] = 10755 M; and
- @— @, 1y-values computed from Eq. 16 (pKas, 4
and 6) assuming [Ho] = 1077 M.

Aln(vVB + VB - [N]) —
Bln (VB — VB — [N]) +
(B—A)In\ (g - [N} +rxVB= [N + T

Y Y
a(i-75) -2 (0 + 94
d(v8 — [N]) _
8 — [N +AVB =[N+~
KazV2knt + constant (Eq. 12)

where the constants A, B, A, and v are complex func-
tions of Ka,, 8, a, and b. Table III lists particular
solutions of Eq. 12 for cases where ¢ = b = 0,
b = 0,and ¢ = 0, Egs. 13-15, respectively.

The differential equation® which results when Eq.

¢ This equation is basically the one reported by Zawidzki
(7) to characterize the rate of hydrolysis of potassium
methane sulfate.
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g 105 is substituted in Eq. 15 leads to a solution of the
g ] v e :'; same form as Eq. 12, but with less complex coeffi-
:38 g8 2 ] ,'D c’: £ w8 cients. For the particular case where a = b = 0,
2o 0D %31_ o~ A 8 o (B £ the solution may be written as
£3gm 88N mOX (X ‘o we |2F P
ge o He ~ o o - B — [N _
2 g2 - N ae tanh ! - =
& < [N E 2 8
T T 2
8 tanh -1 \/f’ = (N FaBTRa2 o 16)
- ’ ;"é-c B 2
g - é é =] :;-u. If only specific base catalyzed-degradation is
a Qe g .o %o X 1% g considered, i.e., kg = ky = 0, then integration of the
§ N o T~ 0 o .§-§ reduced form of Eq. la substituted by Eq. 10a re-
ol 2% 5 ® ¥ ® 8 E sults in
S 2% T N ag
O || fi<S a e 8 = [N] 8 — INi
ol s & B tanno \/ﬂ_ﬁ_mf.l -\
=1l 828 @ 8% PR
1] - P W T o= Ka,V1 N — [N,
& "E% ga o 'S S é =3 .gg 4221/2 In {_ij = tanh™ Jﬁ_f——ﬂ[ol -
[ ’ :n — - — 3
: S ggél.ug S X~ X :X:: XX 'gg 8 — (Vo) + kopKw ¢ (Eq 17)
E 3 § - 8 83 °O° 3 3 -@,’é ) 28V2Ka,V'? q.
3 N .
& ~ &% Equation 17 can be reduced to a first-order expres-
g ggg} sion, if 8 ~ [N,], which applies during  the very early
% 9 T - » 5% stages of degradation, since tanh ~} \/ x ~ \/; when
£l e 29 S |Tdg x<007.
E 91088 EQSQQ o % x™ |28k Case III. Homogeneous Degradation of Weak
2l 3% IBaoo 2 ‘(X [8EE  Acids Which Form Weak Acids.—The pH of a solu-
S g< E “ <o E- Z tion of a weak acid HA, with dissociation constant
< < "' w0 e u.'g Ka, prior to degradation and in the absence of other
E: :j"é.; acids of comparable or greater strength will be
o = ik S e |2 ‘5'% determined by the concentration of that acid. If
SR g es & EERE g2 upon degradation another weak acid HA, with
g ?: g : Eﬁmo xx T -8 XX 1% HY  dissociation constant Ka, is formed, the pH of the
N 35 = § N o X oo ?E!'-S ¥  system will shift in proportion to the relative values
] 3% ;g-‘-" ne - NSO f.5 3§ of the respective dissociation constants as well as
é o X =@ |dYg to the extent of degradation. Let [A,] = [HA,] +
P 28  [A;7] be the concentration of reactant and [Ag] =
&5 - * « -S'T:"" |HA;] + [A;~] the concentration of product at any
a = 2~ 2 =3 .uéo; time ¢. During the course of degradation, the [H*]
= ‘:’ g VO vl :xu"':a XX g‘i"’ function may be represented by [H*] = [A;"] +
g | - - § -G :'E !, [As~]. Therefore )
~ 2 > S LT
of & % -~ = o« |EEE [H*]* — Ka[HA;] — Kay[HA)] = 0
gl 5 % . z S=¥  Since [Ad — [A)] = [HAs + [A,7] where [Aq] is
& 4 < S . S é & (&8 § thereactant concentration at £ = 0
) B - w _ = . e
all R 52 ixeg XT xx 881 (HY - KaflA - (A7) -
5 < 2 2 ] °g§ Kaz2{[Ao) — [A1] — (A27]} = 0 (Eq. 18b)
. . “ . way
Z ® — ~o |7 g To simplify Eq. 185 one of two limiting assump-
;;3 '338 tions may be made. If we assume that Ka, >Ka,,
| . 5\" the pH of the system will be determined largely by
= & - g h s, |Z.. the dissociation of the product, except during the
: P R - S s =7 E'-E early stages of degradation. Furthermore, since
o <] : 3 :S iXs 9 X XX ;?g [HA;] > [A;17], except during the latter stages of
E e g 8 © & o8 |2Lg degradation, Eq. 18 can be revised to
- N ok
m < © — - Eag [H*]? + Kax[H*] — Ka,[A)] —
6»-52;; Kaz{[Ad — [A]} = 0 (Eq. 18)
b0 b £ §  whose root is
g ., |88 N
o g -, 013 :.§ 8 [HY] =
g0 B Sg> |wfs 1 ) - —
2 5t 223|888 5 VKar® + 4KaglAl] — 4(Ka; — Kay)[Ad
§°. 82 £33 |Gxd 2 Kaz/2 (Bq. 19a)
Boa NS o . g8 188
LV S LR L
Bad o fiLecdlA |753 -
%5 [HY = Ka*{VB — e[Al] — Kay¥¥/2} (Eq.10b)
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where 8 = {Kay/4 + [Ao]} and e = 1 — Ka,;/Ka,.

The properties of Egs. 19¢ and 195 can readily be
ascertained by considering two limiting conditions.
If Kay = Ka,, then ¢ = 0 and Eq. 19a reduces to

1 e
[H*] = [Ho} =3 VKa? + 4Kai[Ao] —
Ka;/2 (Eq. 20a)

which gives the {H ] of a solution of reactant prior
to degradation. The pH of the solution will be con-
stant and the degradation will be first order. On
the other hand, if Ka, > 100Ka,, then ¢ ~ 1 and
Eq. 195 reduces to

[H*] = Ka,"2{VB — [A1] — KanV¥/2] (Eq. 20b)

which is of the same form as Eq. 10¢. Comparison
of Eqs. 196 and 10e indicates that Eqgs. 13-15 also
apply to the degradation of weak acids in homog-
eneous systems when appropriate changes in sym-
bols are made, e.g., e-[A1] replaces [N], etc.

If the degradation product were a weaker acid
than the reactant, i.e., Ka; > Ka,, the pH of the sys-
tem would be largely determined by the reactant
concentration, except during the latter stages of
degradation. It follows from Eq. 18b that in this
inctance

[H*] = Ka,2{VB + f[A]] — Ka:"?/2} (Eq. 21a)

where 8 = {Ka;/4 + [Aj]Kay/Ka;} and f = 1 —
Ka,/Ka,. If Ka; > 100Ka,, then f ~ 1 and

[H*] = Ka¥2 {VB + [Al] — KaV2/2} (Eq. 21b)

Solutions of Eq. 16 substituted by Eq. 21a similar in
form to Egs. 13-15 may be derived.

More than one weak acid may be formed in a
degradation. The pH of the system will be con-
-trolled by the strongest acid present as long as
sufficient differences in dissociation constants exist.
If HA, on degradation forms HA, and HAs, assuming
that Ka, > Kaz and Ka,, a [H?*] function can be
derived so that

Journal of Pharmaceutical Sciences

RESULTS AND DISCUSSION

Solvolysis Rates, Acidity, and Concentration.—
The essential features of the specific acid-catalyzed
hydrolysis of a neutral molecule in solution uncom-
plicated by the existence of competitive spontaneous
or specific base-catalyzed reactions are expressed
by Eq. 4 if the degradation product is a strong acid
and Eq. 13 if a weak acid.” Figures 1 and 2 show
the S-shaped curves characteristic of autocatalytic
processes as they would be observed in reactions of
the type described in the absence of acid other than
that derived from the degradation. In these in-
stances the reaction is initiated by [H*] resulting
from the dissociation of water. These curves may
be viewed as limiting cases indicative of the slowest

2.0

FRACTION UNDERGRADED
REACTANT

0.0

0 5 10
T X 10K

Fig. 4—Analysis, using Eq. 16, of computer simu-
lated degradation of neutral compounds which form
weak acids as products and are subject only to
specific acid catalysis in unbuffered solution: curve
A, pKa, = pKay = 4.0, [No] = 0.01 M, G, = 0.0044
M,B =00144 M, K = ~-2.0; curve B, pKa,; = 4.0,

B = [No] =01 M, K = —20,; curve C, pKa, =
20,8 = [No] = 001 M, K = —2477; curve D,
pKa, = 2.0, 8 = [N] = 0.1 M, K = —1.204.

Key: O represent values computed from Eq. 16;
dashed lines represent the theoretical slope for each

case = VBKay/2.

[H* = Ka,¥? | V/Kay/a + (1 + Kas/Kag)[Ad] —

This function should adequately describe the pH
shift in homogeneous systems, except during the
early stages of degradation. It reduces to Eq. 196
if Ka, > 100 Kaa.

EXPERIMENTAL

Equation 15 with appropriate [H *] functions sub-
stituted was programmed and solved on an analog
computer. Programs were designed so that changes
in reactant concentration, hydrogen-ion concentra-
tion, or overall rate of degradation could be followed
with respect to time. The effect of variation in the
following parameters on the kinetics of degradation
was investigated: (a) dissociation constants of
reactants and products, (b) initial concentration of
reactants, (¢) spontaneous or hydroxyl ion—catalyzed
reactions in parallel with hydrogen ion-catalyzed
degradation, and (d) concentration of weak acid other
than reactant or product. Computer solutions and
results computed from the analytical solutions
generally agreed to within better than £29, (the
range of error anticipated with the particular com-
puter and components employed) when crosschecked,
thus supporting their validity.

(1 + Kay/Ka, ~— Kai/Kag)[A;] — KapV3/2}

(Eq.22)

degradation rate observable for the particular condi-
tions they represent. Data are plotted as a function
of a time parameter r = kgf. The time scale is
defined so that it is independent of the actual value
of the rate constant k.

The most important feature of an autocatalytic
process is its induction period. Reactions charac-
terized by Egs. 4 and 13 significantly begin to ac-
celerate only when the hydrogen-ion concentration
becomes a significant fraction (ca. 19,) of the react-
ant concentration. As shown by the insets in Figs.
1 and 2, the bulk of the observed pH shift takes
place during the induction period. For cases repre-
sented by Eq. 4, the time course of degradation is
symmetrical, the rate of degradation being a maxi-
mum at [N] = 1/,[ Ny} (curve B, Fig. 1). Degrada-
tions better represented by Eq. 13are unsymmetrical,
the rate being a maximum at [N] = 2/;[N,) (curve
B, Fig. 2).8

7 Dawson and Lowson have established the validity of Eq.
13 by application to the autocatalyzed hydrolysis of ethyl
acetate (9).

8 One can readily demonstrate that d[N]/d¢ will be a maxi-
mum at [N) ~ 2/; 8 by differentiation of the equation -~ (d-
[N}/dt) = ku[H*}[N], where [H*] is given by Eq. 10b. In
the example described b+ Fig. 2, 8 = [No].
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A convenient measure of the induction period
which is also a pharmaceutically significant param-
eter is the time required for 109, degradation, i.e.,
719 in terms of the time parameter. Data comparing
the magnitude of decreases in 7y produced by in-
creases in product acidity and reactant concentra-
tion are shown in Fig. 3. If [Ny — [N] < 10 Ka,,
Eqgs. 13 and 4 give substantially the same result.
The acid can be considered to be effectively 1009,
dissociated, thus behaving as a strong acid.

If acid other than that owing to the degradation is
initially present in the system, it can be seen from
the definition of 8 (Eq. 10e) that its effect would be
to increase [N,] by the amount Kao,Co/Ka; as well as
decrease the initial pH (Eq. 11), thus acting to re-
duce the induction period. The weak acid normally
present in aqueous solution will be carbonic acid
(pK, 6.35 at 25°) which results from solution of
atmospheric carbon dioxide. A good grade of dis-
tilled water in equilibrium with a normal atmos-
phere has a pH ~ 5.5. For this system the product
KaoCy will be ~10711, a value too small to change 8,
yet significant enough to reduce 7o because of its
effect on the initial pH of the system. The extent
of reduction in 7o produced by carbonic acid con-
taminated water compared to carbon dioxide—free
water is also shown in Fig. 3. The magnitude of
this effect is an inverse function of [ Ny} and a direct
function of Ka,. :

When a weak acid decomposes to form another
stronger weak acid, the pH of the solution is
initially fixed at a value determined by the concen-
tration and acidity of the reactant (Eq. 20a). 71
will be shortened in proportion to the relative values
of the two dissociation constants involved. No
actual induction period will exist if the initial pH of
the system is low (<4) or if Ka;/Ka; > 0.01 (¢ < 1).
Equation 195 was derived assuming that the dis-
sociation of reactant was negligible. This assump-
tion fails if the reactant concentration is small
(~0.01 M). Equation 19b predicts that the [H*]|
during the early stages of degradation can be smaller
than the [Hy] calculated for the system (Eq. 20a),
particularly if e < 1. The initial small increase in
pH which should be observed is indicative of the
shifting in control of acidity of the system from react-
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Fig. 5—Computer simulated degradation of a
neutral compound subject only to specific base
catalysis in unbuffered solution: curve A, degrada-
tion product is a strong acid (defined by Eq. 8),
{No] = 0.01 M; curve B, degradation product is a
weak acid pKa; = 4.0 (defined by Eq. 17), [N} =
0.01 M. Curve C represents a first-order degrada-
tion shown for purposes of comparison.
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ant to product. A good example is acetylsalicylic
acid which is cited in Table IV. This table lists
relevant kinetic parameters for several compounds
of the types considered in this report and compares
predicted fn0q,-values for autocatalytic and pseudo-
first-order (at constant [H*] = [H,)) processes.
If 109, degradation has taken place in an 0.01 M
solution of aspirin, the calculated [H*] of the system
is 1.25 X 1073 M, whereas [Hy) is 1.37 X 107 M.
The effect is small enough so that pseudo-first order
degradation can be assumed for purposes of analysis.
If 50%, degradation has taken place, [H*] is 2.05 X
103 M, indicating that the reaction rate is now con-
trolled by the acidity of the salicylic acid. An
equation of the form of Eq. 13 then more accurately
describes the process.

If the functional group being hydrolyzed is not
acidic, one would generally expect that at least one
of the degradation products of a weak acid would
be stronger acid or one comparable in strength to the
reactant. If an acidic group is degraded, acids
weaker than the reactant may only be formed.
One example of this type is phosphoramidic acid
(see Table IV) which would exhibit a negative auto-
catalytic effect upon degradation in unbuffered solu-
tion since the [H*] continually decreases in propor-
tion to the degree of reaction.

Equation 13 is cumbersome; computations made
with it are involved. Unfortunately, the less com-
plex Eq. 16 will not give a valid prediction of 7y,
since the assumption upon which it is based (in
effect that the dissociation of the product is negli-
gible?®) fails in the early stages of degradation. The
degree of error observed in calculating 70 using Eq.
16 is shown in Fig. 3; it decreases in proportion to
product pKa and reactant concentration. A com-
parison of the form of solutions obtained for Egs. 13
and 186 is shown in Fig. 2 (curves 4 and C, respec-
tively). These curves illustrate the failure of Eq.
16 to account for the induction period accurately,
because it makes no provision for the initial state of
the system. However, Eq. 16 may have applica-
tion to the analysis of stability data obtained in the
absence of pH control when autocatalytic processes
of the type described are involved. It predicts
that a straight line with slope equal to kuyB?Ka,}/2
will be obtained if tanh~1{1 — [X]/8} is plotted as a
function of time. Plots of this type are shown in
Fig. 4 which illustrates the limitation of the tech-
nique: reactant concentration must be large (1 —
0.1 M), and only data corresponding to the latter
stages of degradation should be weighted. These
limitations may be overcome in part if the acid
degradation product is initially added to the system
so that 8 = [X,) + G, (the concentration of added
acid). Dawson and Lowson (8) have derived an
equivalent form of Eq. 16 which they applied to a
study of the acetic acid catalyzed hydrolysis of ethyl
acetate.

Competitive First-Order and Hydroxyl Ion-Cata-
lyzed Processes.—Specific base-catalyzed or spon-
taneous degradation also result in reduction of the
autocatalytic induction period. Figure 5 shows the
course of degradation if it is only specific base-
catalyzed. These curves are characterized by a
rapid initial rate of degradation which decreases in
proportion to the acidity of the product. When

® This assumption is implicit in the derivation of equations
generally used for estimating pH (21).
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both specific base-catalyzed and acid-catalyzed
processes are in competition, the rate of degradation
passes through a minimum (Fig. 6) which corre-
sponds to that point in time where the reaction
changes from one controlled by the pOH of the sys-
tem to one controlled by the pH. At this point

HY = b (the catenary of the pH-rate profile),
since the rates of specific acid and base catalysis are
equal. The tan~! terms which appear in Eqs. 6
and 15 significantly influence computations only in
the vicinity of the minimum. !9

The relative importance of specific base catalysis
in influencing the overall degradative rate is meas-
ured by the b-value, a few examples of which are
listed in Table 1V to show the range in values which
may be observed. Figure 7 shows the variation in
710 as a function of b at different levels of product
acidity and reactant concentration. Comparison is
made with r-values computed assuming pseudo-
first order kinetics at constant [H*] = [Hy]. If b
has a relatively large value, the system will be more
stable in unbuffered solution than when maintained
at constant pHy; if it has a small value, the system
will be less stable in unbuffered solution.

Where spontaneous hydrolysis is important in
initiating degradation, the initial rate will be first
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Fig. 6.—Computer simulated degradation (accord-
ing to Eq. 6) of neutral compounds ([No] = 0.01 M)
which form strong acids as products and are subject
to both specific acid and base catalysis: curve 4,
b = 1077, curve B, b = 107¢; and curve C, b =
1075 For purposes of comparison, ku was adjusted
so that rg-values were equal. Key: , repre-
sents plots of fraction of undegraded reactant as a
function of r; ——— —, represents plots of rate of
degradation, d[NV]/dr, as a function of 7.

order. Its relative importance in the overall
degradation is measured by the ag-value (see Table
1V). Figure 8 shows the variation in 7y as a func-
tion of ¢ at different levels of reactant concentration
and product acidity. It gives an indication of the
effective range of application of Egs. 5 and 14. It
should be noted that phosphoramidic acid would
show transition from autocatalytic to first-order
control as its degradation proceeded, in contrast to
the data presented in Fig. 8.

0 Dawson and Lowson (9) divided their analysis of the
autocatalytic degradation of ethyl acetate into two stages.
In the first stage they evaluated the combined catalytic
action of hydrogen-ion asd hydroxyl-ion by numerical solu-
tion of the differential equation. They employed a form of
Eq. 13 in their analysis of the second stage which dealt with
only hydrogen-ion catalysis.
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Temperature and Solvent Effects.—The effect of
temperature on the autocatalytic rate process will
depend upon the degree of thermal variation of the
dissociation constants of all acid species present
(including the solvent) and on the energies of
activation of the reactions involved. The dissocia-~
tion constant may increase or decrease with tem-
perature depending upon the nature of the acid and
the temperature range (22). However, the effect is
sufficiently small in the case of carboxylic acids to be
neglected. The significant increase in acidity of
water observed at elevated temperatures will be
reflected as an increase in value of b (Table IV).
The relative dependency of autocatalytic degrada-
tion on hydroxyl-ion catalysis is thereby increased.

The solvent effects which can be analyzed are
those owing to moderate changes in dielectric con-
stant and ionic strength. Their influence on the
rate constant has been detailed by Garrett (1). It
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Fig. 7.—Computed r-values shown as a function
of b = kouk,/ku: curves A ([My] = 0.1 M) and
D ([Ny] = 0.001 M), degradation product is a
strong acid, defined by Eq. 6; curve B ([N] =
0.1 M), degradation product is a weak acid (pKa, =
4.0), defined by Eq. 15; curves C ([Ny] = 0.1 M)
and E ([No] = 0.001 M), degradation product is a
weak acid (pKa; = 6.0), defined by Eq. 15. Curve
F represents r,-values computed assuming pseudo-
first order degradation at constant pH = pH, =
7.0. Curve G represents values computed assuming
pseudo-first order degradation at constant pH =

» V.

should be noted that increases in ionic strength
tend to increase the apparent dissociation constants
of weak acids; decreases in dielectric constant tend
to decrease them (22). Since the present theory has
been developed in terms of the classical dissociation
constant, the exact analysis of these effects requires a
knowledge of fg and fom for the specific system being
studied (see Fooinote 3). In most practical work
activity coefficients can be assumed to be unity.
The effect of changing ionic strength as a conse-
quence of degradation cannot readily be quantified.
Observed deviations from results predicted for auto-
catalysis, owing to changes in ionic strength, will be
especially significant if the degradation product is a
strong acid and the reactant concentration is large.

CONCLUSIONS

The validity of the equations which have been
presented to describe autocatalytic degradation in
systems of the type considered in this report depend
on the validity assigned to the [H7*] functions
derived. For purposes of estimating stability (as
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measured by li9,) in unbuffered aqueous pharma-
ceutical systems, the exact expressions (e.g., Egs.
13-15) must be employed. The examples of com-
puted fi59,-values shown in Table IV indicate that
significant errors can be made in estimates of stability
if pseudo-first order degradation is assumed.

The models discussed fail to take into account
general acid and base catalysis or reversible reac-
tions such as those which might be observed in
simple ester hydrolysis. However, these effects
certainly can be neglected for estimation of fq,.

10,000 ¢

< 1,000
[

100 |
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Fig. 8. —Computed 7)p-values shown as a function
of a = ky/ku: curves A ([Ny] = 0.1 M) and D
([No] = 0.001 M), degradation product is a strong
acid, defined by Eq. 5; curve B ([N,] = 0.1 M),
degradation product is a weak acid (pKa, = 4.0),
defined by Eq. 14; curves C ([No] = 0.1 M) and
E ({N,] = 0.001 M), degradation product is a weak
acid (pKa, = 6.0), defined by Eq. 14. Curve F
represents r-values computed assuming pseudo-
first order degradation at constant pH = pH, = 7.0.

Other cases can be considered, such as degradation
of neutral molecules or weak bases which form weak
bases as products and are subject primarily to specific
base catalysis in unbuffered solution. Treatment
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of these cases leads to solutions of the same form as
those described for Cases I and II1.

The power of the analog computer as a tool in
analyzing cases of this sort can readily be ascer-
tained by noting the complexity of the solutions ob-
tained to the differential equations. The computer
will prove especially useful in analyzing systems
where analytical solutions cannot readily be arrived
at—for example, cases complicated by reversible
reactions.

REFERENCES

(1) Garrett, E, R., Turs JOURNAL, 51, 811(1862).

(2) LuValle, J. E,, and Weissberger, A., J. Am. Chem.
Soc., 69, 1567(1947).

3) Kumtz, M., and Northrup, J. H., J. Gen. Physiol., 19,
991(1936)
22 §4) Robertson A.J.B., J. Soc. Chem. Ind. (London), 67,

1(19:

(5) Stranskl, 1. N., Klipping, G., Bogenschuetz, A, F.,
{Iemr)lch H. J., and Maennig, H., Advan. Catalysis, 9, 406
1957

(6) Yunker, M. H., Szulczewski, D., and Higuchi, T.,
Trs JOURNAL, 47, 613(1958).

(7) Zawidzki, J’., and Zaykowslu J., Ans, Akad. Wiss,
Krakau, 1916, 75 through Chem. Abstr 11, 2294(1917).

(8) Dawson H. M., and Lowson, W., J Chem Soc., 1927,

(9) Ibid., 1928, 3218.

(10) Zawxdzkl J Ang. Akad. Wiss. Krakau A, 1918, 275;
through Chem. Abstr. ., 11, 2293(1917).
as (ll; Reed, L. J., and Berkson, 1., J. Phys. Chem., 33, 760

(12) Gorin, G., Pierce, O. R, and McBee, E. T., J. Am.
Chem. Soc., T5, 5622(1953).

(13) Nogau:u H., Masayoshi, H., Awazu S and Yamada,
H., Chem. Pharm. Bull. (Tokyo), 6, 277(195

(14) Larsson, L., Acta Chem. Scand., 8, 1017(1954)

(15) Kurz, J. L., J. Phys. Chem., 66 2239(1962)

(16) Garrett, E.R., J. Am. Chem. Soc., 79, 3401(1957).

(17) Siegel, S., Lachman, L., and Malspeis, L., THis
JourNAL, 48, 431(1959)
as (18; Portoghese, P. S., and Malspeis, L., sbid., 50, 494

G., “Kinetics and

(19) Frost A. A, and Pearson, R.
Mechanism,’’ 1st ed John leey and Sons, New York,
N. Y, 1953 pPp. 19-20.

(20) Chanley,J D., and Feageson, E., J. Am. Chem. Soc.,
85, 1181(1963).

(21) Martin, A. N. "Phystcal Pharmacy,’”’ Lea and Febiger,
Phlladelphm Pa., 1960, pp. 229-243.

(22) H S., and Owen, B. B., “The Physical
Chemistry of Electrolyte Solutions,”” 2nd ed., Reinhold Pub-
lishing Corp., New York, N. Y., 1950, pp. 481-535.

Effect of Antiemetics and Other Compounds on
Protoveratrine Induced Emesis in Dogs

By LAWRENCE C. WEAVER, ELIZABETH RAHDERT, ALICE B. RICHARDST,
and BENEDICT E. ABREUt

Several known antiemetics and other compounds were evaluated for their ability to
prevent protoveratrine induced emesis in dogs and found to be ineffective.

PROTOVERATRINE produces a potent reflex
vasodepressor effect in dogs and humans (1).
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Generous supplies of halopendol (Searle), perphenazine
(Trilifon, Schering), trilupromazine (Vesprin, Squibb), pro-
chlorperazine (Compazme, Smith Kline and French)
pipamazine (Mornidine, Searle), meclizine (Bonine, Pﬁzer),
and trimethobenzamide (Tigan, Roche) are greatly ap-
preciated.

1 Present address: Department of Pharmacology, Indiana
University Medical Center, Indianapolis.

§ Present address: Department of Pharmacology and
Toxicology, University of Texas, Medical Branch, Galveston.

However, the range between the therapeutic and
the toxic dose is quite narrow (2), and it is often
difficult to obtain good clinical results without
some side effects; the major side effects are
nausea and vomiting. Alterations in the pro-
toveratrine inolecule to increase the margin be-
tween effectiveness and nausea have been at-
tempted (3). A second approach has been
directed at the prevention of nausea and vomit-
ing by the administration of antiemetic agents.



