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ABSTRACT : Many widely used drugs

are esters of carboxylic acids. The

factors which govern rates and me-

chanisms of ester hydrolysis are briefly

discussed and pH rate profiles of var-

tous esters are presented. The reaction

rales are often dramatically affected

by solvents. Ionic strength plays a role

in reactions involving two ionic species.

Acid or base catalysis by ingredients
commonly used in parenteral solutions
is discussed. These factors which affect
the hydrolytic degradation are illus-
trated with examples of drugs com-
monly used in injectable products.
Procaine is a classical example of ester-
linkage hydrolysis. Using kinetics of
procaine as reference point, the rela-
tive solvolytic rate of other structurally-
related local anesthetics is discussed
and predicted. Steric hindrance and
electronic effects are important in pre-
dicting the relative stability of the pro-
caine-related drugs. The effects of
ionic strength, temperature and pH
on the hydrolysis of meperidine, a sub-
stituted ethyl acetate, are discussed.
From these parameters, the optimum
conditions for stable meperidine so-
lutions could be predicted. Both hy-

*Presented at the Annual Meeting of the
Parenteral Drug Association in Las Vegas,
Nevada on November 11, 1971,
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droxyl-ion and hydrogen ion catalysis
account for the instability of atropine
solutions which are hydrolyzed outside
the range of pH 3 to 5. Homatropine
and scopolamine solutions also hydro-
Iyze with increasing pH.

I. Introduction and Theory

Many of our most important and
widely used drugs are derivatives of
carboxylic acids. This classification
would include esters, lactones, amides,
and lactams. Drugs included in this
category would be penicillin, aspirin,
procaine, atropine, ascorbic acid, me-
peridine, and numerous others. In this
paper, we will consider the factors
which govern rates and mechanisms of
ester hydrolysis. We will start with a
brief theoretical outline and illustrate
this with examples of esters which are
commonly available as parenteral pro-
ducts. (Lactones, amides, lactams, etc.
will be treated in future publications.)
Several reviews and publications have
concerned themselves with the rates
and mechanisms of hydrolysis of car-
boxylic acid esters (1,2). Also, general
textbooks on Kkinetics cover factors
which govern all reactions in solution

(3,4).

The overall reaction rate for ester

&
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hydrolysis can be expressed as follows:  These would involve combinations of :
é o : the following three pairs: alkyl-oxygen |
A8 I e 1 (AL), or acyl-oxygen (AC) cleavage;
T R L e acid (A) or base (B) catalyzed hydro- |
! A general cla.ssmﬁca.tmn of mecl‘lan- lysis; and a rate determining step which
isms for ester hydrolysis has been given s a unimolecular (1) or a bimolecular
by Ingold (3). There are eight possible  process (2). The eight combinations
mechanisms which can be .pOStUIated- are usual]y expressed as follows:

. ———— . A —"

Apc 1 Bic1 [has not been observed]

Azc 2 [most common) Byc » [most common)

AL 1 Bar 1

AL 2 [haa not been observed) BaL
pH Profile rate as a function of the hydrogen ion

One of the most valuable pieces of T A b the. e

inf : d ok i stant as a function of pH yields what
HEOREsGOR [ &0a One % ° m.ost is commonly known as a pH rate pro-
common methods employed in studying  file, The overall rate of hydrolysis for
a reaction is to measure the hydrolytic  an ester can be expressed as follows: l

.:_5 .Exn + K[ + Kop=[OH) + Ky [N] + Koo [GB] + Kg, [cA]:’[E] [2]

K, = rate constant for uncatalyzed or water catalyzed reaction.
Ku+ = rate constant for the acid catalyzed hydrolysis.

Koy = rate constant for the hydroxide ion catalyzed hydrolysis.
Ky = rate constant for nucleophilic catalysis.

KGB = rate constant for general .base catalysis.

rﬂ& * rate constant for general acid catalysis.

A particular compound may be sub-  to other types of catalysis. These are
ject to some or all of these terms and  illustrated in the examples which are
at any particular pH value only one given below. The effects of other nu-
or two terms are significant. The simp-  cleophiles or of general acids or general
lest profile observed is usually a caten-  bases are usually studied by varying
ary in which the compound is subject  their concentration while maintaining
only to hydrogen ion catalysis and hy- constant pH. One plots the rate con-
droxide ion catalysis. Deviations from  stant as a function of the species in
this type of profile indicate that the  question at constant pH and extrapo-
reaction is more complex and subject lates to “zero buffer concentration” to
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| obtain the rate constant for the specific

' acid (Kl +) or specific base (KgH—)

! catalysis. The pH of the solution can
| be considered to have the greatest effect
on the rate of hydrolysis. A one-fold
change in pH amounts to a ten-fold
» change in the rates of hydroxide ion

o hydrogen ion concentration, and as
can be seen in the above equation, the
rate is generally proportional to the
hydrogen ion concentration.

= N .ZAZQZ
R B
Ev #

1 =
n k Inko

In ko=

N = Avogadro's number

z“-

electronic charge
absolute temperature

R = gas constant

E = dielectric constant

activated complex.

The equation predicts a linear re-
lationship in a plot of In k versus 1
with a positive slope if the charges are
of opposite sign and a negative slope
if the charges are of the same sign. The
above equation would predict no effect
of dielectric constant if one of the

Nz 2% 2
n k = 1n ko * 3¢5

where k

"

G

rate constant at dielectric constant, G ‘

Solvent

Solvents can have a dramatic effect
on reaction rate. We will present here
merely a simplified treatment — by
summarizing the equations which con-
sider the effect of solvent. The treat-
ment usually considers reaction between
two ions or between an ion and a
neutral molecule. Where both reac-
tants are ions in a solvent medium
which is a continuous dielectric, the
absolute rate theory gives us the fol-
lowing equation:

(3)

In k = rate constant at dielectric constant,e s

rate constant in medium of infinite dielectric constant.

charge on ion A; zn = charge on ion B,

+
¥ = proportional to the inter-atomic distance in the

molecules were neutral (either Za or
7g would be O.) However, there is an
effect of dielectric constant on the rate
of reaction between an ion and a neu-
tral molecule. This is generally ex-

pressed as follows:

(4)

rate constant in a medium of infinite
dielectric constant.

radius for the reactant ion and the other

symbols are as defined above.

Nov.-Dec., 1972, Vol, 26, No. 6
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This equation also predicts that the
logarithm of the rate constant will vary
linearly with the reciprocal of the
dielectric constant.

For a reaction between two dipolar
molecules with no net charge, an ex-
pression relating the rate constant to
the dipole moment can also be gener-
ated. These equations not only pre-
dict a linear relationship between the
rate constant and the reciprocal of the
dielectric constant, but also include in
the slope a contribution due to the
dipole moments.

Tonic Strength

For reactions involving two ionic
species, the rate constant is dependent
on the ionic strength which is defined
as follows,

AT (5]
i g L

} = ionic strength
(.‘-i = concentration of the ion
Zi * wvalence of the ion

For aqueous solutions at room tem-
perature, one can write the following
equation for the variation of rate con-
stant with ionic strength. (The con-
stant 1.02 is valid for aqueous solutions
at 25°C.)

log k = log kg + 1.02 Z,2Zg W (6]

One normally plots log k/Kg vs. \!T
and obtains a straight line with a slope

equal to ZyZ. Therefore, this equation
predicts that for a simple neutral ester,
there should be no ionic strength effect
because the product ZyZg = O. This
is essentially true in dilute solution.
However, although the above equation
predicts that ionic strength will have

274

no effect when one of the reactants is

a neutral molecule, there is an effect '

due to ionic strength at higher con
centrations. The activity coefficient of
neutral molecules will be effected by
ionic strength and one can have an ex-
pression which gives a linear relation-
ship with the logarithms of the rate
constant and ionic strength, b is an
empirical constant.

In k = 1In kg + by

()
These above two effects of salts are
commonly called the primary salt
effect, There is also a secondary salt
effect which is the effect of ionic
strength on the dissociation constants
of buffer species which can calalyze a
reaction. From a practical point of
view, the addition of an inert salt such
as sodium chloride to adjust isotonicity
could effect the rate of reaction as a
primary salt effect. Buffers which may
be added to adjust pH also are ionic
species and, hence, can exert a primary
salt effect as they control their own
ionic environment; in addition, they
can exert a secondary salt effect and
it is possible that they can act as
catalysts.

Catalysis

Many esters are subjecct to general
acid, general base, or nucleophilic cata-
lysis in addition to hydrogen ion or hy-
droxide ion catalysis which are con-
sidered to be specific acid and specific
base catalysis, respectively. Many other
acidic or basic species such as acetic
acid, acetate, citric acid, citrate, phos-
phoric acid, phosphate, etc. which are
commonly used as buffering agents in
parenteral solutions are examples of
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general acids and general bases. Sev-
eral linear free-energy relationships
quantitate the catalytic constant with
a property of the species and relate the

rate constants for a series of reactions.
For acid-base catalysis, this free energy
relationship is the Bronsted Catalysis
Law. This can be expressed as follows:

(e)

specific rate constant for general acid catalysis.

specific rate constant for general based catalysis.

KL
ko = Gk
and ,9
kg = Opky
Where: kGA =
ks =
‘A. = acid dissociation constant.
Kg = basic dissociation constant.
%
Gy constants characteristic of the solvent,
& temperature, and reaction,

J‘;ﬂ - positive, and vary from 0 to l.

The effect of buffers on rate can be
predicted and estimated through em-
ployment of the above equations.
Another type of catalysis which esters
are subject to is nucleophilic catalysis.
An example of a nucleophile could be
an amine or one of the above-men-
tioned basic buffer species. They could
react with an ester to form the res-
pective acyl derivative which itself may
be a product or this acyl intermediate
could be very unstable and break down
to generate an acid and alcohol and
regenerate the nucleophile to yield a
net catalytic effect. General base cata-
lysis, on the other hand, does not form
any reactive intermediate but acceler-
ates the reaction by promoting proton
transfer. It is sometimes difficult to
differentiate between general base cata~
lysis and nucleophilic catalysis. A prac-
tical result of adding a buffering agent

or an amine to control pH or solu-
bility, may be that these compounds
accelerate decomposition of the active
ingredient.

All the above-mentioned effects can
be caused by those agents which are
commonly considered to be inert in-
gredients. But as we have attempted
to point out, these “inerts” can exert
profound effects on the rate of reaction.
For example, the sodium chloride which
is added to adjust isotonicity will also
have an effect on ionic strength. The
bisulfite which is added as an anti-
oxidant also affects ionic strength and
can also exert its own catalytic effect,
as a general base or nucleophile. The
common acetate or phosphate buffers
can act as general or nucleophilic cata-
lysts in addition to exerting an effect
on ionic strength. Alcohol or other
organic solvents which may be added
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Nov.-Dec., 1972, Vol. 26, No. 6

Eyenovia Exhibit 1033, Page 5 of 19



to aid solubility will also affect the
dielectric constant of the medium.

The above parameters will now be
illustrated with examples from the liter-
ature regarding drugs widely used in
parenterals.

II. Procaine and Structurally
Related Local Anesthetics

1. Procaine
Procaine, a well-known local anes-
- thetic, has the chemical structure

C2H

HyN— C-0-CH,,CH B
I 2 Nen

— 0 25

Aside from oxidative breakdown, in-
stability of procaine in solution is due

aminobenzoic acid and diethylamino-
ethanol. Since procaine in solution can
exist in three different forms (the free
base, P. the singly charged ion, PHT;
and doubly charged ion, PH,+ ), the
total drug concentration in solution is
then given by Py = P + PHT +
PH,*+. The concentration of each
form is interrelated by the acid disso-
ciation constants, The rate of hydro-
lysis of the doubly charged form which
exists below pH 2.3 was shown to be
very slow and, for all practical pur-
poses, the acid-catalyzed hydrolysis is
negligible in the deterioration of pro-
caine. Thus, the hydroxyl ion catalyzed
reaction will be the most important
hydrolysis mechanism and can be ex-

mainly to the hydrolysis of the ester pressed by the following overall
linkage (6) with the formation of p- equation:
dln P &
T B (on]
dt '\_"‘1 (on?) + l‘:t‘;l Ky (0H7) (9)
+
P = P+
. P+PH
K, = Dissociation constant
k, = BSpecific rate constant for hydroxide ion
1 catalysis of Pr
kz = §Specific rate coistanl: for hydroxide ion

catalysis of PrH

This equation is valid for all procaine molecules.

As observed, the degradation rate
of procaine at any given temperature
and pH is first order in nature with
respect to the ester concentration. The
dependency of the rate of hydrolysis
on the hydroxyl ion activity is shown
in Figure 1. The hydrolytic rate was
obtained at 40°C and expressed in
terms of the half-life of the drug.

276

The authors concluded that pro-
caine was subject only to specific acid
and specific base catalysis (the acid
catalysis was also very small). The
deviation from the simple catenary
described earlier is due to ionization
of the procaine and the inflection point
in the pH profile agrees with the dis-
sociation constant.
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5.0

a6l DEPENDENCE OF PROCAINE HYDROLYSIS /

RATE ON OH" CONCENTRATION 7
TEMP=40"C

42+
38
3.4

3.0

zsL
22
1.8

LOG t 172 (min)

1.4
.o~

o.s-/
ey ey R e T T s o [ PR S R L

1.0 20 30

4.0 50 6.0 70

LoG [oH]
FIG.1.

Fic. 1 Half-life of procaine with the hydroxyl ion content
of the reaction mixture. Circles, experimental
] points at 40° C.; crosses, experimental points other
than 40° C., corrected to 40° C.
(Reproduced with permission from [. Amer.
Pharm. Assoc., Sci. Ed., 39, 405 (1950).

Thus, the kinetics of the solvolysis
of procaine are relatively straight for-
ward. From the above data, one can
extrapolate other experimental con-
ditions and the kinetics of the degra-

dation of other structurely related local
anesthetics.

2. Chloroprocaine
What effect does the substitution of
a chlorine atom in the benzene ring
have on the hydrolytic rate of the pro-
caine molecule? Since the substitution
| of chlorine could exert an electron-
I withdrawing effect (permanent polari-
zation effect), itis anticipated that pro-
caine will be more stable than chloro-
procaine. The electronegative chlorine
will attract electrons, hence rendering
the carboxyl carbon more positive and
hence more susceptible to hydroxyl ion
attack. This is supported by the work
of Boltze and Katzmann (7) and Aven
and Foldes (8) who report that chloro-

Nov.-Dec., 1972, Vol. 26, No. 6
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procaine is hydrolyzed about two or
three times faster than procaine in alka-
line media.

I
&—>0 PROCAINE
o} 0—0 TETRACAINE

x
o -2
o
-

-3

-4+

i§ 2 L 1 1 1

R T e 8 10 pH

FIG.2.

Fic. 2 Overall velocity constant for pro-
s caine (lower curve) and aor tetra-
caine (upper curve) at 50°C. as a

function of pH.
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3. Tetracaine (Pontocaine)

Tetracaine undergoes solvolytic de-
composition in an aqueous solution into
p-butylaminobenzoic acid. The overall
velocity constants for tetracaine and
procaine (9) at 50°C as a function
of pH is shown in Figure 2.

dimethylaminoethanol rather than die
thylaminoethanol. The overall effect
is to produce a slightly less stable com-
pound than procaine.

4. Farmocaine, Stadacaine and

Intracaine

Schmid has studied (10) the rateof |

The differences between procaine
and tetracaine are the p-amino group
which is substituted to become p-n-
butylamino and the alcohol portion is

1.0 7
3 08 R'*NHCg4Hg
wi b
W
© 061
o
-
041
d R'+0CqHg
0.21 c ""0 C2H5
L T Al T Ll 5
4 5-10
I 2 3 23 visn

o=Novocaine b=Farmocoine c¢=Infracaine d=Stodocaine

Fic. 3 Log (E -~ Eoo) in relation to time (sec) in pH
6.79 phosphate buffer at 49.8° C. (Reproduced
with permission from Pharm. Acta Helv., 38, 423

(1961).
IABLE [, KINETIC PARANETERS OF SOME LOCAL ANESTHETICS

R—¢_=C00CH,CHNCC,He),

TIME FOR 10% DEGRADATION

FARMOCAINE ~HHCyHg 4900 49
PROCAINE ~NHy 2800 28
STADACAINE ~0CyHg 725 7
INTRACAINE ~0C2Hs 725 7

FROM H. W. SCHMID, PHARN. ACTA HELV.. 36, 423 (1961),

Reproduced with permission of the copyright owner.
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degradation of a series of local anes-
thetics. An example is shown in Figure
3 for the pseudo first order degradation
of Farmocaine, Procaine, Stadacaine,




and Intracaine in phosphate buffer at  The steric effect is only of little signifi-
pH of 6.79 ionic strength of 0.16, and  cance in these compounds.

at 49.8°C. The attached Table I was
constructed from the various tables of

Schml.d’s work. As shown in the table, ally related compounds with local an-
the difference in the stability of the  ogthetic activity was investigated by
local anesthetics is due primarily to an  Mueller and Speiser (11,12). Pseudo-
electronic effect which alters the elec-  first order degradation of Larocaine
tronic density at the reaction center. and Panthesine was observed and the

; tweOoen |

5. Panthesine and Laroccaine
The hydrolysis of a series of structur-

SO0
- R
4.0 - k Czﬂ4“ ‘c2"5}2
2. CHz-?-N (Czﬂa)z
2 30 - C-C(CHaiz
~ %
© 204 3.CH2‘9'C'N(CzH5)z
S -
b
1.0 =
L 1 | l A i i L l

I 253 4 6 67T 9.9 DN
| Procoine 2 Panthesin 3 Lorocaine

FIG.4

Fic. 4 K dependence on pH (20° C.) (Reproduced
m perx:?;ion from Pll:arm. Acta Helv., 40, 671

(1965).
£ R, AR
IABLE 11 N,@ ED .
SECOND ORDER RATE CONSTAMT AT 20°C
R
COMPOUND sl Ky X 10° Ko Ky—x_10°
Cotl
PROCAINE  -C-C-H7 22 2,46 25.7 14,9
~ M
PANTHESINE  -C-C-NZ_ 2.23 12,5 :
1 Colis
ai
g
= CH3
C
M
LAROCAINE -c-'g-c-u\c‘Z 5 . 3.18 5,57
C C2H5

e ¥ e

F. MILLER AuD P. SPEISER. PHARM. ACTA HELV.. 40. 620 (1965) .
Reproduced with permission of the copyright owner
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dependency of log K on pH for Pro-
caine, Panthesine and Larocaine at
20°C is shown in Figure 4. The rela-
tive stability toward hydrolysis is in the
order of Procaine > Panthesine >
Larocaine.

As shown in Table II, with the in-
termediate chain increasing in length,
the stability of the esters is increased

slightly. The lengthening of the chains
has a negative effect on the activation
entropy which caused the greater sta
bility of the diethylaminobutyl ester.
This steric effect is particularly marked
in the compounds with ramified nter-
mediate chains, in which the entropy
is rendered negative by the steric in-
hibition of the free mobility in one

COMPARATIVE DEGRADATION RATE OF LOCAL AVCSTHETICS

TABLE I11
— STRUCTURE _ .

NHZ'Q'E'O‘CHZ'CIQ‘N

COMPOUND

Procaine (NovocaINnE)

RELATIVE RATE
OF DEGRADATION
L2Hs
2 1

CoHg

CoH
CHLOROPROCAINE (NESACAINE) NHQ~ Q =C=0-CHy~CHp~N_ 2% 2-3 (a)
0 o i
cL o
TETRACAINE (AMETHOCAINE) cqng-nu-Q-c-o-mgcuz—n:c“} 1-2 (B)
(PONTOCAINE) o ]
CHZ“CH’CHS
, \CH3
c
PANTHES INE Nuz—Q-c-o-cuz-cn—u: & 0.5 (o)
" CoHg
0 CoH
2%
LAROCAINE NHy=(_)~C-0-CHy=C~CHy-N_ 0.12 (c)
A R
0 CH3
L2H5
INTRACAINE c2H5=0-(_) =C=0=CHg=CHQ~N 4 ()
2iso-O-coagran-n L - D
0
CoH
STADACAINE cuug-o-Q-c-o-cuzcnz—N: £ 4 (p)
([ C2H5 o
0
RELATIVE RATE
LOMPOUND _STRUCTURE
FARMOCAINE cqug-NH-Q-C-O'CHz'N’CZHS 0.6 (p)
] \Czﬂs

280
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tansition state, so that the stability

of the degradation of related local an-
s enhanced.

esthetics may be predicted based on
B e of decradation of their chemical structure as illustrated
these local anesthetics are summarized inTable IV.

m Table III, using the hydrolytic rate 7, Change of Solvent for Procaine

of procaine as reference. The comparative hydrolytic rate of
6. Prediction to Other Local procaine in protium oxide (water) and
Anesthetics

deuterium oxide at 100°C and pH =

From the above, the relative rate 8.0 is illustrated in Figure 5 (13).

TALLE TV
PREDICTIVE DEGRADATION PATE OF LOCAL AWESTHETICS
Lorpounn —OTRUCTURE COMMENTS
CH
IsoBucaInE NHA= ~C=0~CHnCH” 3 LESS STABLE
2 @ : 2 “CH3 THAN PROCAINE
3
CHoCH
BUTETHAMINE NH2-© -C-O-CH2CH2N: Hzl STABILITY 1S
a H CHS  siMiLar To
PROCAINE.
‘,’“3
CHy=CH
METHBUTETHAMINE Q-c—o-cuzcuzu: 42 | TORE STABLE
Nly o el THAN PROCAINE
| CoH "
PROPOXYCAI NE NHZ-Q -::-o-cuzcnzu: 2’5 VMORE STABLE
S C2Hs THAN CHLORO-
3 PROCAINE
(A) FROM REF., 12 anp 13
() FROM REF. 14
(c) FrOM ReF, 17 AND 18, Kk, AT 20°¢c
() FROM REF. 16, K, AT 20°¢c
281
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Procaine is shown to be twice as stable
in D,0 as in H,0. This indicates that
OD— is not as potent as OH— as a

% PROCAINE REMAINING

lo L] ! ] L L] L] L L
5 10 15 20 25 30 35

TIME (MIN)
FIG.5

Fio. 5 Rate of hydrolysis of procaine in
protium oxide and deuterium oxide
at pH and at “apparent” pH 8.0
(100° C.). (Reproduced with per-
mission from J. Pharm. Sci., 53, 978
(1964).

IABLE ¥V

8. Effect of Ionic Strength on

Reaction Rate of Pontocaine

at 70°C

As discussed in the introduction, the

addition of salt to the formulation does
alter the rate constant due to the effect
of ionic strength. As shown in Table
V, the observed effect is real but not

large.

III. Meperidine and Related
Compounds

1. Meperidine

Meperidine hydrochloride (Ethyl
1-Methyl-4-phenylisonipecotate Hydro-
chloride) is an analgesic, spasmolytic
and sedative drug, available in various
pharmaceutical dosage forms, alone
and in combinations with other drugs
as tablets, injections, and syrups.

Meperidine is a substituted ethyl
acetate or an ester of amino butyric
acid. The acid and base catalyzed hy-
drolysis of phenyl substituted aliphatic
esters was studied by Smith and Leven-
son (14,15) who found that the in-
troduction of a phenyl substituent in

EFFECT OF IONIC STRENGTH ON REACTION RATE OF PANTUCAINE AT 70°C.

A K
0,010
0.160

0,106
0.130
0.160

0,100
0.130
0,160

BEACTION TYPE
B+ OH

B + OW

K ech x 10°
8,32
8.32

1.27
8
1.04

0.093
o.wa
0.105

FROM H, W, SCHMID. PHARM. ACTA HELV.. 36, 423 (1961).

Reproduced with permission of the copyright o
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an alpha position of the ester slows
down the rate. Alkaline hydrolysis rate
s increased while the rate of acid hy-
drolysis is decreased at the same time

20

19
Z NaCl
-g. 0.0 Gm
=
s 1.8 - 0.54 Gm
a 1.I3Gm
o
E
b 2.58 Gm
o LTH
S 404 Gm
1 s 1 |
0.0 0 20 30 40
TIME IN HOURS
FIG.6

Fio. 6 Effect of increasing concentration of
NaCl on the rates of hydrolysis of
meperidine in 0.1123 N HCI at
70° C. (Reproduced with permission
i:fbmthl’atell_iy%. LI/I.,. "AofKinMcﬁc Study

e ro eperidine
HC1,” Diuertam, Univ. of Towa,

August, 1965.)
2.0
M
¥ 0.2
- 0.4
z 1.9 0.6
& 0.8
S
HoPOZ
®8f
w
=]
-]
o
e’ 1 & | 58 1
0.0 100 200 300 400
TIME IN HOURS
FIG.7

Fic. 7 Pseudo first-order character of the
hydrolysis of meperidine at different
concentrations of dihydrogen phos-
phate ion at pH 4.01 and ionic
strength of 0.80. (Reproduced with
permission from Patel, R, M, “A
Kinetic Study of the Hydrolysis of
Meperidine HC1,” Dissertation, Univ.
of Iowa, August, 1965.)

@
T

[+, ~
T

RATE CONSTANT -HOURS-1x10%
n o >

1 ‘ | 1 1

0 0.2 0.4 0.5 0.8
Hy Po; ~ CONCENTRATION(M/L)
FIG.8

Fic. 8 Effect of dihydrogen phosphate con-
centration on the pseudo first-order
rate constant of meperidine hydrolysis
at 94.7° C. and canstant ionic strength
of 0.8 and pH 4.01. (Reproduced
with permission from Patel, R. M.,
“A Kinetic Study of the Hydrolysis
of Meperidine HC1,” Dissertation,
Univ. of Iowa, August, 1965.)

in compounds containing quaternary
ammonium ion (16).

In the study of the kinetics of
meperidine degradation in aqueous
solution the effect of temperature, ionic
strength and pH were investigated
(20). The sodium chloride concen-
tration was varied in order to study
the effect of ionic strength by obser-
ving the hydrolytic rate at 70°C (Fig-
ure 6). The catalytic effect of H,PO,—
ion on the rates of meperidine hydro-
chloride at constant ionic strength and
pH was investigated (Figures 7 and 8).
Hydrolysis of meperidine was found
to be a specific hydronium ion catalyzed
reaction in dilute hydrochloric acid
solutions, The hydrolysis of the pro-
tonated form of meperidine is first
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TABLE VI
MEPERIDINE AND RELATED COMPOUNDS

Ry Ry Ry R, '
il — —
Meperidine CH . Celg coczus H
Alphaprodine, Betaprodine t‘:il3 06H5 0CC,H, CH 5
0
Piminodine CH,CH, CHpMHCGH,  CgHy  coC,H, H
0
Anileridine on cat N, CgHs oGy, i l
0
|
Diphenoxylate CH,, CH,C {cbnﬁj 2 CeHg oC,H H
oN 0

order over a wide pH range 1 to 7. The half-life periods, t 1/2 calculated |
Dihydrogen phosphate ion has a small ~ from K at 25°, for each pH value, are
catalytic effect. At pH 4.01 maximum listed in Table VII and a plot of log K
stability was observed. Aqueous so-  vs. pH expressed in days is shown in
lutions should be buffered between pH  Figure 9. In this pH rate profile there
3.5 and 4.0 for maximum shelf life.  are three regions: one in which an

TABLE VII,HALF-LIFE, 7y /2+ CALCULATED FOR THE HYDROLYSIS OF MEPERIDINE AT 25°C.

Pl Loc k* (ur71) 11/2 LOG Ty /-

pAY x 1073 (pay)

e 7S SNSRI f

2,057 4,75 1,380 3,140 |
2,860 -5.35 6,523 3,750
3,680 -6.70 125.9 5,100
4,885 -6.70 125.9 5,100
6,171 -5.,60 10,02 4,011

6.762 -5,24 4,365 3,640 ‘.

K* = EXTRAPOLATED FROM THE ARRHENIUS PLOT
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-2.0

hydroxide solution, with the formation
of tropic acid and tropine (21). The
qualitative hydrolysis of atropine in
aqueous solution has been described in
various papers which recognized the
relatively stronger effect of alkaline so-
lution when compared with acid so-
lution (22). Although atropine solu-
tions in acidic as well as alkaline media
upon heating at 100° for 30 minutes
were found to be relatively stable
(23), it was recognized that buffering
of aqueous atropine sulfate solutions
at pH 4-5 was recommended to in-
crease stability (24) up to 2 years (25).
Atropine sulfate was found to be less
N i 1§ ey R stable than the nitrate or phosphate
' drolysis of mgepeﬁ;;ﬁepll;lyd(;;chlgﬁdt: (26). In another study (27), the op-

(Reproduced with permission from timum pH for atropine sulfate was

LOO K (K IN MR, 1)

FIG.9

J Patel, R. M., “A Kinetic Study of i ili
| the Hydroinis of Meperidine HC1, -0 The improved stability at lower
Pgl;sser)tatlon, Univ. of lowa, August, pH could be demonstrated after sterili-
acid-catalyzed reaction takes place, a 4 s oleeh ey
pH-independent regi : ' ‘
| ependent region, and a region @ 0.301 N HCIO4
- m which the reaction is hydroxyl ion v Aghiige
TEMP = 70°C

catalyzed. Between pH 4 to 5 the
velocity might be due to non-catalyzed Syt
reaction. At the iso-catalytic point, the
plinimtun, the hydrogen and hydroxyl
ion catalyzed reactions are equal. At
+ 959 the minimum corresponds to a .8
pH of 4.01. Other compounds which
are related to meperidine and are ex-
- pected to behave in a similar manner

LOG % ESTER

are listed in Table V1. 1.7
2. Atropine and Analogs K;o g:;o :Ioo «'}o a::o
Atropine is defined by the Inter- TIME IN HOURS
national Pharmacopeia as DL-tropanyl- F16.10
2-hydroxyl-1-phenyl-propionate. As was : ine /i ik
10 Hydrol of atropine in dilu'e
demonstrated by Kraut in 1864, atro- ¥ peytg%?;’ cg"‘d 'ﬁlumr::i::i: n“?:,oc'
Fl 3 . m
pine undergoes hydrolysis on heating }Rzpm .;ham‘_“,ﬁ,x, Sci. Ed., 46,
either with hydrochloric acid or barium 531 (1957).
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zation of solutions at various pH values
(28-31). A mechanism involving intra-
molecular hydrogen-bonding between
the ester carbonyl and protonated amine
was postulated in a kinetic study of
atropine (30). During slow alkaline
hydrolysis of atropine solutions, the in-
termediate apoatropine was detected
with tropic and atropic acids as end
products (32). A 44% loss was found
in an isotonic atropine-borax-boric acid
solution after storage at room temper-
ature for only one month (33). The
container alkalinity has also been im-
plicated in the instability of atropine
solutions (34). Atropine solutions are
also hydrolyzed to tropine by fungus
contamination (33) and by bacteria
within a short period of time (36-38).

In a kinetic study of the proton cata-
lyzed hydrolysis of atropine (39) the
temperature dependency of this re-
action was established. The hydrogen
ion catalyzed hydrolysis at 40° is 1.6 x
105 min, <! while the hydroxyl ion
catalysis of the protonated species of
atropine is 33.6 min. -1, At constant
temperature and hydrogen ion concen-
tration, the rate of hydrolysis is first
order as shown in Figure 10. When
the velocity constants obtained at the
various normalities are plotted against
the reciprocal of the respective absolute
temperatures, a straight line relation-
ship indicates that a change in tem-
perature does not change the mechan-
ism of ester hydrolysis. This is illus-
trated in Figure 11. The pH of mini-
mum hydrolysis of atropine changes
inversely with increase in temperature,
the values decreasing from 4.11 at
0° to 3.24 at 100°. Stability of atro-
pine at various pH and temperatures

| PN b

LOG K

-45-
© 0.099 N HCIO4
4 0.199 N HCIOg
0 0.301 N HCIO4
X 0.401 N HCIO 4

y | 1
28
1/Tx103

Fle.ll

29

Fic. 11 Temperature dependency of the hy-

drolytic reaction of atropine cata-
(Repro-

duced with premission from J. Am.

lyzed by hydrogen ions.

Pharm. Assoc., Seci. Ed. 46, 53
(1957).

is shown in Table VIII. Both hydro-

xyl-ion and hydrogenion catalysis ac-

count for the instability of atropine so-
lutions, the former for instability above
pH 5 and the latter for that below pH
3.

3. Homatropine

Similar to atropine, solutions of
homatropine are also very stable at low
pH even when autoclaved (40-43).
However, with increase of temperature
and at higher pH, decomposition takes
place. Second order alkaline hydro-
lysis of aliphatic carboxylic esters and
the retarding effect of a negative ionic
charge were demonstrated by Ingold
(3). The alkaline hydrolysis of highly
substituted esters (i.e., homatropine,
scopolamine) was also reported (17-
19) as being generally facilitated by
the positive charge on the quarternary
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‘ TABLE 11X, PREDICTED STABILITY OF ATROPINE IN AQUEQUS SOLUTIONS. "2 IN YEARS

oH
| Tew..°C.|7.0 6.0 5.0 4,5 4,0 3.0 2.0
- YR Ll 266 811 1800 548 56
0 (061 61 Bl 194 473 203 21
4% |0d6 - 1.6 . 16 49 135 80.7 8.5
50 GIRE R 3BiBk 302 s 303 3.6
60 X (WU IEEE e SEE RS U R T 1.6
70 0.6 133 434 652 076
80 . ;. 0,17 05 1.63  3.04 037
0 o 0.21 0.65 1.48 0.19
100 0.1 0.31 0.6 0,10

salt. An investigation of the chemical
kinetics of the hydroxyl ion catalyzed
hydrolysis of homatropine (44) has
shown that the deterioration consists
of two reactions. The heat of activation
for the two reactions involving the free
and acid form of the base as calculated
from Arrhenius plots are 12.3 and 11.4
kilocalories, respectively. Homatropine
free base degrades at a rate approxi-
mately five times that of atropine base,
and the salt form of homatropine de-
grades at a rate approximately eight
times that of the salt form of atropine.

The effect of nonionic surfactants on
the chemical stability of homatropine
in the presence of various concen-
trations of polyoxyethylene lauryl ether
and polysorbate 80 at increasing tem-
peratures was studied (45). Hydro-
lysis of these solubilized systems is
pseudo first-order degradation with the
logarithm of the rate constant being
linearly dependent on the concen-
tration of the surfactant. The rate of

Nov.-Dec., 1872, Vol. 26, No. 6

hydrolysis was increased with increased
temperature. In another investigation
of the effect of the surface active agents
on the hydrolysis of solubilized homa-
tropine, it was found that a concen-
tration of surface-active agent less than
critical micelle concentration stability
was enhanced due to micellar inter-
action (46).

Measurements of decomposition of
homatropine hydrobromide eye drops
buffered at various pH showed that
stability is assured by pH below 4.5 if
solutions are autoclaved (47). In a
comparative study, it was determined
that enzymatic hydrolysis of atropine
and hyoscyamine takes place at almost
the same rate while homatropine is
hydrolyzed much less (48). Homatro-
pine is less stable than atropine due to
the inductive effect of the hydroxyl
group, thus enhancing the positive
character of the carbonyl group and
accelerating nucleophilic attack.

P T
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4. Scopolamine

Scopolamine or hyoscine hydrolyzes
in a manner similar to atropine. If
scopolamine is boiled with dilute al-
kali, tropic acid and the alkaloids
scopine or scopoline, both optically ac-
tive compounds, are formed.

Straub stated that stable solutions of
scopolamine are possible by using a
vehicle of 10% mannitol (49), but pH
in a range of 3.2-3.6 of a scopolamine
hydrobromide produced the best sta-
bility even at sterilization temperatures
(26). In another study, 1% solutions
of the alkaloid were stable for 2 years
if the pH was kept below 4.5 and bac-
terial contamination prevented (27).
The stability of scopolamine hydrobro-
mide injectable solutions was found to
be affected by light, heat and pH (50).
Alkaline hydrolysis at pH 8-8.5 resulted
in scopine, at pH 9-10 in both scopine
and scopoline. In simulated intestinal
fluid lipase hydrolyzed the emulsified
ester. The enzymatic degradation of
scopolamine hydrobromide solutions
with tissue homogenates (51), and
with serum from certain species (52)
was also described.
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