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ABSTRACT 

The pH-rate proples for  the ester$cation and hydrolysis of ketorolac and the iso- 
propyl ester of ketorolac have been measured in 35% isopropyl alcohol at 22, 60, 
and 80°C. The data showed that pH has a large effect on the rate of esterifica- 
tion in the pH region below pH 5. Additional studies on the hydrolysis of the iso- 
propyl ester of ketorolac showed that acetate buffer catalyzes the hydrolysis re- 
action. 

INTRODUCTION 

Ketorolac tromethamine (ToradoP) is a member of 
the pyrrolo-pyrrole group of nonsteroidal anti-inflam- 
matory drugs (1). Due to its high potency it has been 
considered for topical use to relieve local pain. Proto- 
type ketorolac topical gel formulations contain ketorolac 
tromethamine dissolved in a solution of 35% isopropyl 
alcohol. The formulation also contains ethylene diamine 
tetraacetic acid, butylated hydroxytoluene, trometha- 
mine, diisopropyl adipate, and Carbomer 940, and is 
adjusted to pH 4. 

The stability of ketorolac has been studied in solu- 
tion ( 2 , 3 )  and in the solid state (4) where oxidation is 
the major degradation pathway. However, in the ketoro- 
lac topical gel formulation the isopropyl ester of 
ketorolac was the major degradation product (Fig. 1). 
Formation of the isopropyl ester of ketorolac in the topi- 
cal gel formulation is a regulatory concern since the ester 
may have different permeability properties from the 

'To whom correspondence should be addressed. 

parent compound ( 5 ) .  Studies on the rate of formation 
and hydrolysis of the isopropyl ester of ketorolac have 
been conducted in 35% isopropyl alcohol to determine 
conditions at which stable formulations can be prepared. 
This report describes the results of these studies. 

EXPERIMENTAL 

Mate r i a 1 

Ketorolac free acid was prepared by the Institute of 
Organic Chemistry, Syntex Research. Isopropyl alcohol 
was from Burdick and Jackson. Butylated hydroxytolu- 
ene was NF grade. Buffer salts were analytical grade. 

Preparation of Ketorolac Isopropyl Ester 

Ketorolac free acid (10 g) was dissolved in isopropyl 
alcohol (100 ml) containing 2 ml sulfuric acid (conc.). 
The solution was stirred at ambient temperature for 2 
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Figure 1. Equilibrium equations in the formation of the isopropyl ester of ketorolac 

days under nitrogen. HPLC analysis showed that 95% 
conversion to ester had occurred. The reaction mixture 
was diluted with three parts of water and extracted with 
ethyl acetate. The organic layer was washed with brine 
and dried over sodium sulfate (anhydrous). Ethyl acetate 
was removed by rotary evaporation at 50°C. Methylene 
chloride was added to azeotropically remove traces of 
solvent under high vacuum. To the remaining oil, 25 ml 
of hexane was added and the mixture was heated to 
approximately 50°C for several minutes. While the so- 
lution was still warm the hexane was decanted from the 
undissolved oil and allowed to cool slowly. The result- 
ing oil crystallized, yielding 5.3 g of off-white crystals 
(53%). The purity by HPLC analysis was 99.5% and 
the melting point was 48.0”C. 

Measurement of the Dissociation Constant of 
Ketorolac in Isopropyl Alcohol Solutions 

Approximately 7 mg of ketorolac free acid was ac- 
curately weighed and dissolved in 10 mi of isopropyl 
a1cohol:water (35%, 3 0 % ,  and 20% w:v). The pH 
meter was standardized at pH 7.0, 4.0, and 1.69 with 
100% aqueous standard buffer solutions. The samples 
were titrated with 0.105 M potassium hydroxide. The 
data were fitted to Eq. ( 1 )  with the nonlinear curve-fit- 
ting program in Kaleidagraph (Synergy Software, Read- 
ing PA) to determine the pK, values. Measurements 
were made in duplicate. 

I@pH - pKa) 
Equivalents of base == + 

p K a )  

Preparation of Kinetic Solutions 

pH 1.4, 2.4, and 3.4 solutions were prepared from 
0.1 M HCI and 35% isopropyl alcohol (w:v) stock so- 
lution containing 0.03% butylated hydroxytoluene (w:v) 
as an antioxidant. Solutions of pH 4.6 and 5.6 contained 
0.1 M acetate buffer and the isopropyl alcohol-butylated 
hydroxy toluene stock solution. To these solutions keto- 
rolac free acid or  ketorolac isopropyl ester were added 
at a final concentration of 1 mg/ml. The effect of so- 
dium acetate buffer on the rate of hydrolysis of the iso- 
propyl ester of ketorolac was studied in pH 5.10, 5.30, 
and 5.50 acetate buffer containing 35% isopropyl alco- 
hol (w:v). The drug concentration in these samples was 
75 pg/ml and butylated hydroxy toluene was not added 
to these samples. Aliquots of 1 nil were placed in clear 
2-ml ampules and flame sealed. Several ampules of each 
solution were placed at -20°C to serve as “time zero” 
controls. The remainder of the samples were stored at 
22, 60, and 80°C. At selected time intervals, samples 
were removed from the elevated-temperature ovens and 
either stored at -20°C or analyzed immediately by an 
HPLC method that allowed for simultaneous assay of 
ketorolac and the isopropyl ester of ketorolac. Reactions 
were followed for a period of up to 6 months or less 
depending on reaction rate. 

First-order data for the disappearance of ketorolac or 
the isopropyl ester of ketorolac were analyzed by fitting 
the percent ketorolac or percent isopropyl ester versus 
time data to Eq. (3). Rate constants were verified with 
the rate of formation data using Eq. (4). Percentages 
were corrected for a small loss due to oxidation. 
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HPLC Methods 

The HPLC system consisted of an SP 8700 ternary 
solvent delivery system from Spectra Physics and a 
Micromeritics model 725 autoinjector equipped with a 
25-pl loop, and a Kratos 757 variable-wavelength detec- 
tor. The detector was interfaced to a Macintosh SE 
computer and the data analyzed with Dynamax@ soft- 
ware from Rainin. 

The method used an Zorbax Rx C8 column (250 x 
4.6 mm i.d.) with an isocratic mobile phase consisting 
of water:acetonitrile:formic acid (60:40:0.5). A flow 
rate of 1.2 ml/min and detection at 310 nm were used. 

RESULTS AND DISCUSSION 

Determination of the pK, of Ketorolac in 35% 
Isopropyl Alcohol 

Ketorolac reacts with isopropyl alcohol in acidic so- 
lutions to form the isopropyl ester. The amount of ester 
that forms, as well as the rate of formation, depends on 
the percent isopropyl alcohol in solution and the pH of 
the solution (Fig. 1). The equilibrium value for ester 
formation reduces dramatically above the pK, of the car- 
boxylate group [Eq. (2)]. 

5 

4.8 

4.6 

4.4 

4.2 

4 

3.8 

3.6 

3.4 

Addition of alcohols to aqueous solutions is known to 
increase the pK, of carboxylic acids (6) .  The effect of 
isopropyl alcohol on the pK, of ketorolac is shown in 
Fig. 2. In this study, ketorolac or the isopropyl ester 
was reacted in 35% isopropyl alcohol (w:v) to model 
the topical gel formulation. At this concentration of iso- 
propyl alcohol the pK, of ketorolac is 4.9, suggesting 
that the ketorolac will be largely non-ionized if formu- 
lated below this pH. 

Effect of pH on the Kinetics of Esterification 

Ketorolac and the isopropyl ester were degraded in 
aqueous buffers of pH 1.4-5.6 containing 35 % isoproyl 
alcohol (w/v) at 22, 60, and 80°C. The kinetics of deg- 
radation were analyzed by reversed-phase HPLC. Typi- 
cal plots of the approach to equilibrium starting from the 
ketorolac or the isopropyl ester of ketorolac are shown 
in Fig. 3.  The rate of approach to equilibrium was de- 
termined from the degradation of compound or the for- 
mation of product using Eq. (3) or Eq. (4), respectively. 

( r  x In 100 - "/Rinf) 
%R, - YoR,,, 

(3) 

(4) 

In these equations, %R, is the percent drug or  product 
at time t and %Rinf is the percent remaining at infinity. 

- 
- - - 
- 
- - - 
- - - 

I . . . . I W , I  , , . I  I I . , ,  I . . . . I . . . . l . . . . '  

0 5 10 15 20 25 30 35 40 
% isopropyl alcohol 

Figure 2. Plot of the pK, of ketorolac versus the percent isopropyl alcohol (w:v). 
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ketorolac 
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Figure 3. 
h) Solutions of the isopropyl ester of ketorolac. 

Degradation and formation profiles for reactions in 35% isopropyl alcohol (w:v) at 80°C. a) Solutions of ketorolac. 

Equilibrium values were measured or approximated 
using Eq. (5). 

site directions, the observed rate constants for both re- 
actions are the sum of the rate constants for the esteri- 
fication and hydrolysis reaction (7) and thus the same 

K,,IH+l within experimental error. 
( 5 )  

K,, + IH+ I kobs = kesrecification + 'hydrolysis (6) 
k nhs = 

K,, is the equilibrium constant at pH values were 
ketorolac is entirely in the free acid form (Kes = 0.5) 
and K,, is the dissociation constant of ketorolac in 35% 
isopropyl alcohol (KHA = 1.2 x M ) .  The rates of 
reaction at the various pH conditions and temperatures, 
and the equilibrium percentages used to calculate the 
rate constants are summarized in Table 1 .  Since the 
ester formation and ester hydrolysis reactions are an 
approach to the same equilibrium value from the oppo- 

The values for the observed rate constants at 60 and 
80°C can be fitted to an equation containing a second- 
order specific acid rate constant, kH+, and a water term, 
k,, using a nonlinear regression method. 

(7) 

The k, term also includes a component due to cataly- 
sis by 0.1 M acetate buffer (see below). A similar equa- 
tion to Eq. (7) applies to the formation reactions. The 
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Table 1 

Observed First-Order Rate Constants for the Approach to Equilibrium for the Esteri3cation of Ketorolac 
and Hydrolysis of the Isopropyl Ester of Ketorolac in Aqueous Buffers Containing 35% Isopropyl Alcohola 

kobs, sec-' 
Compound PH Kohr 22°C 60°C S O T  

Ketorolac 1.41 0.50 7.2 x 10-7 
2.40 0.50 5.1 x 10-8 
3.26 0.49 9.8 x 10-9 
4.70 0.31 

2.43 0.50 4.3 x 10-8 

4.79 0.29 1.4 x 10-l' 
5.75 0.06 1.7 x lo-]' 

b 

Isopropyl ester 1.41 0.50 5.3 x 

3.41 0.49 6.5 x 10-9 

aRate constants were determined from kinetic data from 6 months or less. 
bRate constant was too slow to determine 

curves drawn in Fig. 4 were constructed from the mi- 
croscopic rate constants summarized in Table 2 .  The 
degradation of ketorolac in solutions of pH greater than 
4 was less than 5% after 200 days at 2 2 ° C  therefore, 

Table 2 

Ffect of Temperature on the Microscopic Rate Constants 
for the Esterijication of Ketorolac and Hydrolysis of the 

Isopropyl Ester of Ketorolac 

k H  + kw 
Compound T, "C M-I.sec-.l sec-' 

Ketorolac 22 6.2 x a 
60 8.6 x 1.0 x lo-'' 

Isopropyl ester 22 9.1 + 8.0 x lo-" 
80 2.7 x 10-4 1.0 x 10-9 

60 1.6 x 10-4 4.0 x 10-9 
80 5.5 x 10-4 1.0 x 10-8 

"00 slow to determine. 

1.0 x 10-5 

9.6 x 10-9 

9.5 x 10-7 

8.1 x 10-9 

1.1 x 10-6 
7.9 x 10-8 

9.6 x 

9.1 x 10.' 

5.6 x 

3.2 x 10-5 
3.4 x 10-6 
3.1 x 10-7 
3.0 x lo-' 
3.2 x 
3.2 x 
2.3 x 10-7 
2.2 x 10-8 
2.1 x 10-8 

k, could not be determined. Only the k,, was obtained 
at this temperature. 

Activation energies for the reaction of ketorolac and 
the isopropyl ester are 15 kcal/m01-~. The rate constants 

Table 3 

Predicted Rate and Equilibrium 
Constants and Tg5 Values for Ketorolac 

in 35% Isopropyl Alcohol at 25°C 

kobs Kobs T95 
pH lo9 sec-l M-1 years 

3.8 4.0 0.46 1.4 
4.0 2.7 0.44 2 
4.2 2.0 0.42 3 
4.4 1.2 0.38 5 
4.6 1 .o 0.33 7 
4.8 0.8 0.28 10 
5 .O 0.7 0.22 14 

Table 4 

Hydrolysis of the Isopropyl Ester of Ketorolac in Acetate Bufler 

% Ketorolac EsteP 
~~ ~ 

pH 5.48 pH 5.30 pH 5.11 
[acetate], M [acetate], M [acetatel, M 

T,  OC 0.133 0.066 0.033 0.133 0.066 0.033 0.133 0.066 0.033 

60 3.1 1.5 1 .o 3.0 1.5 1.1 3.3 1.5 1.3 
80 11.2 5.8 4.2 10.8 5.6 4.2 11.3 5.5 5.0 

aPercent formed when reacted for 60 days at 80°C. 
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Figure 4. 
lor esterification of ketorolac. b) The microscopic rate constant for hydrolysis of the isopropyl ester of ketorolac. 

pH-rate profile for reactions i n  35% isopropyl alcohol (w:v) at 22, 60, and 80°C. a) The microscopic rate constant 

tor 25°C (Table 3) were obtained by interpolation of the 
curves in Fig. 3 at pH 4-5 from the data obtained for 
the rates of degradation at 22,  60, and 80°C. Values for 
k,,h,r Kohs, and tg5 at various pH values are listed in 
'Table 3. The data show that pH values > 4  are neces- 
sary to obtain an adequate shelf life. 

The extent of the catalysis by acetate appears to be in- 
dependent of pH in the region studied. These results 
suggest that viscosity-increasing agents that contain car- 
boxylates may accelerate the approach to equilibrium 
and should be tested before being included in the for- 
mulations. 

Effect of Buffer on the Hydrolysis of the 
Isopropyl Ester of Ketorolac 
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