
CONCLUSIONS 
An enteric formulation of levodopa can prevent drug absorption in  the 

stomach and so can reduce the side effects of the drug on the stomach. Ap- 
plication of 111-50 as an enteric coating film material resulted in an enteric 
tablet with rapid disintegration characteristics after passing through the 
stomach. Addition ofan effervescent component to the tablet reduced the lag 
time of in  vitro dissolution in intestinal fluid, and the rate of levodopa disso- 
lution was accelerated. The conventional round shape was suggested as  a 
suitable tablet shape and also a smaller size was recommended to minimize 
the lag time for the transit of the tablet into the intestine 
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Abstract 0 I t  has been shown in rccent studies that warfarin exists in the solid 
state and in some nonaqueous solvents as a cyclic hemiketal. The present study 
was undertaken to investigate the ionization and ionization kinetics of war- 
hrin. to confirm the probable existence of the cyclic hemiketal in aqueous 
solution. and to determine the possible consequences of the cyclic hemiketal 
to acyclic en01 equilibrium and ionization kinetics on the dissolution rate of 
warfarin. The equilibrium aqueous solubility of un-ionized warfarin acid at  
25°C and ionic strength 0.5 (with potassium chloride) was found to be 1.28 
X M ,  and its observcd macroscopic pK, was 5.03-5.06, depending on 
thc method of determination. By comparing the aqueous pK, of warfarin to 
phenprocournin, a hydroxycoumarin that cannot exist in the cyclic hemiketal 
form. the hemiketal-acyclic en01 ratio was estimated to bc -2O:l. By stopflow 
spcctrophotometry. the ionization rate of warfarin (pH 3.5 jumped to pH 6.5) 
was found to have a f 112 < 1-2 X lo-) s. The dissolution rate of warfarin from 
a rotating disk (600 rpm), as  a function of pH, was measured under nonbuf- 
fcred but pH-stat conditions ( p  = 0.5 with potassium chloride). The pH- 
dissolution rate profile for warfarin agreed with that calculated from an 
cquation derived previously to describe the dissolution of instantancous ion- 
i7ing acids, i.e.. the profile was not perturbed from that expected from an acid 
of aqueous solubility 1.28 X 

Keyphrases U Dissolution-warfarin, ionization kinetics 0 Warfarin-dis- 
solution, ioni~ation kinetics U Ionization kinetics---warfarin, dissolution 

M (un-ionized form) and pK, 5.06. 

The structure of the anticoagulant warfarin is usually de- 
picted in the open-chain form ( I )  whereas it is known to exist 
in  the solid state in the cyclic hemiketal form (11) ( I ,  2). 
Spectrometric studies (3-6) have confirmed that I1 is also the 
predominant form of warfarin in solution in various non- 
aqueous solvents. In water, un-ionized warfarin ( I  and/or 11) 
exists in equilibrium with the enolate (111) (Scheme I). 

Since warfarin exists as the hemiketal in the solid state and 
its ionization appears to be complex, we decided to study the 
dissolution rate uersus pH (unbuffered, pH maintained by 
pH-stat) profile of warfarin to observe whether it behaved as 
an instantaneously ionizing acid (7, 8) .  To achieve this, the 
dissolution rate from a compressed rotating disk of warfarin 
at pH 2 and in the pH range 7-9.5 was studied along with its 
solubility, ionization characteristics, and ionization rate. By 

m 
Scheme I 

comparing the pK, of warfarin with that of phenprocoumin 
(IV),  a hydroxycoumarin which can exist only in  an acyclic 
form, it was also possible to test for the existence of I1 as the 
predominant form of warfarin in aqueous solution. 
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Figure 1 -Plot of the totalsolubility ( S T )  of warfarin a t  25°C versus I/[H+] 
for equilibrated 0.1 M acetate buffers. p = 0.5 (potassium chloride): S T  = 
1.28 X + (112 X l0-lo/[H+[)(r = 0.999; n = 29). /HA10 is obtained 

from the intercept, and K, is obtained from slope/intercept. 

EXPERIMENTAL SECTION 

Materials-WarfarinL and phenprocoumin2 were used as supplied. All 
reactions, dissolution rates, and pK, determinations were carried out i n  
glass-distilled or doubly deionized carbon dioxide- and oxygen-free water. 
The buffer components, potassium chloride, and sodium hydroxide were of 
rexgcnt or analytical reagent quality and were used without further purifi- 
cation. 

pK. and Solubility Determinations-Method A-The pK, values of war- 
farin and phenprocoumin were determined spectroph~tometrically~ (9) at 
282 (or 272) and 275 nm, respectively, a t  25 f 0.2OC and p = 0.1 (with po- 
tassium chloride). The pK, of warfarin was also determined spectrophoto- 
metrically a t  p = 0.5 (with potassium chloride). 

Method B-The solubility and pK, of warfarin at 25 f 0.5"C and p = 0.5 
(with potassium chloride) were determined by the solubility method (7, 10. 
I I ) .  While determining solubility as a function of pH, care was taken to 
deoxygenate the solutions and to protect them from light. Analysis of the 
;)mount of dissolved warfarin was by spectr~photometry~ of filtered samples, 
end the pH was adjusted to 1 1  - 1  2 with sodium hydroxide. A standard curve 
was prepared just before the measurements were taken. 

Ionization Kinetics of Warfarin-The pH jump technique for studying 
ionization by stop-flow spectr~photometry~ as previously described for the 
ionization of phenylbutazone ( 1  2). and phenindione ( I  3, 14) was used to de- 
termine whether warfarin ionization might have a half-life measurable by this 
nicthod ( t I / z  > 1-2 X s). Specifically, a 1.5 X M (pH 3.5) solution 
of warfarin in 0.5 M KCI was jumped to pH 6.5 (0. I M phosphate buffer; p 
= 0.5 with potassium chloride). and transmission was recorded as a function 
of time (on the stop-flow spcctrophotometer oscilloscope) at 272 nm5 imme- 
diately after mixing (mixing time, -2 X s). Transmission changes as a 
function of time were observed down to 1 X s/division on the oscillo- 
scope. 

Dissolution Study-Individual disks of 250 mg of warfarin were prepared 
b) the method previously described for other acids (7,8). Preslugging of the 
commercial warfarin and regrinding of the powder was necessary to produce 
ditks which did not cap or crack on expulsion from the die. Dissolution rates 
were determined by previously described procedures (7,8, 15). The continuous 
monitoring of dissolution was carried out at 285 nm for pH 2 (A,,, at pH 2) 
;ind at 292 nm (an isosbestic point) for all other pH values. 

RESULTS AND DISCUSSION 

The observed pK, of warfarin and the macroscopic pK,,,, defined by 
Scheme I and Eq. I :  

and determined by method A at 2 5 O C  and p = 0. I ,  was calculated to be 5.03 

I Sigma Chemical Co.. St. Louis, Mo. 
Organon Pharmaceuticals, West Orangc, N.J.  
Cary 219, Cary I 18. or h i s s  PM 6 UV spectrophotometers. ' Durrum stopped-flow spectrophotometer. with a therrnostated cell and syringes 

A wavelength at which there is a maximum transmission difference between un- 
nuintaincd at 25 f O.Z°C. 

ionircd and ionizcd warfarin. 

f 0.01 (fSD). This was calculated from individual data points (in triplicate) 
for seven pH values in the range of 4.00- 7.82, with the mean absorbance at 
pH 2.08. 2.88, and 3.02 representing the absorbancy of un-ionized warfarin 
and the absorbance at pH I 1.77 representing the absorbancy of the cnolate 
(9). A plotting technique described earlier ( 1  2- 14) gave an identical result. 
Thc pK, of phenprocoumin. under identical conditions, was determined to 
be 3.77 f 0.01 (fS1)). These determinations were carried out at p = 0.1 for 
the purpose of comparison with earlier studies ( I  2- 14). 

Inverting Eq. I and substituting the formulas for KoenolWarfarln and &',as 
defined in Scheme I ,  gives Eq. 2 and 3, respectively: 

(Eq. 2) I =-+- I l l  [ I l l  
KamWarfarin [ l I l ] [H+] [II l ] [H+] 

Thc only difference in structure between warfarin enol ( I )  and phenprocoumin 
( I V )  is the presencc of a butanone group compared with an ethyl group at C-3, 
respectively. The presence of the carbonyl group in the butanone side chain 
of warfarin should have a negligible electron-withdrawing effect on the enol 
pKOcnal relative to the ethyl side chain in phenprocoumin. I f  it is also assumed 
that there is a negligible effect on pK, , ,  by intramolecular hydrogen bonding 
and that warfarin and phenprocoumin do not exist significantly i n  a diketo 
Iorm (12-14). then: 

~ ~ ~ ~ w a r l a r i n  K phcnprocoumin (Eq. 4) 
B~ substituting ~~phcnprocoumin for K ,mol warfarin ' in Eq. 3, an estimate &'can 
be made. By using values of 9.33 X for 
Kuphcnprocoumln, Eq. 3 gives a value for KO' of 9.87 X or pK,' of 5.00. 
Therefore, the fraction of un-ionized warfarin present in aqueous solution as 
I I .  which is defined by Eq. 5, is 0.95 or: 

for Komwarfarln and I .70 X 

The cyclic hemiketal-acyclic en01 ratio is -2O:l at 25OC and p = 0.1. This 
conclusion is consistent with earlier spectrometric findings in other solvents 
(3-6) .  

Since the dissolution rate of warfarin was to be determined at  p = 0.5 for 
comparison with earlier studies (7, 8, IS), the pK, of warfarin at this ionic 
strength was determined by both methods A and B. The observed p K ,  of 
warfarin by method A was found to be 5.03 f 0.02 (fSD). 

The equilibrium solubility of a monoprotic weak acid in aqueous solution 
is given by: 

ST = [HA10 + [A-] (Eq. 6) 

where ST is the total solubility of all the possible species, [HA10 is the saturated 
solubility of the un-ionized form(s) of the weak acid, i.e., [ I ]  + [ I I ]  in the case 
of warfarin. and [A-1 is the amount of warfarin enolate, [ I l l ] .  present a t  
equilibrium at the particular pH in question. Combining Eq. 6 with the K ,  
expression (Eq. I )  for warfarin yields: 

K"oblwarfarin IHAlo 
[H+l  

ST = [HA10 + (Eq. 7) 

A plot of ST uersus I / [  H+] yields an intercept of [ HA10 and a slope from 
which K,hwdrfar'n can be calculated. Figure I depicts this relationship for 
warfarin. From the intercept, the intrinsic solubility of un-ionized warfarin 
at 2.5 f OSoC and p = 0.5 was found to be I .28 X M, the Komwarfdrin 
was 8.75 X lo-" (pKoobWarfarin = 5.06). The correlation coefficient for the 
plot was 0.999 (10 pH values, 2.20 -6.67, and a total of 29 individual solubility 
determinations). The p K ,  value of 5.06 correlates well with the value deter- 
mined spectrophotometrically in this study and previous determinations (16. 
I7), and the aqueous solubility of the un-ionized warfarin acid of I .28 X 
M is similar to a recorded value in 0. I M HCI of 1.43 X 

Based on the findings that the predominant form of warfarin i n  the solid 
state and the probable predominant. un-ionized form of warfarin in solution 
is I I ,  it was interesting to speculate that the conversion of I I to I I I by whatever 
mechanism might not be a diffusion-controlled process. By using a stop-flow 
spectrophotonieter and a pH jump technique, the transmission L'ersus time 
oscilloscope tracing from mixing of an unbuffered pH 3.5 warfarin solution 
with a 0.1 M phosphate buffer solution of pH 6.5 (final pH on mixing, 6.5) 
gave a straight line (slope = 0). The absorbance calculated from the trans- 
mission tracing was consisten1 with a solution of 0.75 X M warfarin of 
pH 6.5, i.e.. at all oscilloscope settings down to 1 X s/division, the re- 
action (ionization) was found to be complete within the mixing time (2 X lo-' 
s) of the stop-flow spectrophotometer, i .e . ,  I 112 < 1-2 X IO--'s. Under similar 
circumstances. the carbon acid phenylbutozone has a half-life of -I 2 X I 0-3 
s (12). 

( I  8). 
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Figure 2-~-Plot of the initial dissolution rate flux) of warfarinfiom a rotaring 
disk (ti00 rpm) as a function of p l f ,  unbuffered but maintained by a pll-stat. 
Key: (0) experimental poinrs (mean of 3-4 determinutiom at each pH); (-) 
predicted by Eq.  8. 

The dissolution rate of organic acids undergoing rapid ionization, dissolving 
from a rotating disk into nonbuffered aqueous solution under sink conditions 
in which the bulk solution pH has been maintained by a pH-stat, has been 
mathematically defined assuming a film model (7, 8) by: 

+ ([OHlh - [OHIO) (Eq. 8) 
h 

where J is the initial dissolution rate or flux with units of mol/cm2/s; DHA 
is the diffusivity of the dissolving acid species in cm2/s; h is the film thickness 
of the diffusion resistance layer in cm; [ HA10 is the molar saturated solubility 
of the dissolving acid under supprepsed ionbation conditions and is the amount 
of HA assumed to exist at the solid -liquid interface; D1i and DOH are the 
diffusion coefficients (diffusivity) for hydrogen ion and hydroxide ion. re- 
spectively [2.8 X cm2/s. (7)]; [H+]oand IH+]h are the hydrogen ion 
concentrations at thesolid-liquid interface and in the bulk solution, respec- 
tively; and [OH]h and [OHIO are the hydroxide ion conccntrations at the bulk 
solution a 4  at the solid-liquid interface. respectively (calculated from the 
equation [OH]  = K,/[H+]). The aqueous diffusion layer thickness. h,  can 
be calculated from (7.8, 19): 

h = I .6I (Eq. 9)  

where v is the kinematic viscosity of the dissolution medium 19.77 X lo-’ 
stokes (7,8)], and w is the rotation rate of the disk in rad/s at 600 rpm 
is 7.93). The value for [H+]o can be calculated by solving Eq. 10 (7) for 
varying [H+]h concentrations, as measured by the pH of the bulk medium: 

- D ~ l H + l o *  + ( h [ H + l h  - Dori I~Hlh) l~ l+ lo  
t K,(DoH + n A K i [ l j / \ ) o )  = 0 (Eq. lo) 

where K ,  is thc dissociation constant for water at 25°C ( M2); D A  is 
the diffusivity of the anionic form of H A  and was assumed to be numerically 
equal to D H A  (7, 8): and K I  is equal to K,/Ku, where K, is thc dissociation 
constant of the acid. In the present case. K, was assumed to be KohWarfarln 
determined from the solubility study. Therefore. K I was numerically equal 
to 8.75 X lo8. 

An estimate of DHA (and DA)? the diffusivity of the acid, is required lo 
calculate J as a function of bulk solution pH (nonbuffered) wi th  Eq. 8- 10. 
In  an earlier study, this was done by following J ,  the flux, as a function of a’/’ 
under pH conditions in  which ionization of thedissolving acid was suppressed 
and the diffusivity was calculated from the Levich equation (19). It was not 
possible to determine accurately thc initial dissolution rate of warfarin at low 
pH because of its low solubility. For example, a saturated aqucous solution 
of warfarin a t  pH values < pK, has an absorbance of only 0.16 at  285 nm, 
which is the absorbance maximum at pH values < pK,. Therefore. the initial 

dissolution rate would require measuring very small absorbance readings6. 
The diffusivity of warfarin was. therefore, calculated from the earlier work 
by assuming the square root relationship to molecular weight using benzoic 
acid, 2-naphthoic acid, and indomethacin as standards (7). A mean value for 
DHA for warfarin of 5.7 X cm2/s at 25OC and p = 0.5 was therefore 
assumed in calculating J from Eq. 8. 

Figure 2 is a plot of the initial dissolution rate of warfarin from a rotating 
disk (600 rpm) as a function of pH, unbuffered but maintained constant by 
a pH-stat (p maintained at 0.5). The theoretical line tends to underestimate 
the dissolution rates by -20%. The major differences appear to be between 
the estimated and calculated values for the dissolution rate at pH 2. However, 
as already discussed, it is very difficult to experimentally determine the initial 
dissolution rates at this or any acidic pH with certainty. Various parameters 
within Eq. 8 could be manipulated togive a better fit between theexperimental 
and theoretical valucs. However, it was felt that this would serve no meaningful 
purpose at this stage. since the overall fit was reasonably good using param- 
eters that were either determined experimentally or estimated from earlier 
studies. 

If the dissolution of warfarin were to behave nonclassically due to slow 
ionization ( IS) ,  the experimental dissolution rates would be overestimated 
by Eq. 8 since it is assumed in Eq. 8 that the dissolving acid dissociates a t  
diffusion-controlled rates. I f  anything, Eq. 8 underestimated by -20% the 
observed results in the present study. Therefore, it seems safe to conclude. 
based on the dala in Fig. 2 and the ionization kinetics mentioned earlier, that 
warfarin behaves as if i t  were a fast-ionizing acid with a solubility in  its u n -  
ionixd form of 1.28 X I 0-5 M and a pK, of 5.06. 

REFERENCES 

( I ) E. Valente, W. Trager, and L. Jcnsen, Acta Crystallogr., Sect. B, 31, 

(2) G. Bravic. T. Gaultier, and C. Hauw, C. R. Hebd., Seances Acad. Sci., 

( 3 )  D. Giannini, K. Chan, and J. Roberts, Proc. Narl. Acad. USA, 71(10), 

(4) K. Chan. D. Giannini. A. Cain, J. Roberts, W. Porter. and W. Trager. 

(5) E. J. Valente, E. C. Lingafelter, W. R. Porter, and W. F. Trager, J .  

(6) E. .I. Valente, W. R. Porter, and W. F. Trager, J .  Med. Chem., 21, 

(7) K.  G. Mooney, M .  A. Mintun, K. J. Himmelstein, and V. J. Stella. 

(8) K .  G.  Mooney. M. A. Mintun, K. J. Himmelstein, and V. J. Stella. 

(9) A. Albert and E. P. Serjeant, “Ionization Constants of Acids and 

(10) “Physical Pharmacy.” A. N. Martin, J. Swarbrick, and A. Cam- 

( 1 I ) F.. R. Garrett and C. H. Won, J .  Pharm. Sci.,  6U, I801 ( I97 I ). 
(12) V. J. Stella and J. D. Pipkin, J. Pharm. Sc-i.. 65, 1161 (1976). 
( 1  3) V. J. Stella and R. Gish. J .  Pharm. Sci.. 68, 1042 (1979). 
(14) V. J .  Stella and R. Gish, J .  Pharm. Sci..  611, 1047 (1979). 
( 1  S )  K. Ci. Mooney, M.  Rodriguez-Gaxiola. M. Mintun, K. J. Ilimmelstein 

(16) <i. F. tliskey. E. Bullock, and G. Whitman. J .  Pharm. Sci..  51.43 

( 17) W. F. van der Gicscn and L. t i .  M. Janssen. Inr. J .  Pharmacol., 12, 

( I  8 )  J. G. Wagner. P. G. Welling. K. P. Lee, and J. E. Walker, J. Pharm. 

( 19) V. C;, Lxvich, “Physico-Chemical Hydrodynamics,” Prentice-Hall, 

954 (1975). 

Scv. C’. 277, I2 I5 ( 1  973). 

4221 (1974). 

Tetrahedron, 33,899 (1977). 

Wed. (‘hem.. 20, I489 ( 1977). 

23 I ( 1978). 

J. P harm. Sei.. 70,  I 3 ( I  98 1 ). 

J.  Pharm. Sci.,  70,  22 ( I  98 I ). 

Rases.” Methuen. London, England. 1962. 

marata. Eds., Lea & Febiger. Philadelphia, Pa., 1969, p. 310-312. 

and V. J .  Stella.J. Pharm.Sci.,70, 1358 (1981). 

( I  962). 

231 (1982). 

.Sci..60,666(l971). 

Englcwood Cliffs, N.J.,  1962. 

ACKNOW LEDCMENTS 

This work was supprted by Grant G M  22357 from the National Institutes 
of Hcalth. J.D.P. acknowledges the support of the American Foundation for 
Pharmaccutical Education. 

6 For example. true initial disaolution rate5 require measuring J under conditions at 
which <lo% of the saturated solubility has been rcdched. Thus, accurate absorbance 
mc.iaurcinent~ of <0.02 arc required. Under these restraints. problems such as fines on 
thc p d c t  can lead to significant overestimation of the initial fluxes. 
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