Ionization Kinetics of the Carbon Acid Phenindione
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Abstract O The ionization kinetics of carbon acids are slow relative to
those of classical acids and bases. Phenindione (2-phenyl-1,3-indandione)
is a 1,3-diketone carbon acid of macroscopic experimental pKa 4.09 at
25° and ionic strength 0.1. The ionization kinetics of phenindione were
determined at an ionic strength of 0.1 and 25° using stopped-flow spec-
trophotometry and a pH jump technique. A log k,—pH profile for the
approach to the ionization equilibrium was determined, and a mechanism
consistent with the profile was postulated. The percent enol versus diketo
form of phenindione and the pKaeno and pKagiket, were calculated from
the kinetic data. Phenindione acid deprotonation kinetics by various
oxygen and nitrogen bases suggested that, with bases of pKa 4.7-8.5 and
in the pH 5-8.5 range, the acidic phenindione proton was ~45% trans-
ferred in the rate-determining transition state.

Keyphrases 0O Phenindione—ionization kinetics, stopped-flow spec-
trophotometric and pH analysis, model 0 Anticoagulants—phenindione,
ionization kinetics, pH O Kinetics, ionization—phenindione

Phenindione (I) (2-phenyl-1,3-indandione) is an anti-
coagulant used in patients where the more popular anti-
coagulants are contraindicated. It is a 1,3-diketone carbon
acid [lit. pKa 4.13 (1), 4.10 (2), 5.4 (3)]. Recent work (4, 5)
suggested that some of the nonclassical phase transport
behavior of another carbon acid, phenylbutazone, might
be accounted for by its relatively slow ionization rate.
Noninstantaneous ionization is a characteristic of some
carbon acids (6-10). ,

The ionization kinetics of phenindione have not been
studied previously, although the ionization kinetics of
other carbon acids of much higher pKa’s than those of
phenindione and phenylbutazone have been well docu-
mented in the chemical literature (6-24). The immediate
objective of this study was to determine the kinetics and
mechanism of ionization of phenindione and to compare
its behavior to that of phenylbutazone. Studying the ki-
netics and mechanism of ionization of a number of carbon
acids of varying acidity might permit accurate prediction
of the ionization kinetics of other pharmaceutically sig-
nificant carbon acids. The ultimate objective is to use this
information, combined with current ongoing mass trans-
port studies, to predict the effect of noninstantaneous
ionization kinetics on the mass transport behavior of car-
hon acids.

EXPERIMENTAL

Materials—Phenindione! was used as received. All reactions and pKa
determinations were carried out in double-deionized, carbon dioxide-free
water, freshly deoxygenated with oxygen-free nitrogen. The sodium
chloride used to adjust the ionic strength was analytical reagent quality
and was used without further purification. Hydrochloric acid, acetic
acid-acetate, phosphate, and imidazole buffers were prepared with an-
alytical grade components without further purification.

Pyridine, 3-methylpyridine (3-picoline), and morpholine were freshly
purified by fractional distillation from potassium hydroxide pellets and
stored over molecular sieves. A buffer component, 4-methoxypyridine,
was prepared by the catalytic reduction of 4-methoxypyridine-N -oxide?
using a literature method (25) for the reduction of 4-ethoxypyridine-
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N-oxide to 4-ethoxypyridine.

pKa Determination—The pKa of phenindione was determined
spectrophotometrically? (26) at 326 nm and the same temperature and
ionic strength conditions as in the kinetic studies, i.e., 25 + 0.2° and u
= 0.1 (sodium chloride). The pKa's of the various buffers used in the
kinetic studies were determined potentiometrically using a pH metert
standardized with a standard buffer to a pH near the expected buffer
component pKa (26).

Kinetic Studies—The procedures used to follow phenindione ion-
ization kinetics were similar to those previously described for phenyl-
butazone (4). The reactions were followed at 326 nm, and the initial
phenindione concentration was 1 X 10~* M. At a pH where the primary
reaction was the protonation of the mesomeric phenindione anion to
phenindione acid, phenindione at pH ~7 was jumped to acidic pH (hy-
drochloric acid buffer or acetate buffer). At a pH where the primary re-
action was the phenindione acid deprotonation to the mesomeric anion,
phenindione in an aqueous solution of g = 0.1 and with pH adjusted to
~4 with hydrochloric acid was jumped to the final pH by mixing with a
buffer of desired final pH but double the desired final concentration.

The pH values after solution mixing were determined independently
by mixing equal volumes of the phenindione solution and the buffer
component. In most cases, the final pH was identical to that of the buffer
solution. The exceptions were the most dilute morpholine buffer con-
centrations (see Results and Discussion), the hydrochloride acid buffer
(final hydrochloric acid concentration was half the initial concentration),
and one study where an unbuffered phenindione solution (pH ~4) was
mixed with a very dilute sodium hydroxide solution (2 X 10~* M). In this
last case, the final pH was 8.91, even though the pH was expected to be
closer to 10. The pH’s used to construct the pH profile (Fig. 1) for the
hydrochloric acid solutions and the sodium hydroxide solution were those
measured experimentally.

RESULTS AND DISCUSSION

Figure 2 shows the phenindione UV spectrum under basic as well as
acidic conditions, 0.1 M NaOH and 0.1 M HC], respectively. The strong
bathochromic shift from acidic to basic pH conditions is due to the ex-
tended conjugation on ionization, i.e., coupling of the two phenindione
phenyl rings through the enolate double bond (1). The macroscopic
dissociation constant of phenindione was determined by observing the
change in absorbance of a 1 X 10~4 M phenindione solution (25° and u
=(.1) at pH 1 (0.1 M HC), in the pH 2-6 range (acetate buffer), and at
pH 13 (0.1 M NaOH).

The K, was determined from a plot of (A — Ap) {H*| versus A as de-
scribed previously (4), where A is the phenindione absorbance at a given
hydrogen-ion concentration, [H*], and Ay is the phenindione absorbance
under acid conditions, i.e., with the ionization completely suppressed
(0.1 M HCIl). The K, under the experimental conditions was 8.13 X 1077,
giving a pKa of 4.09. This value compares favorably with the literature
pKa values (1-3) when differences in ionic strength and solvent compo-
sition are considered.

Table I gives the observed rate constants, ks (sec™!), for phenindione
ionization kinetics under various pH and buffer concentrations. All ob-
served rate constants are the mean of three or more determinations. Also
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Table I—Effect of pH and Buffers on the Ionization Kinetics of Phenindione at 25 + 0.2° and u = 0.1 with Sodium Chloride

Buffer (pKa; Concentration Range; Number

pHe of Concentrations Studied) ks, sec™! keat, M~1sec™?
1.62 Hydrochloric acid (NA®; 0.024 M; NA) 262 NA

1.65 Hydrochloric acid (NA; 0.022 M; NA 258 NA

2.04 Hydrochloric acid (NA; 0.009 M; NA) 198 NA

2.05 Hydrochloric acid (NA; 0.009 M; NA) 206 NA

2.05 Hydrochloric acid (NA; 0.009 M; NA) 190 NA

2.58 Hydrochloric acid (NA; 0.0026 M; NA) 112 NA

2.66 Hydrochloric acid (NA; 0.0025 M; NA) 97 NA

2.94 Hydrochloric acid (NA; 0.00115 M;NA) 63 NA

3.06 Hydrochloric acid (NA; 0.00087 M; NA) 54 NA

3.09 Hydrochloric acid (NA; 0.00081 M: ; NA) 50 NA

3.45 Hydrochloric acid (NA; 0.00035 M; NA) 28 NA

5.00 Acetate (4.70; 0-0.05 M; 4) 6.3 938 + 48
6.00 Acetate (4.70; 0-0.05 M; 4) 6.0 845+ 18
6.50 3-Methylpyridine (5.75; 0-0.05 M; 4) 7.1 4475 £ 128
7.00 3-Methylpyridine (5.75; 0.03 M; 3) 6.8 4900 £ 56
5.00 Pyridine (5.28; 0-0.05 M; 3) 8.1 803 £ 10
6.00 Pyridine (5.28; 0-0.05 M; 4) 6.9 2489 & 54
6.20 4-Methoxypyridine (6.64; 0-0.04 M; 4) 6.9 1797 £ 58
6.80 4-Methoxypyridine (6.64; 0-0.04 M; 4) 7.0 3694 + 127
7.00 Imidazole (7.10; 0-0.05 M; 3) 9.1 2407 £+ 94
7.50 Imidazole (7.10; 0-0.025 M; 5) 4.7 4310 + 131
7.00 Morpholine (8. 53 0-0.035 M; 3) 7.5 122 + 61
7.50 Morpholine (8.53; 0-0.035 M; 3) 6.0 3660 + 1
8.00 Morpholine (8.53; 0-0.01 M; 5) 13.2 12150 + 240
8.50 Morpholine (8.53; 0-0.008 M; 4) 26 26500 + 288
7.00 Phosphate (8.75; 0—0 0165 M; 3) 5.0 2271 + 216
7.50 Phosphate (6.75; 0-0.0165 M; 3) 7.9 2615 + 26
8.91 Sodium hydroxide (NA; 1 X 1074 M; NA) 61 NA

o Experimentally measured final pH. # NA = not applicable.

included in this table are the observed rate constants extrapolated to zero
buffer concentrations, &, (sec™1), obtained from plots of kobs versus total
buffer concentration. Figure 1 is a plot of log kg, versus pH from the
phenindione ionization.

A possible model for phenindione ionization kinetics is given in Scheme
1. where K is the diketo form of phenindione and the predominant neutral
form of phenindione in aqueous solution (1), E is the enol form of phen-
indione, and E~ is the so-called mesomeric anion (7). The macroscopic
dissociation constant for phenindione is defined by:

[E-)[H*]

T ET

(Eq. 1)

which can be rearranged to:

L ! (Eq. 2)
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Figure 1—Log k,, versus pH for the establishment of the ionization
equtlibrium for phenindione. The broken lines at pH > 7 represent kg
having the limits of 108-107 M~} sec ~!. The lack of reproducibility of
the data at pH > 8 precludes placing an accurate value on kj.

Equation 2 shows the relationship between the macroscopic dissociation
constant, K,, and the microscopic constants, Kg dikero and Kg enol, The
percent enol present in aqueous solution will be defined by the relative
values of K diketo 8nd Kg,enol- The percent enol is defined by:

[E]
% enol = ———— (100) (Eq. 3)
(K] +[E] 4
which can be rearranged to:
' Ka diketo I00)
% enol = ————— | — Eq. 4
’ Ka.dikew + Ka‘enol 1 ( 9 )

The assumption can be made that the equilibrium defined by K, enol is
rapid and instantaneous® (7). The rate constant &, represents the
water-catalyzed phenindione deprotonation, k3 is the hydroxide-ion-
catalyzed deprotonation rate constant, and kgp is the general base-cat-
alyzed deprotonation rate constant. The constant k, represents the hy-
dronium-catalyzed protonation constant, i.e., the addition of a proton
at C-2 of the mesomeric anion; k4 is the water or spontaneous protonation
rate constant, and kga is the general acid-catalyzed protonation rate
constant.
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Figure 2—Phenindione (1 X 10=* M) UV spectrum in 0.1 M NaOH
(upper curve) and in 0.1 M HCI (lower curve).

5 The word instantaneous is used to describe phenomena taking place at rates
near the diffusion-controlled limit.
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Table II—Final pH after Mixing Equal Volumes of the Initial
Morpholine Buffer Solution (Double the Final Concentration)
with the Phenindione Solution 2

Initial Buffer Buffer Concentration Measured Final
pH (after Mixing), M pH
8.00 2% 1073 7.80%
8.00 4%1073 7.94
8.00 6% 1073 7.98
8.00 8 X 1073 8.00
8.00 10 X 1073 8.00
8.50 2% 1073 8.44b
8.50 4 %1078 8.49
8.50 6x 1073 8.50
8.50 8 X 1073 8.50
8.50 10 X 1073 8.50

2 Aqueous phenindione solution of g = 0.1 with sodium chloride and added hy-

drochloric acid sufficient to give a pH of ~4. b As expected, both of these buffers

ave negative deviations in plots of kops versus [buffer| so neither was used in the
icu‘ calculations.

With the assumption of Scheme I, an equation for the approach to the
ionization equilibrium can be derived for any perturbation of that equi-
librium (4):

k2[H+lKa,enol k4Ka.enol
Ka,enol + [H+] Ka,enol + [H+]

For example, if a pH ~ 7 phenindione solution is perturbed rapidly (in
the stopped-flow apparatus) to pH ~ 2, the first reaction is the instan-
taneous protonation of the mesomeric anion to the enol, E, and eventually
(at equilibrium) to a mixture of the enol and diketo phenindione forms.
Similarly, an acidic phenindione solution perturbed to alkaline pH in-
volves primarily the deprotonation of the diketo phenindione and the
small fraction of enol to the mesomeric anion. The observed buffer in-
dependent rate constant for the attainment of equilibrium, &, is the
sum of hoth the forward and reverse rate constants because the system
under study is a reversible reaction.

UV spectroscopic studies (1) showed that phenindione exists pre-
dominantly in its diketo form in aqueous solution. This means (Eq. 4)
that pKadiketo » pKaenol s0 that pKadikero ~ pKa and pKaenoi << 4.09.
From Fig. 1, phenindione deprotonation to form the anion, i.e., pH >
pKagiketo, the kop, can be given by:

k4Ka,enol
Ka.enol + [H+]
and since K eno > [H*] at the pH’s in question, Eq. 6 simplifies to:

kops = (k1 + ky) + k3 [OH™] (Eq.7)

As discussed previously (4), k4 is negligible relative to k,, so the plateau
seen in Fig. 1 in the pH 5-7.5 range is essentially due to k,. The constant
k, calculated as the mean values of &, in the pH 6.0-7.0 range was 6.9
sec™ L.

k;)bs =k, + k&[OH—] +

(Eq. 5)

kops = k1 + + k3]OH) {Eq. 6)

Ka.diketo
] 2 !
C\ /H k3[OH] d\\\
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L) e
0 k, 0 ~
K kG AIGA) E
+H* " -H' K4 enol
(l)H
Il
(0]
E
Scheme |

1044 / Journal of Pharmaceutical Sciences
Vol. 68, No. 8, August 1979

Table III—Kinetic and Equilibrium Constants for Phenindione
Ionization at 25° and u = 0.1 with Sodium Chloride

Parameter Value

ki 6.9 sec™!

ko 6.5 X 10* M~1sec™!

ky ~6 X 105 M~!sec!

I'N ~5.5 X 10~4gec!

Kn,enol 4,24 X 10-3 (pKa.,,,ol = 2.37)
a,diketo 1.08 X 10~ (pKa = 3.97)
o 1.03 X 104 (pKa = 3.99°)

8.13 X 103 (pKa = 4.09%)
% enol 24

a Determined kinetically. ® Determined spectrophotometrically.

The limited number of points and the questionable accuracy of the
unbuffered hydroxide-ion solution reaction given on the last line of Table
I allow only a crude k3 estimate of between 106 and 107 M~ sec-!. For
the sake of fitting the observed data to Eq. 5,6 X 105 M~ sec™! was used
for k3. In an earlier study with phenylbutazone (4), borate buffers, which
are poor proton-abstracting agents, were used at pH 8.5-9.5. Recent
papers and some earlier work suggested that the ionization kinetics of
borate buffers themselves are slow (27-33). This then raises the question
as to what was the microscopic pH upon perturbing an acid solution of
the carbon acid to an alkaline pH maintained with a borate buffer.

In the present study, when a borate buffer study was undertaken in
the pH 8.5-9.5 range, an estimate of k3 of closer to 1 X 108 M1 sec~! was
made. This would suggest that the earlier k3 estimate for phenylbutazone
deprotonation by hydroxide ion may be low. Unfortunately, other tech-
niques for following fast reactions cannot be applied to the deprotonation
reactions in question. Even though k. is in the measurable range (by
stopped-flow spectrophotometry) at pH 8-9, the pH after mixing must
be maintained with a buffer of sufficient buffer capacity. Normally, the
buffer concentration is varied and plots of ks Versus buffer concen-
trations are extrapolated to zero buffer concentration to obtain k. This
approach was attempted with morpholine buffer at pH 8.00 and 8.50
{Table I} and concentrations after mixing of below 1 X 10-2 M.

Table II gives the final pH values after the morpholine buffers were
mixed with the phenindione solution (pH ~ 4 with hydrochloric acid).
At the low buffer concentrations, significant pH alterations, affecting
both the hydroxide-ion concentration and the fraction of total morpholine
present in the the unionized state, occurred. Higher buffer concentrations
or stronger bases could not be used because the deprotonation reaction
became too rapid to be followed by stopped-flow spectrophotometry. The
phenindione solution had to be somewhat acidic so that sufficient spectral
alteration would occur as a result of the pH perturbation to allow the
reaction to be followed spectrophotometrically.

At pH < 8, the k3[OH™] term is negligible and, since k4 is small relative
to all other terms:

4 k2[H+]Ka enol
Robs = R1 + ————2" Eq. 8
bs ! Ka.enol + [H+l ( q )
which can be rearranged to:
1 1 1
(Eq.9)

, = +
kowa — ki ko[H*] * koKa enol

L L 1 i L i i 1 i i i J
8 1012 14 16 18 20 22 24 26 28 30
1072
[H"]
Figure 3—Plot used to determine k9 and K, enot for phenindione ion-
ization {£q. 9 and Scheme I).




predicting that a plot of the left side of Eq. 9 against 1/[H*] should give
a straight line of slope 1/k; and intercept 1/k2K enol, thus allowing both
kg and K eno] te be calculated. Such a plot for phenindione is shown in
Fig. 3. The calculated values of k2 and K gno are 6.5 X 109 M1 sec~! and
4.24 X 103 M, respectively (pKagno) = 2.37).

According to Scheme 1, the equilibrium ionization constant for diketo
phenindione is:

K diketo = — = =~ = 1.06 X 10~4 M (Eq. 10)
2 N
Having determined K, enol and K, giketo and using Eq. 4, the enol was
calculated at 2.4%.

Table III summarizes the kinetic and equilibrium constants calculated.
The values for rate constants from Table III were placed into Eq. 5 to
generate a theoretical curve for phenindione ionization kinetics at various
pH’s, assuming the mechanism shown in Scheme 1. The solid line drawn
in Fig. 1 is the line generated by Eq. 5 and the appropriate values in Table
111. Apparently, Eq. 5 and Scheme I adequately describe the observed
values, although other mechanisms may be possible (4).

A comparison of the values of k) and k2, the two most accurately de-
termined rate constants for both phenylbutazone and phenindione,
highlights some interesting points. The lower pKa of phenindione relative
to phenylbutazone, 3.99 versus 4.33, is due to changes in both k; and ks.
A priori, based on the strength of the acids, &, for phenindione (the
stronger acid) would be expected to be greater than that for phenylbu-
tazone. Such is not the case. The constant &, has a value of 6.9 sec™! for
phenindione compared to 10.1 sec~! for phenylbutazone. The small dif-
ferences in k,, ~30%, are more than compensated by the differences in
kg. The constant k; has a value of 6.5 X 10* M~! sec™! for phenindione
relative to 2.1 X 105 M~ sec™! for phenylbutazone. The greater acidity
of phenindione relative to phenylbutazone is controlled not by how
readily the acid gives up its proton but by the ability of its base form to
accept a proton.

Equation 5 appears to describe adequately phenindione protonation
and deprotonation kinetics in the absence of buffer species capable of
acting as general acids and bases. In the presence of acids and bases other
than the water species, the observed rate constant for the approach to
the ionization equilibrium after a pH perturbation would be given by:

kGA[GA]Ka.enoI

o = kops + kG[GB| + Eq. 11
kobs = kobs + kGa[GB] [H*] + Ko ot (Eq.11)
and since at pH > 4, K, enot » [H*], Eq. 11 reduces to:
kobs = k;bs + kGBIC‘B] + kGA[GA] (Eq 12)
Robs = k;bs + keat [buffer]r (Eq. 13)

where kcar is the observed catalytic rate constant for any buffer at any
given pH value. This is equal to:

kcat = kgpf + kga (1 = f)

kcat = f(kgB — kga) + kga

(Eq. 14)
(Eq. 15)

where f is equal to the fraction of total buffer species in the base form and
(1 - f) is the fraction of total buffer species in its acid form at any given
pH. For any given singly dissociating buffer species with a known disso-
ciation constant, f can be calculated from:

(o _lH

K, + [H*]
where K, is the dissociation constant of the conjugate acid form of the
buffer. Equation 13 predicts that a plot of ks versus total buffer con-
centrations, [buffer|, would be linear with slope kcaT and intercept &,
A plot of kcat versus { is predicted from Eq. 15 to be linear with an in-
tercept at f = 0 of k¢4 and an intercept at f = 1 of kgy. With the buffers
studied, acetate, phosphate, pyridine, 3-methylpyridine, 4-methoxy-
pyridine, imidazole, and morpholine, all plots of kobs versus total buffer
concentration were linear. From plots of kcat versus f, for all cases except
acetic acid, kga was negligible relative to kgg. When a small or even
slightly negative intercept at f = 0 was seen from plots of kcat versus f,
kg was calculated from kcat/f and the mean values of kgg for the var-
ious bases calculated at different pH’s are recorded in Table IV. Table
IV is a compilation of the calculated kga and kgp values for all of the
buffers and water species.

A Brgnsted plot (19, 23, 34) of log kgp versus the pKa’'s of the various
buffers is given in Fig. 4. When studying a limited number of bases (ac-
etate through morpholine in the present study) for a reaction catalyzed
by general bases, apparent linear Brgnsted plots usually result (19, 23).

(Eq. 16)

Table IV—Calculated kga and kgp

ko, By, ot kga, k1, k3, or kg,

Buffer (pKa) M-1gec-? M-1gec-1
H30% (—1.74) 6.5 X 104 —_
Hy0 (-1.74 1X10-5(5.5 1.24 X 10!

and 15.74)¢ X 104/55.5) b (6.9/55.5)%

Acetic acid (4.70) 1161 828
Pyridine (5.28) 263 3635
3-Methylpyridine (5.75) —c 5210°
4-Methoxypyridine (6.64) — 6458¢
Imidazole (7.10) — 5728¢
Morpholine (8.53) —c 48123¢
Phosphoric acid (2.12) 12234 12234
Phosphoric acid (6.75) — 28614
OH~ (15.74) — 6 X 108

@ When Hy0 is acting as a base, its conjugate acid is H3O+. When H,0 is acting
as an acid, its conjugate base is OH~. ® From the kinetic study, it was possible to
calculate the rate constants for H,O acting both as an acid and a base. ¢ Plots of
keat versus gave either negligible kga values or slightly negative values. Therefore,
kcp was calculated as the mean value for kcat/f for each pH studied. @ This refers
to HoPOj acting as either a general acid or a general base. Because of this ambiguity,
the point for HoPOJ was not included in Fig. 4, It is not possible to determine in
what capacity HyPOj is acting. Although HPO?™ is capable of acting either as an
acid or a base, it is more likely acting as a base.

It is becoming increasingly obvious that over a more extensive range of
bases, nonlinear Brgnsted plots, especially for the ionization kinetics of
carbon acids, are more the rule than the exception (6, 7, 19, 23). The
reason behind the nonlinearity was first discussed by Eigen (7) and
quantitated recently by the Marcus theory (23, 35).

The Marcus theory of general base catalysis suggests that a quadratic
fit to the Brgnsted plot is more accurate and reflects more closely the
mechanism of such catalysis. The solid curved line drawn through the
points in Fig. 4 is the quadratic fit® to the data. The number of bases
studied in the present work was limited by the speed of the reaction. Of
course, the catalytic effect of water acting as a base could be determined
because of its high intrinsic concentration (55.5 M), and hydroxide-ion
catalysis could be approximately determined because its effective con-
centration could be determined from pH measurements.

The solid curved line in Fig. 4 is described by:

log kge = ~1.36 X 10-2 pKa’?

+6.25 X 107! pKa’ + 2.76 X 10! (Eq. 17)

Differentiation of Eq. 17 would give the slope of the line at any point and
is described by Eq. 18. For a Brgnsted plot, the slope for general base-
catalyzed reactions is given the designation 3:

dlog ken) _
d(pKa’)

The Brgnsted plot resulting from the present study could just as easily
be described by a linear plot, with the HyO term and the OH™ term giving

B= —2.72 x 1072 pKa’ + 0.625 (Eq. 18)

Al
-2 ] 2 4 (] 8 10 12 14 16
pKa'

Figure 4—Log kgp versus pKa’ for phenindione deprotonation by
various general bases of varying pKa. Key: 1, water; 2, acetate; 3, pyri-
dine; 4, 3-methylpyridine; 5, 4-methoxypyridine; 6, monohydrogen
phosphate; 7, imidazole; 8, morpholine; and 9, hydroxide ion.

8 Least-squares analysis; T159 programmable calculator utilizing the solid-state
statistic module.
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negative deviations from the linear plot. Such a plot would be given by
the solid straight line in Fig. 4. The slope of the line is 0.45.

The Marcus theory states that when the pKa’ of the general base is
equal to the carbon acid pKa, B, the slope of the Brgnsted plot, should
be equal to 0.5. Substitution of 3.99 for the phenindione pKa into Eq. 18
gives a 3 value of 0.52. Kresge (23} and Hupe and Wu (19) recently at-
tempted to interpret the nonlinear Brgnsted plots often seen for the
ionization of various carbon acids. The Marcus theory (35) for such cur-
vature relates the free energy of activation, AG =, for the proton transfer
process to the energy required to bring the reactants together, Wr, and
the intrinsic energy involved in the proton transfer, (1 +
AGo/4AGE)2AGE, as defined by Eq. 19. The term AGy is the free energy
for proton transfer at equilibrium, and AG§ is the free energy of acti-
vation for the proton transfer when AGq = 0. That is, AG is equal to zero
when the pKa’ of the general base is equal to the pKa of the carbon
acid:

AG* = (1 + AGo/4AGE)2AGE + Wr (Eq. 19)
The term AGq can be calculated from:
AGo = —RT In(K,/K,) (Eq. 20)

From the quadratic fit to the general base data (Eq. 17), kgp at pKa’ 3.99
was calculated to be 357 M~ sec™!; AG #, calculated by solving for AG *
from:

kG = 101274 ¢ ~AG#/RT (Eq. 21)
is equal to 13,899 cal/mole (~13,900 cal/mole). It is possible to relate the
first coefficient (pKa’2 term) of Eq. 17, a, directly to the term AG{
through (23):

_ 2.303RT
16AG§

thus allowing AG§' to be calculated. A value of ~6300 cal/mole was thus
determined for AG§. Having calculated AG§ as ~6300 cal/mole and
AG* as ~13,900 cal/mole, at pKa’ = pKa, Wr can be estimated as ~7600
cal/mole. By using the values for AG§ of 6300 cal/mole and Wr of 7600
cal/mole, AG * from the full range of bases (Ho0-OH™) can be calculated
and compared to the quadratic fit to Eq. 17. The broken line in Fig. 4 is
the line generated from Egs. 19 and 21. Note that the broken line was
generated from Egs. 19 and 21 using the information that, at pKa’ 3.99,
the two lines should have intersected. That is, the solid curved line and
the curved broken line intersect at pKa’ 3.99.

The interpretation of these observations is that carbon acid depro-
tonation involves two processes: (a) a work term, which includes desol-
vation of the incoming base and alteration in the solvation around the
reaction center as well as getting the molecule in the correct configuration
for proton abstraction, and (b) the energy required for breaking the
carbon-hydrogen bond. The Wr term in Eq. 19, which is considered to
be the work required to bring the two reacting molecules together, has
an energy requirement of 7600 cal/mole, which is a little more than the
energy required to break a hydrogen bond (36). Similarly, the standard
free energy of activation, AG{, which is related to the intrinsic barrier
to the breaking of the carbon-hydrogen bond, also has an energy re-
quirement that is a little more than that required to break a weak carbon
hydrogen bond (36).

In the past, the apparent negative deviation of hydroxide ion in linear
Br¢nsted plots was always interpreted as the “anomolous” behavior of
hydroxide ion. A study involving proton abstraction from a weak carbon
acid (19) recently showed that hydroxide-ion behavior is not “anomalous”
when other weak oxygen acids are included; i.e., hydroxide ion acted as
predicted for a base of pKa 15.74. The Brgnsted plot curvature was in-
terpreted as a change in the rate-determining step in going from weak
bases to strong bases such as hydroxide ions. That is, with weak bases,
the major rate-determining factor is the carbon-hydrogen bond breaking
(first term in Eq. 19 is dominant) while with stronger bases the work term,
Wr, hegins to dominate. The reverse of this step (protonation of the
mesomeric anion by a water molecule) has shown similarly anomalous
kinetic behavior, suggesting that solvent reorganization around the re-
action center may contribute to the rate-determining step (4, 37). As
discussed previously (19}, the alternative mechanism of a gradual change
only in the degree of proton transfer in going from weak to stronger bases
does not appear to be reasonable for the nonlinear Brgnsted plot, al-
though this mechanism cannot be totally ruled out.

If the Br¢nsted slope, 3, does approximate the degree of a proton
transfer over a limited pKa’ range for weak bases (23), it can be seen from

(Eq. 22)
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Fig. 4 that a Brgnsted slope of 0.45 is calculated for bases with a pKa’ of
4.7-8.53. An interpretation of this result is that the phenindione proton
is 45% transferred in the rate-determining transition state for proton
abstraction by these bases. A way of testing theshypothesis that a change
is occurring at the reaction center in going from proton abstraction by
a very weak base (water) to stronger bases (buffers used in present study)
to very strong bases (hydroxide ion) would be to study the effects of
electron-withdrawing and electron-donating groups on both the pKa and
ionization kinetics of 4’-substituted 2-phenyl-1,3-indandiones. Such a
study will be reported separately (38).

In summary, the ionization kinetics of phenindione in agqueous solution
appear to be gualitatively similar to those of phenylbutazone, but
quantitative differences do occur. A study of the effect of various bases
in promoting proton abstraction from phenindione has led to some in-
sights into possible rate-determining transition states for the depro-
tonation reaction. The various rate constants calculated for proton
donation and abstraction during phenindione ionization are substantially
slower than the diffusion-limited constants for the ionization of normal
or classical acids such as carboxylic, phenolic, and nitrogen acids. The
ionization kinetics generated from this work will be used along with
ongoing mass transport studies to predict the effect of noninstantaneous
ionization kinetics on the mass transport behavior of carbon acids.
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Abstract 0 The ionization kinetics of 1,3-diketone carbon acids are slow
relative to those of classical acids and bases. The ionization kinetics of
three 4’-substituted 2-phenyl-1,3-indandiones, 4’-chloro-, 4’-methoxy-,
and 2-phenyl-1,3-indandione itself, were studied at 25° and ionic strength
0.1 using stopped-flow spectrometry and a pH jump technique. A log
kn—pH profile for the approach to the ionization equilibrium was con-
sistent with a reaction scheme postulated earlier for the ionization of
another carbon acid, phenylbutazone. The percent enol versus diketo
form of the acids and the pKaeno and pKagixeto were calculated from the
kinetic data. Hammett plots of the various kinetic and equilibrium
constants supported a mechanism for acid deprotonation consistent with
proton abstraction being the predominant process when very weak bases
such as water were the proton acceptors. Desolvation effects and the work
required to get the two reacting molecules together in the correct con-
figurations predominated when the proton abstraction was by stronger
proton acceptors.

Keyphrases O Carbon acids—ionization kinetics, stopped-flow spec-
trophotometric and pH jump analysis O Ionization kinetics—carbon
acids, anisindione, phenindione, clorindione O Anticoagulants—anis-
indione, phenindione, clorindione, ionization kinetics

The objective of this study was to compare the kinetics
and ionization of the 1,3-diketone carbon acids anisindione
(I), phenindione (II), and clorindione (III). All three
compounds are used clinically as anticoagulants. The
ionization kinetics of phenindione and phenylbutazone,
two carbon acids of pharmaceutical interest, were reported
previously (1, 2). Kinetic data for the deprotonation of
various carbon acids have appeared in the chemical liter-
ature, but few studies of the effects of electron-with-
drawing and electron-donating groups on the ionization
kinetics and mechanism have been reported. The reported
chemical studies have concerned acids of fairly high pKa
(3, 4) or substituted nitromethane carbon acids (3, 5-
12).

The objectives of this work were to study the effects of
electron-withdrawing and electron-donating substituents
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on ionization kinetics of I-III and to determine whether
the results supported a model proposed previously for
phenindione ionization (1).

EXPERIMENTAL

Phenindione! and anisindione? were used as received. Clorindione was
prepared by the reaction of phthalide and p-chlorobenzaldehyde in a
sodium ethoxide-ethanol solution using a literature procedure (13) for
the synthesis of various 2-phenyl-1,3-indandiones. All other materials,
kinetic procedures, conditions, and methods of pKa determination were
identical to those described previously (1).

RESULTS AND DISCUSSION

The macroscopic dissociation constants for I-III, determined spec-
trophotometrically in aqueous solution at 25° and g = 0.1, are given in
Table 1. These values compare favorably with the literature values for
the pKa’s when solvent differences are considered.

Figure 1 is a plot of log ke versus pH for the approach to ionization

‘equilibrium for I-III. The rate constant k., is the pseudo-first-order

observed rate constant for the approach to ionization equilibrium ex-
trapolated to zero buffer concentration. A possible model for the ion-
ization kinetics of I-IIl is given in Scheme 1. This model is identical to
the scheme postulated previously for phenylbutazone ionization (2).

The predominant neutral form of I-III in aqueous solution is the diketo
species, K, rather than the enol species, E (14). The dissociated form of
I-111 is the so-called mesomeric anion, E~ (17). The macroscopic disso-
ciation constant K,, the percent enol, and k_y, for the approach to ion-
ization equilibrium in the absence of buffers are best described by Eqs.
1-3 (2):

1 1 1
1 + (Eq. 1)
K, Ka enol Ka diketo ’
Ka diketo (
. . Eq. 2)
o eno Ko enol T Ka,diketo .
, H* ]Ka enol k4Ka enol
= k1 + kslOH-] + 22H1Ke, ey (B
kob 1 3[ ] Ka,enol + [H"'] Ka,enol + [H+] ( ® )

Table I—Macroscopic Ionization Constants for Anisindione,

Phenindione, and Clorindione Determined

%;l):lsctrgphotometncally at 25 + 0.1° and u = 0.1 with Sodium
oride

Compound, Literature pKa

Wavelength Used, nm pKa Values
Anisindione, 330 4,13 4.09 (14), 4.25 (15), 5.6 (16)
Phenindione, 326 4.09 4.10 (14), 4.13 (15), 5.4 (16)
Clorindione, 284 3.59 3.54 (14), 3.72 (15), 4.8 (16)

1 Pfaltz and Bauer, Flushing, N.Y.
2 Schering Corp., Bloomfield, N.J.
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