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Determination of Stability Constants of Complexes by the Nonlinear
Optimization Method and Analysis of Solubility Curves?
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Solubilization of the slightly soluble drug 3-benzimidoyl-2-hydroxy-1,4-naph-
thoquinone was studied by the solubility method using sodium benzoate and several
phenol derivatives as solubilizing agents. Their solubilizing mechanism is believed to
involve the formation of soluble complexes between drugs and solubilizing agents. -
Solubility curves observed in cases where complexes of high order were formed at the same
time were analyzed by using the nonlinear optimization technique, .e., the Gauss-Newton
method and the conjugate gradient method. Further study is needed to check the accuracy
of the estimated parameters.
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In order to dissolve slightly soluble drugs, solubilizing agents have been frequently used
and in many cases, their solubilizing mechanism is believed to involve the formation of soluble
complexes between the drugs and the solubilizing agents. The analysis of solubility curves,
that is, the relationship between total amount of drug dissolved and the concentration of
complexing agents added, has been done for comparatively simple cases where the formation
of a 1: 1 complex® or of both 1:1 and 1: 2 complexes® occurred. However, cases in which
complexes of higher order occur at the same time are not as simple. We tried to analyze the
solubility curves observed in such cases. A

1,4-naphthoquinone derivative, 3-benzimidoyl- o
2-hydroxy-1,4-naphthoquinone, was used as a I —
solubilizate. This compound was synthesized I/\H/\H—%*<=>

by the staff at our research laboratory and has N onNH

been under investigation as a plant growth- '

regulating substance. It has relatively low 3-benzimidoyl-2-hydroxy-1,4-naphthoquinone
solubility in water. The chemical structure Chart 1

of this compound is shown in Chart 1.

Hereafter this compound will be referred to as “bendroquinone.”

Sodium benzoate and several phenol derivatives possessing one or more hydroxyl groups
in the molecule were used as solubilizing agents. The solubilization of bendroquinone with
solubilizing agents in aqueous and nonaqueous solutions was studied by the solubility method.
A method of data analysis similar to that employed by Blau, Klimpel and Steiner® was used to
estimate the parameter values. This article presents a method for determining the stability
constants of complexes and for analyzing solubility curves in cases where high order complexes
as well as a 1: 1 complex are present together in the system.

Method of Analysis

(Case 1) Consider first the case where only a 1:1 complex is formed. Such a case was
discussed by Connors and Mollica.®

If the formation of a 1: 1 complex is assumed, Eq. 1 is obtained on the basis of the law
of mass action.
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CAB ‘

Ky
— AB = —
A+ B =— AB, Ku C2Cai—Cro)

@

where Cg, Cg,, C,5 and K, are the solubility of A in the absence of B, the total concentration
of B, the equilibrium concentration of the complex species AB and the stability constant
- of the 1: 1 complex, respectively. We may rewrite Eq. 1 as '

Cpp = B C2-Cn

1+ K, -C3

The apparent total solubility of A, C,,, is given by Eq. 8 from the mass balance equation.
Car=C2 + Cys

K;;-C3-Cg,
1+ K1u-C2

@

Car=C3 + @®)

Eq. 3 indicates that plots of C,, against the total amount of the complexing agent added,
Cg;, should give a straight line relation.

The stability constant, K, is evaluated with Eq. 4, from the slope of the line.

_ slope
INTERCEPT(1—-SLOPE)

Kin 4

(Case 2) Consider now the case where the formation of both 1: 1 and 1: 2 complexes occurs.
This case was studied by several investigators.®

If the equilibrium reactions are assumed to be described by Eqgs. 5 and 6, the stability
constants K,; and K,, are as follows:

A+ B A AB K Cas
- -
the= - C2(Cpi— Cap—2Cap,) ®
Ky, Cas,

AB + B = AB; K, =

6
Cap(Cre— Cap—2Cag,) ®

Since the apparent solubility of A, Cy,, is given by Eq. 7, Eq. 8 can be derived by combin-
ing Egs. 5, 6 and 7. Eq. 8 indicates that the total solubility of A, C,,, can be expressed as a
quadratic function with respect to Cg,.
Cac = Ca + Cap + Cas, )
Ca = C2 + Ku1-C3 (Cp,—Cap—2Cas,) + Ku1- Ki2-C2 (Cpe—Cap—Cas,)? ®

Rewriting Eq. 8, we obtain Eq. 9.

Ca—C2
C2(Cp—Cap—2Cas,)

= Ku + Ki1+ K12(Cp,—Cap—2Cas,) ©)

Since it is evident that a plot of the left-hand term of Eq. 9 versus (Coe—Cap—2C,,)
should give a straight line, stability constants, K;; and Kj,, can be obtained from the slope
and the intercept, using the method described by Kakemi, Sezaki, Mitsunaga and Nakano.?
Their method is as follows. The initial values for K;, and K, are obtained from Eq. 9 by
ignoring the C,p and C,5, terms.

The first approximate values for C,5 and C,, are obtained from Eqs.10and 11:
Cas = Ku-C3-Cae (10)
Cas, = Ku - Ki3-C2-Cps? (11)
The C,5 and Cyg, values are put into Eq. 9 to obtain better values for K,, and K,,.
These steps are repeated until a converged straight line is obtained. Hereafter this method

will be referred to as the regression line method (R. L. method). The same approach might
be applicable to a more general case.
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(Case 3) The final case is a more general one where the formation of higher order complexes
occurs. Assume that a drug may bind up to m ligands in a sequence of m stepwise reactions
(of course, this model contains cases 1 and 2 as special cases).  Then the following set of equa-
tions is obtained on the basis of the law of mass action.

Ky Cas

A + B ——= AB, Ku = , Cas = K11-C3-Cp
C?-Cs
K, Can
AB + B —— AB., Ky = S Cas, = Ki1- K12-C%-Cy? 12)
: Cus-Cs :
: Kim Cas, :
ABm.1 + B ==— ABm, Kiim = =—">——, Cas, = Ki1-Kis- -+ Ki,m-C3-Cp™
Cagm-1-Cs

The apparent total solubility of A in the solution is the sum of the concentration of A
which does form complexes, that is, the solubility of A in the absence of B at equilibrium,
and the concentration of each complex species formed. Accordingly, Eq 13 is derived:

Car=C2 + Cap + Cap, ++ +ooeee + Cas,, (13)
By combining Eqgs. 12 and 13, we obtain:

Can = C3{1+ 33 r=1K(Cal} (14)
Cs = Ca — {lz:a)c,m} ' (15)

where 7 denotes the consecutive product of each factor and 37 is the sum notation. Eqs 14
and 15 are general equations which indicate the relationship between the total concentration
of the drug dissolved, C,,, the total concentration of complexing agents added, Cg, and
the stability constants, Kj; (i=1, 2,...... m).

The apparent total solubility of A, C,,, can be expressed by the polynomial equation of
Mth order with respect to Cg,. Consequently, the best values for parameters Cg and Ky;
can be determined by the usual least-squares method. However, cases where the parameters
had negative values occurred in applying this method. Therefore, we adopted the method of
estimating the parameters under the conditions shown in Eq. 16, by the nonlinear optimization
method. Choosing the sum of squares of residuals between experimental data and theoretical-
ly calculated values as an objective function, J, the transformation of variables as shown by

Eq. 18 was carried out for Eq. 14 to find the optimal values of Cg and Ky, (i=1, 2,...... m)
which minimize J subject to the positivity conditions shown in Eq. 16.

Ki>0(@=1,-----m), Cp >0, C2 >0 (16)

J= 2 (Che— Cllure an

InCp: = X, InCg = Zy, InKy = Ziya(i=1,--m) (18)

After the positivity constraints were eliminated by this transformation of variables, the
optimal parameters could be found by using the Gauss-Newton method® and the conjugate
gradient method.” With these methods, we calculated the theoretical values of apparent
total solubility for the solubilization data of bendroquinone with sodium benzoate and several
phenol derivatives and compared the calculated and experimental results.

Experimental

Material Bendroquinone was synthesized by the staff of the Synthesis Division of Shionogi Research
Laboratory. All other chemicals (chemicals) were obtained from commercial sources.

Solubility Studies——Excess quantities of bendroquinone were placed into 5-ml ampuls and 4 ml of
solution of various concentrations of complexing agents was added. The ampuls were sealed and shaken
vigorously for 5 h at room temperature and then agitated in a constant temperature water bath at 25°C for
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at least 20 h. After equilibration, a portion of the supernatant solution was withdrawn by means of a pipet
fitted with a piece of rubber tubing plugged with cotton.

For xylene or carbon tetrachloride solutions, the clear portions were immediately diluted to appropriate
volumes with 1,2-dichloroethane for spectrophotometric measurement. For aqueous solutions, the following
procedure was carried out before dilution. The portions were extracted with 1,2-dichloroethane and each
organic phase was separated by the use of Whatman liquid separating filter paper® (1 ps) from the aqueous
solution. ‘

The concentration of bendroquinone in 1,2-dichloroethane was determined spectrophotometrically using
a Hitachi EPU-2A spectrophotometer at a wavelength of 340 nm.

Results and Discussion

(1) The solubility diagrams of bendroquinone in the presence of butyl-p-hydroxyben-
zoate(butylparaben), phenol, p-terf-butylphenol, butylated hydroxyanisole (BHA) and thymol
in carbon tetrachloride are shown in Fig. 1.

The apparent solubility of bendroquinone showed a tendency to increase with increase
in the concentration of complexing agent. When the apparent total solubility of bendro-
quinone, C,,, was plotted against the concentration of the complexing agents added, Cyg,,
upward curves were obtained in all cases. Therefore, the formation of complexes of order
higher than the 1:1 complex seems to have occurred, as discussed in the previous section.
The solid lines in Fig. 1 show the calculated curves obtained on the assumption both 1: 1 and
1: 2 complexes were formed. For all examples without phenol, experimental values of the
apparent total solubility agreed approximately with the calculated results. Phenol is known
to form dimers in carbon tetrachloride,® which may be responsible for the difference. We did
not examine this point further.

10
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—
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Amount dissolved (X107* m)
Amount dissolved ( X107% u)
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I 1 e i

2 4 6 8 10 0.05

Complexing agent (X1072y)
Fig. 1. Solubility Diagrams of bendroquinone in 0.025
the Presence of Complexing Agents in Carbon : P A .

Tetrachloride at 25°C 1 2 . 3 4 5 6
Complexing agent ()
—(QO—: butyl p-hydroxybenzoate (butylparaben).

—@—: p-teri-butylphenol. Fig. 2. Solubility Diagrams of bendroqui-
:ﬁ:: Eﬁ:;‘gt'e d hydroxyanisole (BHA) none in the Presence of High Concentra-
—[}— thymol. ’ tions of Complexing Agents in Xylene at

The solid lines are calculated curves. 25°C
~—/\—: m-cresol.

—(Q~—: thymol.
The solid lines are calculated curves.
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(2) The solubility diagrams of bendroquinone in the presence of high concentrations
of m-cresol and thymol in xylene are shown in Fig. 2.

The solid lines show the calculated curves obtained on the assumption that both 1:1
and 1: 2 complexes were formed. ~ Since the experimental values of the apparent total solubility
agreed with the calculated results, it appeared
reasonable to assume that the formation of
complexes up to the second order did take
place.

(8) The solubility diagrams of bendro-
quinone in the presence of high concentrations
of sodium salicylate, sodium p-aminosalicylate,
sodium p-hydroxybenzoate and sodium benzo-
ate in aqueous solutions are shown in Fig. 3.

The apparent total solubility of bendro-
quinone was increased significantly by the ad-
dition of these solubilizing agents. A relatively
good agreement was found between the experi-
mental values of the apparent total solubility
and the calculated results on the assumption
that both 1:1 and 1:2 complexes were formed
with sodium p-aminosalicylate and p-hydroxy-
benzoate and that 1:1,1: 2and 1: 3 complexes
were formed with sodium salicylate and sodium
benzoate. These assumptions seem to be rea-

0'3 2 " 1 " " A | Sy " A " 1
1.0 2.0 3.0

Complexing agent ()

Fig. 3. Szﬁlbgity Diagr;n%s. Oé léendrocgui- sonable on the basis of the above discussion.
none in e Fresence O 18 oncentra- eqe
tions of Complexing Agents in Water at (4) When the apparent tOta'_l solubility of
25°C bendroquinone was plotted against the con-

—A—: Na salicylate. centration of complexipg agents added, upward
~O—: Na p-NH, salicylate. curves were obtained in all experiments. Ac-
— A—: Na p-OH benzoate. . . N

—@—: Na benzoate. cordingly, it appeared to be essential to con-
The solid lines are calculated curves. sider the formation of 1:2 or hlgher order

complexes, as discussed in the previous section.

Therefore, we first estimated the parameters on the assumption that both 1:1 and 1: 2
complexes were formed in all cases using the regression line, Gauss-Newton and conjugate
gradient methods.

In the case of the regression line method we considered only the stability constants,
K,; and K,,, as the unknown parameters.

In the latter two cases, we also considered the original solubility, C}, as an unknown para-
meter. The results obtained are summarized in Table I.

Though there were unsatisfactory cases where the parameters gave negative values
with sodium benzoate, sodium salicylate and phenol in carbon tetrachloride when the regression
line method was applied, we obtained reasonable values for the remaining 17 cases. In
addition, the calculated concentrations of bendroquinone in the presence of complexing
agents almost coincided with the experimental results.

Using the Gauss-Newton method, the converged parameters could not be obtained for
11 among 20 experiments, while for seven other examples, reasonable parameter values were
found. However, with higher concentrations of thymol, differences of two to three times
were found between calculated and experimental values of the original solubility Cg. thus
raising some doubts about the estimated parameters.

The conjugate gradient method gave converged parameters in all cases and the estimates
appeared reasonable, except for those for sodium benzoate and sodium salicylate.
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The validity and reliability of the parameters evaluated were examined by comparing
estimates of C3 with the experimental values, by investigating whether the calculated total
solubility of bendroquinone in various concentrations of complexing agents agreed with the
experimental results or not, and also by checking the magnitude of the sum of the squares
of the residuals. The parameters obtained with these three different estimation methods
agreed well with each other.

(5) Next, we estimated the parameters by the conjugate gradient method on the assump-
tion that 1: 1, 1: 2, and 1: 3 complexes were formed in all cases. We initially considered the
stability constants, K;, Ky, K;3 and the original solubility, Cg, as the unknown parameters
then considered only the stability constants as the unknown parameters.

The results obtained are summarized in Table II.

TasLe 1I. Parameters estimated by the Conjugate Gradient Method on the
Assumption that 1: 1, 1: 2 and 1: 3 Complexes were Formed

(A) (B)
Complexing agent Solvent ea

(an—)s M) Kll K12 Kl:! Kll Klz K13

1. Na benzoate Water 1.799 1.20» 3.03» 1.37%» 1.03 2.09 1.19
2. Na p-OH benzoate Water 3.33 2.10 2.02 0.87 1.79 1.82 1.35
3. Na salicylate Water 4.11 2.06 3.15 2.44 2.81 3.74 2.83

: 3.33 1.75 3.07 3.88

4. Na p-NH, salicylate Water 3.79 3.75 2.15 1.67 3.49 2.64 1.82
5. Thymol Xylene 15.7 15.6 2.05 0.06 12.3 1.95 0.08
6. Thymol Xylene 14.8 14.8 2.29 0.08 12.1 2.05 0.08
7. m-Cresol Xylene 24.8 74.9 0.10 0.10 92.2 0.12 0.07
8. Phenol CCl, 5.01 34.2 9.11 9.59 38.8 9.86 9.95
9. p-tert-Butylphenol CCl, 4.26 26.2 9.20 9.62 24.5 8.82 9.43
10. Thymol CCl, 4.02 7.87  9.23 9.64 8.36 10.3 10.2
11. Butylparaben CCl, 3.55 144 2.64 18.5 107 2.35 17.2
12. BHA CCl, 3.30 17.1 9.07 9.55 14.7 8.23 9.12
13. Butylparaben Xylene 21.4 45.2 2.83 1.98 48.8  29.8 30.0
14. BHA Xylene 20.1 15.8 0.50 0.30 16.6 0.59  0.40
15. Phenol Xylene 19.3 21.8 2.80 1.98 21.7 2.78 2.95
16. p-tert-Butylphenol Xylene 19.4 '15.2 2.83 1.98 15.3 2.82  2.96
17. m-Cresol Xylene 18.7 15.0 1.91 1.99 13.3 2.72 2.94
18. Thymol Xylene 10.3%» -28.0»  2.47»  1.95% 8.58 2.24 2.82
19. f-Naphthol Xylene 21.0 16.1 4.70 2.97 14.5 4.53 3.91
20. a-Naphthol Xylene 23.4 25.7 0.10 0.10 28.1 0.10 0.20

a) Calculated value of the original solubility.

b) The estimates are assumed to be incorrect.

¢) For (B), we considered only stability constants Ky, Ky, and K, as the unknown parameters and for (A),
both the stability constants and the original solubility as unknowns.

d) Dimension of Ky, Kigy Kys ¢ (M73).

By assuming the presence of the 1: 3 complex besides the 1:1 and 1: 2 complexes, the
relatively significant discrepancy observed with sodium salicylate was reduced, and better
parameter values were obtained. With- sodium p-hydroxybenzoate, p-teri-butylphenol,
thymol, butyl p-hydroxybenzoate, butylated hydroxyanisole, phenol, m-cresol, a-naphthol
and g-naphthol, good parameter values were obtained if the formation of up to 1: 3 complexes
was assumed to take place, and a good agreement was obtained between the experimental
values of the apparent total solubility and the calculated results. These results are nearly
equal in magnitude in the case of the stability constant Ky, but slightly different in that of
K, as compared with the case where the formation of only 1: 1 and 1: 2 complexes was assumed
to occur.
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Whether or not we must consider the presence of the 1:3 complex as well as the 1:1 and
1: 2 complexes is an interesting question. Bendroquinone possesses four functional groups,
e.g., two carbonyl groups, one hydroxyl group and one imino group, in a single molecule as
shown in Chart 1, and these groups may be interaction sites. Consequently, if all these
functional groups participate in the interaction, the formation of complexes up to the fourth
order can be assumed to occur. If we can not prove the formation of 1: 3 or higher order
complexes by any other method, it is not convincing to demonstrate their presence only by
fitting data numerically to a model.

Furthermore, it seems inappropriate to increase the number of parameters and make
the model more complex if estimation of correct values of stability constants of these higher
order complexes is of no significance. On the other hand, with sodium p-aminosalicylate,
thymol, m-cresol and phenol, greater differences were found between the experimental and
estimated values of C3, when we assumed the formation of the 1:3 complex. Also, with
sodium benzoate, the difference between the experimental and calculated C3 values was large
even when we took account of the formation of the 1:3 complex, considering K,;, K,,, K,3 and
C3 as the unknown parameters.

Therefore, the following method was used. We assumed the experimental value of Cg
to be correct and set it constant, then estimated the parameters under the assumption that
up to 1: 3 complexes were formed. Comparison of these two methods showed that approxi-
mately the same estimates were obtained for all examples without thymol. Consequently,
if we have confidence in the experimental C3 values, it seems reasonable to set ('y constant,
consider only the stability constants as the unknown parameters, and then estimate the para-
meter values. Thus, for sodium benzoate, we considered estimates of stability constants
obtained by such a method to be correct. The criterion for convergency was chosen

-]--‘—+—1———=-Ii‘$10“5 in the conjugate gradient method, and as lSIO—‘1 in the Gauss-

Newton method. Initial estimates were evaluated by trial and error
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