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Abstract

Water, ethanol and n-hexane solubility and pH–solubility behavior of a homologous series of isoxazolyl–naphtho-
quinone derivatives, which exhibit important biological activity, were studied. Their pKa values were determined
spectrophotometrically as well as from their pH–solubility profiles. Also, the molar aqueous solubility of these
compounds was estimated with the equations developed by Yalkowsky and Valvani using the data of their melting
points and octanol/water partition coefficients. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The importance of the physicochemical proper-
ties of drugs in determining their biological and
pharmaceutical characteristics has long been rec-
ognized. For this reason, these properties should
be preliminary evaluated in the selection of a new
drug in a series of drug candidates. Of particular
importance are the aqueous solubility and the
partition coefficient which are the features deter-
mining a drug’s dissolution, distribution, and
availability.

Since aqueous solubility is also a key factor in
controlling drug efficacy, before an orally admin-

istered drug can become available to its receptor,
it must dissolve in the gastrointestinal fluid. The
dissolution rate and the maximum amount of
drug that can be dissolved are governed by the
solubility of the drug in the biological medium
(Yalkowsky and Valvani, 1980); therefore the ba-
sis for reliable formulations development being
the accurate determination of the solubility. Tra-
ditional methodology for solubility determination
is the ‘equilibrium method’, where excess of drug
is added to the solvent system and some means of
stirring is employed under constant temperature.
Samples are then removed, filtered, and analyzed
for drug concentration (Higuchi et al., 1979).

On the other hand, in the biological sciences,
many solutes of interest can act as acids or bases.
In an ionizing medium such as water, they may
dissociate into ions which are usually highly water
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soluble. The extent that a molecule is ionized in
an aqueous solution is largely dependent on its
pKa and the pH of the medium. For this reason,
often a useful approach to increase the aqueous
solubility of an ionizable drug is pH adjustment.
The pH at which a drug substance is formulated
is usually determined from its pH–solubility
profile (Sweetana and Akers, 1996). When the
aqueous solubility is inadequate, it is also useful
to formulate the drug using water-miscible sol-
vents (like ethanol) as cosolvents.

The isoxazolyl–naphthoquinone derivatives
have demonstrated to exhibit important biological
activity against the causative agent of Chagas’
disease (Schwarcz de Tarlovsky et al., 1988;
Amuchastegui et al., 1990) and against Staphylo-
coccus aureus (Albesa et al., 1995).

The purpose of the present work is to determine
water, ethanol and n-hexane solubility as well as
the pH–solubility behavior of a homologous se-
ries of isoxazolyl–naphthoquinone derivatives
with an amino group in the four-position of the
isoxazole ring (Fig. 1).

The intrinsic aqueous solubility and pKa values
were obtained from the pH–solubility profiles of
these compounds. The pKa values were deter-
mined spectrophotometrically and the molar
aqueous solubility was calculated using equations
from the literature based on melting points and
partition coefficients.

2. Materials and Methods

2.1. Materials

The isoxazolyl–naphthoquinone derivatives 1–
4 were prepared as previously described (Férnan-
dez et al., 1982; Granero et al., 1999a). All other
materials and solvents were of analytical reagent
grade. Water reagent grade was generated by a
Millipore Milli-Q water purification system.

2.2. Buffer solutions

Buffer solutions consisted of suitable mixtures
of analytical grade citric acid, sodium hydrogen
phosphate, sodium bicarbonate and sodium hy-
droxide (Elving et al., 1956).

2.3. Solubility studies

Equilibrium solubilities of 1–4 were determined
at room temperature (2590.1°C) in a constant-
temperature bath by adding an excess of the solid
to 5 ml of aqueous buffer (or water or ethanol or
n-hexane) in a series of 10 ml vials. The mixtures
were shaken several times on a vortex apparatus.
After equilibration (48 h) an aliquot was filtered
through a 0.45 mm membrane filter. The first 1 ml
of the filtrate was discarded to eliminate any
adsorptive effect by the membrane. An aliquot of
the remaining filtrate was diluted with the appro-
priate buffer solutions or solvents and analyzed
by an UV-spectrophotometric method (Shimadzu
UV 260 UV/visible spectrophotometer) and the
remainder of the filtrate was employed for pH
determination (ORION SA520 pH-meter).

2.4. pKa Determination by UV-spectrophotometry

The pKa values of 1–4 were determined by an
UV-spectrophotometric method (Agarwal and
Blake, 1968) by diluting 2 ml of a stock solution
(0.0200 g in 25 ml of methanol) of each com-
pound in ethanol with the appropriate buffer
solutions. The absorbance of each solution was
measured at the wavelength where the maximum
difference in absorption for the ionized and
unionized species occurs on a recording spec-

Fig. 1. Structure of the isoxazolyl–naphthoquinones used in
this work. 1, 2-hydroxy-N-(3,5-dimethyl-4-isoxazolyl)-1,4-
naphthoquinone-4-imine; 2, 2-hydroxy-N-(3-methyl-5-ethyl-4-
isoxazolyl)-1,4-naphthoquinone-4-imine; 3, 2-hydroxy-N-(3-
methyl-5-propyl-4-isoxazolyl)-1,4-naphthoquinone-4-imine; 4,
2 - hydroxy - N - (3 - methyl - 5 - pentyl - 4 - isoxazolyl) - 1,4 3-
naphthoquinone-4-imine.
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Table 1
Solubility data of 1–4 at 25°C in water, ethanol and n-hexane

Compound Solubilities (mg/ml)9S.D.

EthanolWater n-Hexane

0.03381 1.3866 Insoluble
90.040690.0001

2 0.02272.88660.0659
90.001090.057690.0070

0.05783 3.6184 0.1030
90.0004 90.006890.0535

0.03584 1.77980.1449
90.000790.039890.0021

trophotometer (Shimadzu UV 260 UV/visible
spectrophotometer).

2.5. Melting points determination

The melting points of all compounds were de-
termined by the capillary method on a Büchi 510
melting point apparatus and were uncorrected
(Table 4).

3. Results and discussion

3.1. Water, ethanol and n-hexane solubility

The solubility data for 1–4 in different solvents
are listed in Table 1. We report the average of
duplicate determinations.

The aqueous solubility of compounds 1–4 in
general increases with chain length on the isoxa-
zole ring, presumably by weakening the crystal
lattice since solubility requires the disruption of
crystal structure to allow molecular dispersion in
the solvent.

The solubilities of 1–4 in n-hexane and ethanol
show some distinctive behavior. As long as com-
pound 1 remains insoluble in n-hexane, the solu-
bilities of 2 and 3 increase with alkyl chain length
up to 3 and then a definite break in the solubility
is observed (compound 4).

In ethanol the solubility has orders of magni-
tude higher than in n-hexane and water. This
solubility enhancement may be partially ascribed
to the capacity of ethanol to form hydrogen
bonds. On the other hand, the solubility behavior
of 1–4 in ethanol resembles that in n-hexane in
the sense that the solubility increases with chain
length of the hydrocarbon groups up to 3 and
then a significant decrease is observed.

3.2. pH–Solubility beha6ior

The solubility data of 1–4 in different aqueous
buffer solutions are listed in Table 2. We report
the average of duplicate determinations.

From these values and the pH–solubility
profile (Fig. 2) we can see that the aqueous solu-
bility of 1–4 at 25°C is 103-, 14-, 13- and 21-folds

Table 2
Solubility of 1–4 in aqueous solutions at different pHs at 25°C

Solubility (mg/ml)9S.D.pHCompound

3.45 0.014090.00131
0.018090.00066.65

7.64 0.025190.0017
9.45 0.271090.0262
9.89 0.474790.0131

10.38 1.444590.0117

2 3.72 0.039190.0011
6.44 0.043690.0060
7.01 0.063290.0012

0.108890.00247.62
8.81 0.528590.0131
9.16 0.541290.0057

3.45 0.064090.00163
6.47 0.056190.0008
7.52 0.094490.0028
7.96 0.125290.0037
8.85 0.639290.1875

0.740490.07129.62
10.39 0.837090.0613

4.86 0.092490.00034
6.81 0.097490.0020

0.144990.00217.02
8.23 0.215190.0014

1.962090.00569.89
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higher at pH$10 than at pH$3, respectively.
These solubilities increase with increasing pH are
in accordance with Eq. (1),

Cs=Co[19Ka/H+] (1)

where Cs is the buffer aqueous solubility, Co is the
intrinsic aqueous solubility of the substrate and
Ka is the dissociation constant (Wells, 1988).

Non-linear regression analysis of the data gen-
erated from the pH-solubility profiles according
to Eq. (1) yielded the estimated intrinsic aqueous
solubility. From the logarithmic form of Eq. (1),

the pKa values for 1–4 were calculated (Eq. (2))
and are listed in Table 3, along with those ob-
tained spectrophotometrically.

pKa=pH+ log[(Cs−Co)/Co] (2)

According to these data, the intrinsic aqueous
solubility as well as the pKa values obtained from
pH–solubility profile and by conventional meth-
ods are in good agreement. Consequently, the
pH–solubility profiles can be used to determine
the aqueous solubility and pKa values of these
isoxazolyl–naphthoquinones. In addition, the

Fig. 2. pH–Solubility profiles of 1–4 at 25°C.
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Table 3
Intrinsic solubility and pKa values of 1–4

Compound pKa9S.D. a Co (mg/ml)9S.D. b pKa9S.D. c Co (mg/ml)9S.D. d

0.033890.00011 8.7790.258.9790.74 0.034990.0192
0.065990.0070 8.2690.292 0.080490.04648.1990.88
0.057890.0004 7.8690.047.2990.55 0.059190.00423

4 0.144990.00217.3990.17 7.7290.07 0.126190.0199

a pKa determined by spectrophotometry.
b Co determined by a traditional method.
c pKa calculated from the pH–solubility profile.
d Co calculated from the pH–solubility profile.

strategy of pH-adjustment, routinely employed to
increase the solubility of ionizable drugs, can be
applied to achieve an enhancement of the aqueous
solubilities for the studied compounds.

3.3. Molar aqueous solubility: calculation based
on melting point and octanol/water partition
coefficient

The molar aqueous solubilities for isoxazolyl–
naphthoquinones 1–4 were estimated by Eqs. (3)
and (4) developed by Yalkowsky and Valvani
using the data for partition coefficient and melt-
ing temperature (Yalkowsky and Valvani, 1980).

log Sw$0.80− log Kow−0.01 (MP−25) (3)

log Sw$0.54−8.16×10−4 DSf (MP−25)
− log Kow (4)

where Sw is the molar aqueous solubility of an
uncharged solute, Kow is the octanol/water parti-
tion coefficient, MP is the melting point and DSf

is the entropy of fusion. A DSf of 13.5 cal mol−1

K−1 for rigid molecules was assumed in these
estimates. The ability of these equations to pre-
dict the log Sw values for 1–4 are listed in Table
4.

Comparison of the estimated log Sw values
with those obtained with the experimental meth-
ods, shows that Eq. (4) gives values near the
experimental ones, whereas Eq. (3) underesti-
mates the log Sw of 1–3 and overestimates the
log Sw of 4 (Table 4).

For a crystalline nonelectrolyte, the critical fac-
tors involved in the solubilization processes are

the solid-phase activity of the solute–solute and
molecular interactions between solute and sol-
vent. Due to the polyfunctional character of drug
molecules, a wide variety of molecular interac-
tions are often simultaneously operative. Current
solubility theories are limited to specific types of
intermolecular interactions (Yalkowsky et al.,
1983). Since isoxazolyl–naphthoquinone deriva-
tives have one ketone moiety and one hydroxyl
group, these compounds are capable to form hy-
drogen bonds with water around these centers
favouring its solubility. Taking into account that
experimental aqueous solubilities of 1–4 are
higher than it would be expected from the use of
regular solution theory, the aqueous solubility
values could not be estimated adequately with
Eqs. (3) and (4) (Hagen and Flynn, 1983).

The lack of correlation between experimental
and calculated values was also observed by other
authors (Hagen and Flynn, 1983; Krist, 1999).
Hence, these equations appear inadequate for
aqueous solubility estimation for these
isoxazolyl–naphthoquinones.
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Table 4
Calculation of the molar aqueous solubility (log Sw) of 1–4

Compound Log Sw

D bMP (°C) Eq. (3) D c Eq. (4) D dLog Kow
a Experimental method pH–Solubility profile

−2.33 −1.5692 −2.8023 −1.0969−3.8854 −0.0138−3.89921.042341
−3.5450 −0.0864 −2.77 −0.8614 −3.2332 −0.39942252 1.57 −3.6314

−2.48 −1.2294 −2.8904 −0.8190−0.0124−3.69703 173 1.80 −3.7094
−3.82 +0.47054 −4.2019145 +0.85243.42 −3.3495 −3.4098 +0.0603

a The log Kow of 1–3 were determined by the shake flash method and for 4 by a TLC method (Granero et al., 1999b).
b Difference between log Sw determined by the experimental method and estimated from the pH–solubility profile.
c Difference between log Sw determined by the experimental method and estimated from Eq. (3).
d Difference between log Sw determined by the experimental method and estimated from Eq. (4).
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