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Purpose. The aim of this study was to clarify the quantitative relation-
ship between solubility, initial dissolution rate and heat of solution of
racemic compound and its enantiomers.

Methods. Propranolol, propranolol HCI, tyrosine, and tryptophan were
used as typical chiral drugs. The heat of solution of chiral drug was
measured by an isothermal microcalorimeter and the heat of fusion
was measured by a DSC. The free energy difference for the dissolution
of drug was calculated from the solubility and initial dissolution rate
data.

Results. The free energy difference and enthapy difference of the
dissol ution between the racemic compound and enantiomer of propran-
olol, propranolol hydrochloride, tyrosine, and tryptophan were obtained
by the solubility, initial dissolution rate and heat of solution data. A
good linearity was observed in the free energy difference and the
enthalpy difference for the dissolution of them, except for propranolol
HCI data. By considering the dissociation in solution, the data of
propranolol HCI followed the regression line.

Conclusions. Thefree energy difference of the dissolution waslinearly
dependent on the enthalpy difference for the racemic compound and
its enantiomers. The results fit the theoretical equation. It could be
possible to estimate the solubility of chiral insoluble drug from the
thermal data.

KEY WORDS: racemic compound; enantiomers; solubility; initial
dissolution rate; dissociation constant; thermal analysis.

INTRODUCTION

The characterization of chiral drugs is receiving much
increased attention from manufacturing and regulatory organi-
zations due to their pharmacologica effects (1,2). It is well
known that the molecular arrangement in a crystal for enantio-
mersis different from that for racemic compound. If the differ-
ence in crystal structure results in a change in the melting point
and heat of fusion, then the solubilities of the pure enantiomers
may be different from that of the racemic compound.

Preferential crystallization of racemic mixtures or con-
glomerates has been one of the most frequently used methods
for separating enantiomers. On the other hand, Tamura et al.
have reported the first case of enantiometric resolution by sim-
plerecrystallization of aseries of racemic compounds, although
in principle this type of enatiometric resolution was believed
to be infeasible (3—6). They have described that the physical
information of solubility, polymorphic transformation and the
melting point phase diagram of chiral drug are the important

1 School of Pharmaceutical Sciences, Toho University, 2-2-1 Miyama,
Funabashi, Chiba 274-8510, Japan.

2To whom correspondence should be addressed. (e-mail: terada@
phar.toho-u.ac.jp)

0724-8741/00/0100-0090$18.00/0 © 2000 Plenum Publishing Corporation

Research Paper

factorsto elucidate the recrystallization behavior. Thermal anal-
ysis, e.g. differential scanning calorimetry and solution calorim-
etry, has been successfully employed to investigate differences
in the melting point, heat of fusion and heat of solution of
drugs and the polymorphic transformation (7—9). From these
fundamental thermodynamic properties, the solubility may be
predicted, and the knowledge of the solubility isessential practi-
cal information in developing pharmaceutical products, espe-
cially recrystallization process. However, it is very difficult to
evaluate the solubility and dissolution rate of a new drug
because of the insufficiency of a product.

This report illustrates the relationship between the free
energy difference of the dissolution and the enthalpy difference
for the racemic compound and its enantiomers and how to
estimate the solubility and initial dissolution rate of chiral drugs
using thermal analysis. The chiral drugs investigated are pro-
pranolol, propranolol hydrochloride, tyrosine, and tryptophan.
Further, the dissociation of chiral saltsin solution is discussed.

MATERIALS AND METHODS

Materials

R-(+)-, S(-)- and (=*)-propranolol hydrochloride
(Sigma), L- and DL-tyrosine (Tokyo Kasei) and L-, D- and
DL-tryptophan (Tokyo Kasei) were used as received. R- (+)-
and (*)-propranolol were precipitated from akaline solution
then recrystallized from cyclohexane.

Differential Scanning Calorimetry (DSC)

DSC traces were measured by use of Perkin-Elmer DSC
7 under nitrogen gas flow at a heating rate of 5°C/min.

Isothermal Microcalorimetry

The samples (100 mg) were loaded into a glass ampoule.
A 25 ml of distilled water was used as solvent for propranolol
hydrochloride, 1 mol/L hydrochloric acid was used for trypto-
phan and tyrosine. The heat responses were measured by an
isothermal microcalorimeter (MMC-5111, Tokyo Riko) at
25°C. The exact experimental method was as reported pre-
viously (10).

Dissolution Rate M easurement

Dissolution rate studies were performed according to a
rotating disk method. The apparatus was similar to that
described by S. Prakongpan et al. (11). The experiment was
carried out at 25°C. 200 ml of distilled water or cyclohexane
was used as the dissolution medium. A sample disk of 6 mm
diameter compressed at 500 kg/cm? was attached at the end of
the rotating spindle. The revolution speed of the disk was
adjusted to 250 rpm. The dissolution medium was circulated
at aconstant rate of 600 ml/min. The concentrations of samples
were determined spectrophotometrically. Tylosine disk was
hardly prepared by compression because of the lamination of
it, therefore the dissoluton rate of tyrosine was not determined.
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Solubility Measurement

The solubility of tylosineat 25°C was measured in distilled
water. An excess amount of S-(—)-propranolol hydrochloride
was added to 25 ml of distilled water containing various concen-
tration of R-(+)-enantiomer and the mixtures were shaken at
25°C. After equilibration had been attained, the suspension was
filtered. Then the filtrate was suitably diluted and analyzed
spectrophotometrycally to measure the amount of dissolved S-
(—)-enantiomer. A dissociation constant was calculated from
the slope of the solubility diagram.

THEORETICAL SECTION

The Gibbs free energy of the dissolution of a racemic
compound is given by Eq. (1),

AGggn = AH&?In - TAgiﬁn (1)

where AHES,, and ASES,, are the enthal py and entropy of dissolu-
tion of the racemic compound at temperature T, respectively.
The free energy difference of the dissolution between the race-
mic compound and enatiomer is given by Eq. (2).

AAGES E = AAHES B — TAASES,
= AAHES B — T{—RGR In xR + x5In x5}
= AAHES-E — RTIn2 @

where superscripts of *¢ and E show the racemic compound
and enantiomer, and AAHES,E and AASES,E are the enthal py
and entropy difference of the dissolution between the racemic
compound and enantiomer, respectively. Racemic compound
composed of the equimolecular mixture of its enantiomers has
excess entropy compared toits enantiomer. The AASE, Ewould
be the same as the excess entropy expressed by the entropy of
mixing, —R(® In x® + x5 In x5, where mole fractions of R
and S enantiomer in racemic compound (x?, x5 are 0.5. The
free energy difference of the dissolution between the racemic
compound and enatiomer is also expressed by the following

Eq. (3).

RC
AAGES:E = AGES, — AGE,, — —RT |n(CC—SE> 3

S
where AGES,, and AGE,,, are the free energy of the dissolution
of the racemic compound and enantiomer, respectively. R is
the gas constant, and CE® and C§ are the solubility of the
racemic compound and enantiomer, respectively. For the disso-
lution in the sink condition, we can use the Noyes-Whitney
equation, which derives the initial dissolution rate of sample.

Initial dissolution rate of sample (IDR) = dC/dt = kCg

where dC/dt is the dissolution rate and k is the intrinsic dissolu-
tion rate constant. Nogami et al. reported the dissolution rate
constants of sulfonamides (12). The variations of the observed
k and the calculated diffusion coefficient were less than 10%,
therefore, the(kR/kF) could be approximated to 1, and it could
be possible to replace (CES/CE) with (IDRFY/IDREF) in Eq. (3).
AAGES,E could be also expressed by the following Eq. (4).

IDRRC
IDRE

AAGESE = —RT In< 4

Therefore, aplot of the free energy difference of the dissolution
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Fig. 1. Initial dissolution rates of propranolol HCI in distilled water.

between the racemic compound and enatiomer obtained from
their solubility data against the enthalpy difference between
them assumed to give a straight line with a slope of 1.

&

AAGESE = RTIn( >
Cs

) = AAHES-E — RTIn2 (5)

RESULTS AND DISCUSSION

Relationship Between the Free Energy and Enthalpy
Differences of Racemic Compound Dissolution

Figure 1 shows the dissolution profiles of propranolol
hydrochloride in distilled water. The initial dissolution rate
(IDR) of (*)-propranolol HCl was three times greater than that
of enantiomers. A significant difference was hardly observed
between the dissolution profiles of enantiomers. The ratio of
racemic compound and enantiomer of IDR (IDRR/IDRF) was
3.10, whereas the ratio of solubility (Cs?S/CsF) was 3.70. The
free energy difference between racemic compound and enati-
omer obtained from IDR data (AAGES, F) was calculated as
—2.81, and this value was in fair agreement with that obtained
from solubility data of —3.24. We have selected propranolol
HCl, tyrosine, propranolol, and, tryptophan as typical racemic
compound and calculated their AAGRS E and AAHRGE of dis-
solution from the dissolution rate and solubility data. Table 1
showsthe free energy and enthal py difference of the dissolution
between the racemic compound and enantiomer. We have plot-
ted these data as shown in Fig. 2. In accordance with Eq. (5),

Table 1. Free Energy and Enthalpy Difference of the Dissolution for
Racemic Compound and Enantiomers

AAHESE (kJ/mol) AAGES$;E (kJ/mol)

Propranolol HCI -0.10? —3.24¢, —2.81¢
Tyrosine 2122 0.85°
Propranolol 4.22° 3.07
Tryptophan 5.942 4.194

@ Heat of solution data.

b Heat of fusion data was used on account of the low solubility of
propranolol in water (13).

¢ Cdculated using Eqg. (3).

d Calculated using Eq. (4).
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Fig. 2. Relationship between AAGRCE and AAHRCE of dissolution.

a plot of AAGRS, E against AAHKES, € is found to be linear
except propranolol HCI data.

Dissociation of (*)-Propranolol Hydrochloride in
Solution

Figure 3 shows the dissolution profiles of propranolol HCI
in cyclohexane. Interestingly, the IDR of racemic compound
was smaller than that of enantiomers. This result suggested that
the dissociation constant of racemic compound in water was
different from that in cyclohexane, sincethe HCI salt of propran-
olol should be exsisted in molecular form in the non-polar
organic solvent. The dissociation of HCI salt of racemic com-
pound in solution is expressed by

Cs
[RHCI - SHCI(Solid) = [RH-SH]?" + 2CI~

K
= RH* + SH* + 2CI~

where RH* and SH* are the ionic form of R and S enantimers
respectively. Cl~ isthe chlorideion. Cs’ isthe solubility assum-
ing the non-dissociation of racemic compound and K is the
dissociation constant of racemic compound in solution. The
Cs' isgiven by

Cs = Cs+ 2K — (4K - (Cs + K))¥? (6)

where Cs is the solubility of racemic compound in solution.
According to Eq. (6), the Cs’ value of (*)-propranolol HCl is
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Fig. 3. Initial dissolution rates of propranolol HCI in cyclohexane.
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Fig. 4. Solubility of S-(—)-propranolol HCI in the presence of R-(+)-
propranolol HCI.

calculated from the experimental data of Cs and K. Figure 4
shows the solubility of S-(—)-propranolol HCl in the presence
of R-(+)-propranolol HCI. With the addition of R-enantiomer,
the solubility of S-enantiomer rises linearly owing to racemic
formation. From the slope of the solubility increase, we have
successfully obtained the dissociation constant as 5.99 X 102
(mol/L) in this system. Since the enantiomer salts are com-
pletely dissociated in agueous solution, the Cs' of racemic
propranolol HCI was obtained as 1.69 X 10~ (mol/L) and
AAGRS; E of propranolol HCI was estimated as —1.30 (kJ/mol).
In order to examine the relationship between AAHRS, € and
AAGRSE of dissolution, we have replotted the AAGES E of
racemic compounds against AAHRS; E and cal cul ated the regres-
sion line of this system (Fig. 5). The experimental data gave
adtraight line (r> = 0.993) and its Slope was 0.930, indicating
that the Eq. (5) express an existence of the relationship between
thefree energy difference of dissolution cal culated from solubil-
ity or dissolution rate data and the enthal py difference obtained
by thermal anaysis in this chiral system. The estimated y-
intercept val ue of racemic compound (—1.13 kJ/mol) wasfound
to be in fair agreement with the —RTIn2 value (—1.72 kJ/
mol). These data suggested the ratios of the solubility could be
estimated from the enthalpy data obtained by thermal analysis.

CONCLUSIONS

From the above results, it was concluded that the free
energy difference of the dissolution would be linearly related
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Fig. 5. Relationship between AAGR®~F and AAHRC—E of dissolution.
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to the enthalpy difference for racemic compound and its enanti-
omer. By considering the dissociation of drug in solution, it
could be possible to apply this relationship to the salt drug.
According to this relationship, the solubility of chiral insoluble
drug could be estimated from the thermal data.
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