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Solubilities of Flutamide, Dutasteride, and Finasteride as Antiandrogenic Agents,
in Supercritical Carbon Dioxide: Measurement and Correlation
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The solubilities of flutamide, dutasteride, and finasteride in supercritical carbon dioxide were investigated
at temperatures of (308.0, 318.0, 328.0, 338.0, and 348.0) K and various pressures in the range of (12.1 to
35.5) MPa. The measured results were then correlated using semiempirical equations presented by Chrastil
and Bartle. With optimally fitted parameters, the average absolute relative deviations (AARD) ranged from
0.122 t0 0.260 and from 0.024 to 0.137 for Chrastil and Bartle models, respectively. The heat of drug—CO,
solvation and that of drug vaporization were approximated in the range of (—17.4 to —16.8) kJ-mol~* and

(73.7 t0 90.1) kJ-mol %, respectively.

Introduction

Supercritical fluid technologies have received wide-ranging
attention in the pharmaceutical industry where they have been
applied in separation science and solute extraction.> > Knowl-
edge of solubility behavior of solutes of interest in supercritical
carbon dioxide (SC—CQO,) is required for the design of any
supercritical process.® *°

Androgens are important male sex steroid hormones that
exert many physiological roles leading to the male charac-
teristics and other phenotypes.**2 Antiandrogens are a class
of drugs which compete with circulating androgens for
binding sites on their receptors within the prostate cell, thus
promoting apoptosis and inhibiting prostate cancer growth.™®

Finasteride (N-(1,1-dimethylethyl)-3-oxo-4-aza-5-androst-1-
ene-17-carboxamide) is a member of 4-azasteroids which are a
newly developed family of compounds that block human
5-reductase, the intracellular enzyme that converts testosterone
into 5a-dihydrotestosterone (DHT).**

Dutasteride (17b-N-(2,5-bis-(trifluoromethyl)phenylcarbam-
oyl)-4-aza-5-androst-1-en-3-one) is another synthetic 4-azas-
teroid compound that is a selective inhibitor of the 5-reductase
enzyme.™®

Flutamide, 4-nitro-3-trifluoromethyl-isobutilanilide, is a syn-
thetic antiandrogenic agent devoid of hormonal agonist
activity.*#1°

In the present study, the solubilities of flutamide, dutast-
eride, and finasteride were measured in SC—CO, over awide
range of temperatures and pressures and were then correl ated
using two semiempirical equations (Chrastil and Bartle
models).

Experimental Section

Materials. Flutamide (FLUT, CAS No.: 13311-84-7; |U-
PAC name: 2-methyl-N-[4-nitro-3-(trifluoromethyl)phenyl]
propanamide), dutasteride (DUTA, CAS No.: 164656-23-9;
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I[UPAC name: (1S,3aS,3bS,5aR,9aR,9bS 11aS)-N-[2,5-bis(tri-
fluoromethyl) phenyl]-9a,11a-dimethyl-7-oxo-1,2,3,3a,3b,4,5,-
5a,6,9b,10,11-dodecahydroindeno[5,4-f] quinoline-1-carboxa-
mide)), and finasteride (FIN, CAS No.: 98319-26-7; IUPAC
name: (1S,3aS,3bS5aR,9aR,9bS,11aS)-N-tert-butyl-9a,11a
dimethyl-7-ox0-1,2,3,3a,3b,4,5,5a,6,9b,10,11-dodecahydroin-
deno [5,4-f]quinoline-1-carboxamide)) were purchased from
Betapharma Company (Shanghai, China) with an assessed
minimum purity of 0.98 (mass fraction). All of the drugs
were used without any further purification. Extra pure ethanol
from Daru Pakhsh (Tehran, Iran) was used as a collection
solvent. Carbon dioxide with a minimum mass fraction purity
of 0.9999 was purchased from Sabalan Co. (Tehran, Iran)
and used for all of the extractions. The molecular structures
and properties of the chemicals used are shown in Table 1.

Equipment and Procedure. A Suprex (Pittsburgh, PA) MPSY
225 integrated SFE/SFC system equipped with a modified static
system for the solubility determination in the SFE mode was
used. The schematic diagram of the experimental apparatus and
adetailed description of the apparatus and operating procedures
have been given previously.'

The solubilities were cal culated by absorbance measurements
at Amex Of each compound (Table 1) using a model Cecil
Aquarius CE 7200 Double Beam Spectrophotometer (London,
UK).

Correlation of Experimental Solubility Data. Semiempirical
and empirical correlations, based on the density of the pure
SC—CO,, werewidely usedfor thecorrel ation of solid—supercritical
fluid equilibrium mainly due to their simplicity and easy
application. In the present study, the experimental data were
correlated using two frequently employed density-based
models: the Chrastil*® and the Bartle et al. models.*®

Chrastil Model. The Chrastil model*® is based on the
hypothesis that one molecule of a solute A associates with k
molecules of a solvent, B, to form a salvation complex ABy in
equilibrium with the system. The definition of the equilibrium
constant in terms of thermodynamic considerations leads to the
following expression for the solubility
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where Sis the solubility of the solid in the supercritica phase; p
is the dendity of the pure supercritical fluid; a; is the association
number; a, is a constant, defined as AH/R (where AH is the sum
of the enthalpies of vaporization and solvation of the solute and R
is the gas congtant); and ay is another constant somehow related
to the molecular weight of the solute and solvent. The parameters
ao, a, and a, are obtained by performing a multiple linear
regression on the experimental solubility data

Bartle et al. Model. Bartle and co-workers'® proposed a
simple density-based semiempiricall model to correlate the
solubility of solids in SC—CO,

y,P
In P. A+ bi(o = prer) )
ref
where
b,
and
y.P b,
NS =by+ byp — p) + = @
ref

wherey, isthe equilibrium mole fraction of the solutein SC—CO;
P« isassumed as astandard pressure of 0.1 MPg; p« isareference
density assumed as 700 kg-m~3; and by, b,, A, and b, are empirical
constants. From the experimental solubility data, each isothermis
fitted using eq 2, to obtain the values of A and b;. The b; vaues
are averaged, and these values are then used to recalculate the A
values for the various isotherms. The A constants are then plotted
against UT and correlated with eq 3, to determine constants by
and b,. Findly, the values by, by, and b, are used to predict the
solubility, applying eq 4. In thismodel, the parameter b, isrelated
to the enthalpy of sublimation of the solid solute, AgpH, by the
expression AgpH = —Rap.

Table 1. Compound, Formula, and Structure of the Drugs with
Molar Mass Melting Temperature T, Obtained at the Absorbance
Wavelength Anmax

Compound  Formula Structure Migmol!  TwK  Ay/om
F
o F F
I
o
Flutamide  C,,H,N>F;0; 276.1 384 292

NH

e s |
Dutasteride  CyrHiN:F,O: 5285 515 243

3 2
Finasteride  CaiHzoN,Os 3725 525 206
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Table 2. Solubilities S and y of Flutamide, Dutasteride, and
Finasteride in SF—CO, at Temperatures T and Pressures P at
Density p

flutamide dutasteride finasteride

T P p 10S 108 10S
K MPa kg'm= gLt 10% g-L7' 10%, gLt 10%,
308 122 771 314 648 0.61 0.57 251 3.85
15.2 818 259 504 104 102 233 336
18.2 850 259 485 144 1.48 274 381
21.3 876 307 559 18 197 311 419
24.3 897 371 6.59 230 247 341 449
274 916 462 804 276 304 371 478
304 931 5.29 9.06 3.46 3.87 392 497
334 946 548 922 365 415 418 522
355 955 6.18 1030 398 456 434 537
318 122 661 165 396 032 026 239 428
15.2 745 1.62 345 099 0.89 260 412
18.2 792 362 728 175 167 362 539
21.3 826 396 7.63 2.58 256 448 6.41
24.3 852 399 745 342 350 519 7.20
27.4 875 6.30 1146 4.00 420 5.91 7.98
304 893 794 1416 527 566 645 853
334 910 812 14.22 6.29 6.88 704 913
355 919 888 1539 68 756 731 939
328 122 516 0.88 273 0.08 0.05 231 5.29
15.2 657 161 391 063 049 230 414
18.2 726 380 835 157 137 411 6.69
21.3 771 426 880 277 256 321 492
24.3 804 572 1133 411 396 472 6.93
274 831 757 1452 5.62 5.61 6.10 8.66
304 853 8.64 16.13 7.19 7.36 9.82 1359
334 872 1046 1911 786 823 1245 16.86
355 884 1332 2400 9.04 960 1424 19.02
338 122 396 031 124 003 001 230 687
15.2 561 0.73 208 0.33 0.22 174  3.66
18.2 654 389 949 122 09% 413 746
21.3 712 453 1014 265 2.26 6.72 11.15
24.3 754 6.17 1305 453 410 932 1461
27.4 786 870 17.63 6.72 6.34 1175 17.65
304 812 1222 2398 916 893 14.02 20.39
334 834 1560 29.79 1140 1142 16.17 2290
355 848 1924 3615 1396 1421 17.73 24.70
348 122 327 0.09 0.46 0.02 0.01 2.30 8.32
15.2 477 0.35 1.16 0.19 0.11 1.40 3.48
18.2 585 344 936 0.87 061 4.05 8.17
21.3 652 423 1033 217 170 735 1332
24.3 702 706 16.01 421 355 1028 17.30
274 740 10.76 23.17 6.87 6.11 1250 19.95
304 772 16.20 3344 1093 1014 1556 2381
334 796 21.37 4277 1376 1316 19.13 28.39
355 811 2593 5093 1650 16.07 2283 3325

2 Sis the solubility of the solid in the supercritical phase.

The percent average absolute relative deviations (AARDS)
were determined for each compound from each isotherm using
the models from the following equation

al bs
i Vv
AARD = = D v (5)
where N is the number of data points; y* is the experimental

solubility of the solid for experimental point i; and y* is the
calculated solubility corresponding to point i.

Result and Discussion

Solubility Data. The solubilities of the drugsin SC—CO, were
determined at (308.0, 318.0, 328.0, 338.0, and 348.0) K, in the
pressure range from (12.1 to 35.5) MPa. Results are summarized
in Table 2. Each data point is an average of, at least, three
experimental measurements, with reproducibility within +
7.6 %.
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Table 3. Parameters for (Flutamide + CO,), (Dutasteride + CO,),
and (Finasteride + CO,) for Equation 1 (Chrastil Model, ay, a;, and
a,) and Equation 2 (Bartle Model, by, by, and by) along with the
Total Enthalpy of Reaction AHu,, Solvation Enthalpy AH,, and
Enthalpy of Vaporization AH,

a PAHa  °AH,  9AHg
model drugs a a K 2AARD kJ-mol~! kJ-mol~* kJ-mol

Chrastil flutamide —56.7 7.15 —7338  0.122 61.0 -
dutasteride —74.7 9.30 —8787 0.174 73.0 -
finasteride —31.3 4.34 —6771  0.260 56.3 -

b1 bz

by L-gt K
Bartle flutamide 23.7 0.013 —9353 0.137 - 77.8 —16.8
dutasteride 26.9 0.015 —10840 0.240 - 90.1 —-17.1
finasteride 22.4 0.009 —8861  0.640 - 73.7 —17.4

a2 AARD was obtained from eq 5. P Obtained from the Chratil model.
©Obtained from the Bartle model. “Obtained from the difference
between the °A,H and "AH .
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Figure 1. Solubility S of flutamide (TOP), dutasteride (MIDDLE), and
finasteride (BOTTOM) in CO, as a function of the density p of CO,. B, T
=308K; ¢, T=318K; Ao, T=328K; l, T=338K; ® T=348K; and
—, €q 4, Bartle's model.

Data Correlation. The fitted parameters for the drugy
SC—CO, system and also the corresponding AARD values,
obtained with the two investigated density-based correlations,
are presented in Table 3. The graphic representation of these
results can be observed in Figure 1, where the experimental
data and the fitted curves for the two models are shown. As
can be seen, the obtained AARD values range form 0.122 to
0.26 (for the Chrastil model) and from 0.024 to 0.137 (for the
Bartle et a. model). Using the correlation results, the heat of
drug—CO, solvation and that of drug vaporization were
separately approximated in the range of (—17.4 to —16.8 and
73.7 t0 90.1) kJ-mol ! listed in Table 3.
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Figure 2. Logarithmic relationship between the solubility S of flutamide
(TOP), dutasteride (MIDDLE), and finasteride (BOTTOM) in CO, and the
density p of CO,. B, T=308K; ®, T=318K; A, T=328K; l, T= 338
K; ®, T =348 K; and —, eq 1, Chrastil’s model.

All the employed density-based correlation models fitted
almost perfectly the obtained experimental data points, even
for low pressure/low density points which normally present
larger deviations from the experimenta results.

Figure 2 represents the comparison of corrected results with
the experimental valuesfor FLUT, DUTA, and FIN in SC—CO.,.
It is clear from Figure 2 that In(S) varies linearly with In(p)
confirming the validity of the experimental data and Chrastil
model.

As can be seen in Figure 2 and Table 3 and with obtained
AARD values, dl the two density-based models were able to
successfully correlate the experimental solid drugs SC—CO,
solubility data.

Conclusion

New solid solubility data for flutamide, dutasteride, and
finasteride in supercritical CO, were presented at temperatures
(308.0, 318.0, 328.0, 338.0, and 348.0) K over the pressures
ranging from (12.1 to 35.5) MPa. Flutamide and finasteride had
a similar solubility range of 107° to 10*. Dutasteride showed
lower solid solubility ranged from 5.7-107% to 1.6-107°. It is
well-known that the solubility of solids in SCFs depends
essentially on the specific interactions between the solid solutes
and the SCFs, as well as on the polarity of the solids. Since the
SC—CO, is a nonpolar solvent and dutasteride is a polar
molecule, it has been less soluble compared with flutamide and
finasteride.

Solubility data for pharmaceutical solids have been correlated
by two density-based models (Chrastil and Bartle models). All
fitted models were shown to be able to successfully correlate



experimental solubility data. However, best correlation results,
in terms of AARD, were obtained with the Bartle model. The
average absolute relative deviation in solid solubility (AARD)
ranged form 0.122 to 0.26 (for the Chrastil model) and from
0.024 to 0.137 (for the Bartle et a. model).

Using the correlation results, the heat of drug—CO, solvation
and that of drug vaporization were separately approximated in
the range of (—17.4 to —16.8 and 73.7 to 90.1) kJ-mol ™.

Literature Cited

(1) Jouyban, A.; Rehman, M.; Shekunov, B. Y.; Chan, H. K.; Clark, B. J;
York, P. Solubility Prediction in Supercritical CO, Using Minimum
Number of Experiments. J. Pharm. Sci. 2002, 91, 1287-1295.

(2) Christov, M.; Dohrn, R. High-Pressure Fluid Phase Equilibria
Experimental Methods and Systems Investigated (1994—1999). Fluid
Phase Equilib. 2002, 202, 153-218.

(3) Rosa, P. T. V.; Angela, M.; Meireles, A. Supercritical Technology in
Brazil: System Investigated (1994—2003). J. Supercrit. Fluids 2005,
34, 109-117.

(4) Beckman, E. J. Supercritical and Near-critical CO, in Green Chemical
Synthesis and Processing. J. Supercrit. Fluids 2004, 28, 121-191.

(5) Prajapati, D.; Gohain, M. Recent Advances in the Application of
Supercritical Fluids for Carbon-Carbon Bond Formation in Organic
Synthesis. Tetrahedron 2004, 60, 815-833.

(6) Guclu-Ustundag, O.; Temelli, F. Correlating the Solubility Behavior
of Minor Lipid Components in Supercritical Carbon Dioxide. J.
Supercrit. Fluids 2004, 31, 235-253.

(7) Dohrn, R.; Brunner, G. High-Pressure Fluid Phase Equilibria. Experi-
mental methods and System Investigation (1988—1993). Fluid Phase
Equilib. 1995, 106, 213-282.

(8) lwai, Y.; Mori, Y.; Hosotani, N.; Higashi, H.; Furuya, T.; Arai, Y.;
Y omam-oto, K.; Mito, Y. Solubilities of 2,6- and 2,7-Dimethylnaph-
thalenes in Supercritical Carbon Dioxide. J. Chem. Eng. Data 1993,
38, 509-511.

Journal of Chemical & Engineering Data, Vol. 55, No. 2, 2010 1059

(9) Kurnik, R. T.; Reid, R. C. Solubility of Solid Mixturesin Supercritical
Fluids. Fluid Phase Equilib. 1982, 8, 93-105.

(10) Fathi, M. R.; Yamini, Y.; Shargi, H.; Shamsipur, M. Solubilities of
Some Recently Synthesized 1,8-Dihydroxy-9,10-anthraguinone De-
rivatives in Supercritical Carbon Dioxide. Talanta 1999, 48, 951—
957.

(11) Michels, G.; Hoppe, U. C. Rapid Actions of Androgens. Front.
Neuroendocrinol 2008, 29, 182-198.

(12) Nguyen, T.V.; Yao, M.; Pike, C. J. Flutamide and Cyproterone Acetate
Exert Agonist Effects: Induction of Androgen Receptor-Dependent
Neuroprotection. Endocrinology 2007, 148, 2936-2943.

(13) Gillatt, D. Antiandrogen Treatments in Locally Advanced Prostate
Cancer: Are They All The Same. J. Cancer Res. Clin. Oncol. 2006,
132, 17-26.

(14) Syed, A. A.; Amshumali, M. K. LC Determination of Finasteride and
Its Application to Storage Stability Studies. J. Pharm. Biomed. Anal.
2001, 25, 1015-1019.

(15) Gomes, N.; Pudage, A.; Joshi, S.; Vaidya, V.; Parekh, S.; Tamhankar,
A. Rapid and Sensitive LC-MS-MS Method for the Simultaneous
Estimation of Alfuzosin and Dutasteride in Human Plasma. Chro-
matographia 2009, 69, 9-18.

(16) Seravanan, G.; Rao, B. M.; Ravikumar, M.; Suryanarayana, M. V.;
Someswararao, N.; Acharyulu, P. V. R. A Stability-Indicating LC
Assay Method for Bicalutamide. Chromatographia 2007, 66, 219—
222.

(17) Yamini, Y.; Fathi, M. R.; Alizadeh, N.; Shamsipur, M. Solubility of
Dihydroxy Benzene Isomers in Supercritical Carbon Dioxide. Fluid
Phase Equilib. 1998, 152, 299-305.

(18) Chrastil, J. Solubility of Solids and Liquidsin Supercritical Gases. J.
Phys. Chem. 1982, 86, 3016-3021.

(19) Bartle, K. D.; Clifford, A. A.; Jafar, S. A.; Shilstone, G. F. Solubilities
of Solids and Liquids of Low Volatility in Supercritical Carbon
Dioxide. J. Phys. Chem. Ref. Data 1991, 20, 713-756.

Received for review June 21, 2009. Accepted September 7, 2009.
JES00520A



