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Solubility of Chloroquine Diphosphate and 4,7-Dichloroquinoline in Water,
Ethanol, Tetrahydrofuran, Acetonitrile, and Acetone from (298.2 to 333.2) K

Ali Daneshfar* and Saber Vafafard

Department of Chemistry, Faculty of Science, Ilam University, llam 69315-516, Iran

The solubilities of chloroquine diphosphate and 4,7-dichloroquinoline in water, ethanol, tetrahydrofuran,
acetone, and acetonitrile were measured over the temperature range of (298.2 to 333.2) K. The solubilities
of both analytes in different solvents increase smoothly with temperature. On the basis of the solubility
data, it can be observed that the highest solubilities for chloroquine diphosphate and 4,7-dichloroquinoline
were obtained in pure water and tetrahydrofuran, respectively. The temperature dependence of the solubility
data was correlated by the modified Apelblat model. The calculated solubilities show good agreement with
the experimental solubility data in the temperature range studied.

Introduction

Chloroquine (7-chloro-4-[-4-diethylamino-1-methylbutyl-
amino] quinoline) is a 4-aminoquinoline-based antimalaria drug.
For several decades, quinoline-based antimalaria drugs, mainly
4-aminoquinoline chloroquine, were the mainstay for the
prevention and treatment of malaria because of low cost, safety,
few side effects, and efficacy.'* Chloroquine is the prototype
synthetic antimalarial drug most widely used to treat all types
of malaria infections, and when administrated orally, it is usually
well tolerated and effective.>™> It can be seen that 4,7-
dichloroquinoline is one precursor during the synthesis of
chloroquine.® To determine relevant solvents and to design an
optimized production process, it is necessary to know the
solubility of chloroquine diphosphate and 4,7-dichloroquinoline
in different solvents.

In the present study, solubilities of chloroquine diphosphate
and 4,7-dichloroquinoline in water, ethanol, tetrahydrofuran,
acetonitrile, and acetone over a temperature range of (298.2 to
333.2) K were measured by a static method. To the best of our
knowledge, the solubility of these compounds in water, ethanol,
tetrahydrofuran, acetonitrile, and acetone has not been previously
reported, and the results can be used in the crystallization and
purification of chloroquine diphosphate (product) from 4,7-
dichloroquinoline (reactant) after synthesis. The experimental
data were correlated with the modified Apelblat equation.

Experimental Section

Materials. Chloroquine diphosphate salt (7-chloro-4[-4-
diethylamino-L-methylbutylamino] quinoline, 2H;PO,) with a
purity of > 96 % (by mass) was supplied by Fluka (UK). 4,7-
Dichloroquinoline with a purity of 95 % (by mass) and ethanol,
tetrahydrofuran, acetonitrile, and acetone were purchased from
Merck (Darmstadt, Germany). Doubly distilled water was used
for all the experiments. All the chemicals were of analytical
reagent grade.
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Figure 1. Mole fraction solubility of benzoic acid in water at different
temperature: @, this work; A, Liu et al.;” A, Kong et al.®

Apparatus and Procedure. Saturated solutions of chloroquine
diphosphate and 4,7-dichloroquinoline in each solvent were
prepared in a spherical, 10 mL Pyrex glass flask. The flask was
maintained at the desired temperature through circulating water.
The water temperature was controlled by a thermostat within
4 0.1 K that was provided from a constant-temperature water
bath. For each measurement, an excess amount of chloroquine
diphosphate or 4,7-dichloroquinoline was added to a known
volume of solvent. The solution was constantly stirred using a
Teflon-coated magnetic stirring bar running at (400 to 500) rpm
and allowed to mix for 3 h. Then, the solution was allowed to
settle for at least 3 h before sampling. The upper portion was
taken, filtered, and poured into a volumetric flask preweighed
by using an analytical balance (Sartorius, Germany) with a
resolution of & 0.1 mg and diluted with water (for chloroquine
diphosphate) and ethanol (for 4,7-dichloroquinoline) to a certain
volume. The prepared sample was finally analyzed by a UV/
vis spectrphotometric method at (218.5 and 226.5) nm for
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Figure 2. Mole fraction solubility of chloroquine diphosphate and 4,7-
dichloroquinoline in water and ethanol, respectively, at 298.2 K as a function
of time: @, chloroquine in water; A, 4,7-dichloroquinoline in ethanol.

chloroquine diphosphate and 4,7-dichloroquinoline, respectively,
using a CECIL UV/vis spectrophotometer (model 3000, UK).

The external calibration curves were obtained in pure water
and ethanol for chloroquine diphosphate and 4,7-dichloroquino-
line, respectively, and used for quantification of chloroquine
diphosphate and 4,7-dichloroquinoline in different solvents. The
solubility was expressed as mole fraction and calculated as moles
of solute to the sum of moles of solute and solvent. To extend
the measurements to other temperatures, the experimental
solubilities were fitted to the equation proposed by Apelblat,
and the parameters of the model were calculated. This model
was found to be the best among different proposed models. Data
reported are at least an average of four measurements at each
condition.

Results and Discussion

To verify the accuracy of the solubility measurements and
the method employed in the study, the solubility of benzoic
acid in pure water was determined over the temperature range
of (298.3 to 333.1) K. Figure 1 compares the benzoic acid results
from this study with respect to the values reported by Liu et
al.” and Kong et al.® As can be seen, there is an acceptable
agreement between the three sets of data.

To find the suitable equilibrium conditions, different dissolu-
tion times were tested. As shown in Figure 2, the dissolution
of chloroquine diphosphate in water and 4,7-dichloroquinoline
in ethanol as a function of time increases until they reach a
plateau after (3 to 5) h at 298.2 K where the solubility can be
measured. Constant and reproducible solubility data after 3 h
were taken as an indication of reaching equilibrium conditions.

The experimental and calculated mole fraction solubility data
of chloroquine diphosphate and 4,7-dichloroquinoline in water,
ethanol, tetrahydrofuran, acetonitrile, and acetone at different
temperatures are listed in Table 1 and graphically shown in
Figures 3 and 4, respectively.

On the basis of the above results, the solubilities of chloro-
quine diphosphate and 4,7-dichloroquinoline in different solvents
are in the fOHOWil’lg order: Xwater = Xtetrahydrofuran > Xethanol = Xacetone
> Xacetonitrile for ChloquUine diphosphate and xtelrahydmfuran > Xacetone
> Xethanol > Xacetonitrile > Xwater 10T 4,7-dichloroquinoline, respec-
tively. On the basis of the solubility data, it can be observed
that the highest solubilities for chloroquine diphosphate and 4,7-
dichloroquinoline were obtained in pure water and tetrahydro-
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Table 1. Experimental (x.,) and Calculated (x.,) Mole Fraction
Solubility of Chloroquine Diphosphate and 4,7-Dichloroquinoline
and Their Standard Deviations in Different Solvents from 7' =
(298.2 to 333.2) K

10*
solute solvent T/IK 10%exp(SDY)  (Xexp — Xeal)
chloroquine water 298.2  88.557 £ 0.801 0.611
diphosphate

303.2  99.447 £ 0.963 0.280

308.2 112.277 £ 1.065 —1.894

313.2  130.456 £ 0.791 —3.565

318.1 160.928 + 1.407 1.327

3232 197.928 £ 1.172 3.171

328.3 247.409 £ 0.632 5.813

333.3 294.794 £ 1.929 —8.124

ethanol 298.2 0.194 £ 0.005 0.003
303.1 0.207 £ 0.006 —0.002

308.2 0.228 + 0.004 —0.003

313.1 0.251 £ 0.006 —0.001

318.2 0.273 £ 0.008 —0.005

323.2 0.300 £ 0.002 —0.005

328.1 0.343 £ 0.007 0.010

333.2 0.366 + 0.004 0.000

tetrahydrofuran 298.2 0.313 £ 0.004 0.000
303.1 0.397 £ 0.012 —0.001

308.1 0.489 £+ 0.012 0.001

313.1 0.578 £ 0.009 —0.001

318.0 0.661 £ 0.015 0.001

323.2 0.737 £ 0.019 0.001

328.2 0.788 £ 0.017 —0.004

333.2 0.829 £+ 0.017 0.001

acetonitrile 299.2 0.024 £ 0.001 0.000
303.2 0.025 £ 0.001 0.000

308.2 0.026 + 0.002 0.000

313.2 0.027 £ 0.001 0.000

318.2 0.028 £ 0.003 0.000

323.2 0.030 £ 0.001 0.000

328.3  0.0329 £ 0.001 0.000

333.3 0.036 £ 0.001 0.000

acetone 298.2 0.042 £ 0.001 —0.001
303.2  0.0461 £ 0.004 0.000

308.2 0.051 £ 0.002 0.001

313.2 0.058 £ 0.001 0.000

318.2 0.067 £ 0.002 —0.002

323.2 0.086 £ 0.002 0.000

328.1 0.109 £ 0.002 0.001
4,7-dichloroquinoline water 298.0 0.284 + 0.002 0.001
303.3 0.290 +£ 0.001 0.001

308.2 0.301 £ 0.003 0.000

313.1 0.321 £ 0.003 0.002

318.3 0.345 £ 0.003 —0.002

323.3 0.388 + 0.005 0.006

327.7 0.420 £ 0.004 —0.001

3333 0.485 £ 0.002 0.001

ethanol 299.8 112.950 + 2.237 3.164
303.2 145.431 £ 2.258 —3.265

308.1 224.294 + 2.893 —5.564

313.3 363.709 £9.211 0.396

318.1 563.835 +2.591 8.312

3232 885.715 £ 7.803 17.479
328.3 1352.752 £16.926  —0.902
333.4 2082.549 £ 12.416 —22.571

tetrahydrofuran 299.4 682.626 + 9.434 —3.931
303.2 700.725 £13.237  —1.138
309.1 744.976 £ 6.460 —5.097

313.3 809.741 £ 12.741 5.499
318.1 886.752 £12.108  —3.045
323.2 1004.632 £ 12.541 —9.639
328.3 1190.639 + 12.967 7.932
333.4 1400.418 £16.996  —8.321

acetonitrile 299.8  60.267 £ 0.570 —0.284
303.2  81.413 £ 1.691 —0.223
308.1 126.750 4 0.883 0.600
313.3 208.271 + 1.289 6.989
318.1 306.787 + 4.647 —4.401
323.2 488.633 + 7.688 —7.794

3283 788.004 £14.816 —6.914
333.4 1297.110 £25.748 20.006

acetone 299.2  590.829 £ 7.671 —0.791
303.2 614.226 £ 13.328 3.587
309.1 657.624 £ 7.538 —6.347
313.3  725.050 4 7.462 2.253
318.1 818.016 £ 6.253 2.145

323.2 953.690 £ 15.453 0.851
328.3 1133.982 £19.915 —7.642

“ Standard deviations (SD) are based on four measurements at each
condition.
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Table 2. Apelblat Equation Parameters A, B, and C for Correlation of Chloroquine Diphosphate and 4,7-Dichloroquinoline in Different

Solvents at T = (298.2 to 333.2) K

solute solvent A B C 10*rmsd*

chloroquine diphosphate water —616.458 25583.244 92.305 4.00559
ethanol —65.4642 989.7464 8.9997 0.004437
acetone —1075.6800 46724.263 159.121 0.0007018
acetonitrile —315.519 13204.244 45.335 0.0001859
tetrahydrofuran 769.124 —38686.496 —114.038 0.001463

4,7-dichloroquinoline water —547.405 23766.302 80.248 0.002470
ethanol —289.825 5927.175 46.561 10.82
acetone —832.058 36624.063 123.98 3914
acetonitrile —478.5200 14484.631 74.538 8.496
tetrahydrofuran —733.531 32378.253 109.213 6.198

“rmsd = the root-mean-square deviation.
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Figure 3. Mole fraction solubility of chloroquine diphosphate as a function
of temperature: @, water; A, tetrahydrofuran; A, ethanol; O, acetone; @,
acetonitrile; —, correlated data with eq 1.
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Figure 4. Mole fraction solubility of 4,7-dichloroquinoline as a function
of temperature: @, water; A, tetrahydrofuran; A, ethanol; O, acetone; @,
acetonitrile; —, correlated data with eq 1.

furan, respectively. On the other hand, the lowest solubilities
for chloroquine diphosphate and 4,7-dichloroquinoline were
obtained in acetonitrile and water, respectively. This can be
explained as: chloroquine diphosphate is a salt and has a strong
polarity. Therefore, a highly polar solvent such as water can
easily dissolve it.

The results show that the solubilities of chloroquine diphos-
phate and 4,7-dichloroquinoline in different solvents increase
smoothly with increasing temperature. The temperature depen-
dence of the solubilities of chloroquine diphosphate and 4,7-

dichloroquinoline in water, ethanol, tetrahydrofuran, acetonitrile,
and acetone at different temperatures can be well-correlated by
the modified Apelblat equation® !¢

In(x) = A + (B(T/K)) + CIn(T/K) (1)

in which x is the mole fraction solubility in different solvents
and T is the absolute temperature (K). The parameters A, B,
and C were obtained by fitting the experimental solubility data
and are presented in Table 2 together with the corresponding
root-mean-square deviations (rmsd). The rmsd is defined as

n 172
rmsd = %2 o — xfxp)z] )
=1

where n is the number of experimental points; x{* represents
the mole fraction solubility calculated from eq 1; and x§*?
represents the experimental mole fraction solubility. As shown
in Table 1 and Figures 3 and 4, the experimental solubility data
correlate very well with the calculated solubilities. Therefore,
the experimental solubility data and Apelblat equation can be
used in the purification process of chloroquine diphosphate.

Conclusions

The solubilities of chloroquine diphosphate and 4,7-dichlo-
roquinoline in water, ethanol, tetrahydrofuran, acetonitrile, and
acetone were measured at temperatures from (298.2 to 333.2)
K. Raising the temperature increased the solubilities of both
compounds regardless of the solvent used. On the basis of the
results, it was found that the aqueous solubility of 4,7-
dichloroquinoline is lower than that of chloroquine diphosphate
by a factor of at least 200. On the other hand, the solubility of
chloroquine diphosphate in organic solvents is at least 2000
times lower than that of 4,7-dichloroquinoline. The temperature
dependence of the solubilities of chloroquine diphosphate and
4,7-dichloroquinoline in different solvents can be well-correlated
by the modified Apelblat equation, and the calculated solubilities
show good agreement with the experimental values.
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