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Crystallization of the drug propranolol with dicarboxylic acids
yielded stable crystalline molecular salts with oxalic and fumaric
acids in molar ratios of 1:1 and 2:1, with maleic acid in the molar
ratio of 1:1 only. The melting points of the salts obtained were
roughly twice the melting point of pure propranolol, while
aqueous solubility was significantly higher in comparison to
propranolol base.

The majority of active pharmaceutical ingredients (API) show
unwanted physicochemical properties that pose serious problems
for clinical development and can lead to late stage drug failure.™
Improving the solubility and bioavailability of poorly water soluble
drugs is a difficult challenge for pharmaceutical developers.3
However, highly soluble drugs are unsuitable for oral extended-
release formulations; therefore, various approaches have been
applied to resolve this issue, including polymer-based monolithic
matrix tablets. Crystal engineering is a widely used approach that
allows the construction of crystal forms of APl with improved
physicochemical properties.s_11 These crystals may appear in the
form of molecular salts or cocrystals, but the term cocrystal is not
currently well-defined.” According to U.S. FDA cocrystals are
crystalline materials composed of two or more molecules within the
same crystal lattice.” However, the more restrictive definition have
been proposed by scientific community: cocrystals are solids that
are crystalline single phase materials composed of two or more
different molecular/or ionic compounds generally in a
stoichiometric ratio which are neither solvates nor simple salts.
Both molecular salts and cocrystals are aimed at the improvement
of pharmaceutical development, primarily the solubility and
stability of ApL” Solubility is an important property that can affect
the dissolution rate and, consequently, bioavailability.s'6 Solubility is
closely related to the compound thermal behaviour. However, this
dependence is not linear, because of a significant contribution of
solvation effect.’®"’ Strong correlations between the melting points
of coformer (counter ion) and multi-component pharmaceutical
crystals (MCPC) have been reported in the literature.™" Disclosure
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of such correlations would provide simple rules for the rational
choice of coformers in the design of MCPC with desirable thermal
properties. The present study describes the design, preparation
and selected physicochemical properties of propranolol (pro)
pharmaceutical molecular salts with selected carboxylic acids
(Scheme 1). The (pro) is a non-toxic,”® nonselective B-adrenergic
antagonist or simply B—blocker.u'22 It is used in the treatment or
prevention of many disorders, including acute myocardia’
infarction, arrhythmias, angina pectoris, hypertension, hypertensive
emergencies, hyperthyroidism, migraine, pheochromocytoma
menopause, and anxiety.za_25 Due to the poor solubility and
relatively low melting point (92-93 °C) of (pro) base, the API has
been marketed as a hydrochloride salt (melting point 163-164 °C)
and is available as injections, tablets, and capsules. The ora’
administrated form strength is 80-160 mg dose and available as
extended-release capsules. Thus, a prolongation of the drug actior
has been achieved by modifying a formulation or dosage form.” A,
alternative method would be using less soluble crystalline forms of
the API. In this study, the crystal engineering by means of preparing
(pro) molecular salts has been employed to obtain crystal forms
with lower aqueous solubility. It is well known that solubility ana
other physicochemical properties are determined by crystal
structural parameters, therefore crystal engineering is the key
approach to design supramolecular structures with desirec
properties of API. Dicarboxylic acids are a popular coformer choice
for cocrystal engineering, and since these compounds are multi
ionizable, products with different stoichiometry can be
obtained.”*® They are most widely used to address the issue ./
solubility of an API. Cocrystallization of antibiotic API ciprofloxac »
with maleic, fumaric, and adipic acids in stoichiometry 1:1 leads tc
formation of molecular salt with 7-33 fold enhanced solubility witt
respect to pure APL” The same API forms molecular salt with
succinic acid with different stoichiometry (2:1 and 1:1); both salts
show altered thermal behaviour and enhanced solubility with
respect to pure ciprofloxacin and ciprofloxacin hydrochloride i
Antiviral APl adefovir dipivoxil forms cocrystals with succinic a

suberic acids (stoichiometry 2:1 and 1:1 respectively). Bo*"
cocrystals showed increased solubility at temperatures below 45°C
and enhanced thermal stability.28 Antitumor drug temozolamide
undergoes spontaneous degradation under normal conditions ir
aqueous medium with pH > 7. It readily forms cocrystals with
carboxylic acids. Temozolamide cocrystals with oxalic acid (2:1) anc
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succinic acid (2:1) showed enchanced stability with no signs of
decomposition for up to one year.30
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Scheme 1. The structures and abbreviations of compounds used in
this study. Atom-numbering scheme corresponds to those in crystal
structures

The (pro) base has been obtained from a hydrochloride
form.f The (pro) molecular salts with selected dicarboxylic
acids have been prepared by treating dicarboxylic acid with
(pro) base.§ The (pro) hydrogen oxalate, oxalate, oxalate
methanol solvate, hydrogen fumarate, fumarate fumaric acid
cocrystal, and hydrogen maleate have been obtained. The
formation of molecular salts in the solid state has been proved
by powder and single crystal X-ray diffraction (see ESI S1-S5),
while in-solution formation was observed by nuclear magnetic
resonance (NMR) (NMR H spectra of salts show the changes
in chemical shifts in respect to those on the pure (pro)
spectrum). Signals of neighbouring protons are significantly
shielded (chemical shifts are given in ESI S6). Selected crystal
data as well as experimental and refinement parameters for
(pro) structures are summarized in ESI $3.§8§ Propranolol
oxalate methanol solvate (2:1:0.9) contained the prohibited
methanol molecule and was therefore excluded from further
investigations after the single crystal structure was solved.

The PXRD patterns of the new (pro) molecular salts are
depicted in Figures 1-3 in comparison with the PXRD patterns
of the initial compounds. The powder patterns of the products
show no reflections from starting compounds, indicating
complete reactions.

There are six new crystal structures of molecular salts
reported in this work. In all structures (pro) cations and anions
from dicarboxylic acids are present. H-atoms bonded to N
atoms in the four compounds (pro)*(fum)’
1:1, (pro)'(fum)  2:1, (pro)’(mal), and (pro)‘(oxa) 1:1 were
refined isotropically. Also that H-atoms bonded to O atoms in
the three compounds (pro)’(fum) 1:1, (pro)’(mal), and
(pro)*(oxa)” 1:1 were refined isotropically. The acid salt (pro)
hydrogen oxalate is formed when (pro) and (oxa) is in
stoichiometry 1:1. Figure 4 illustrates fragments of the crystal
structure of (pro)‘(oxa) 1:1 (ORTEP drawing of asymmetric
units with thermal ellipsoids and atom-numbering schemes
followed in the text for all structures depicted in ESI S4).
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Figure 1. Experimental PXRD patterns of (pro)’(oxa) 1:1 anc
2:1 in comparison with pure compounds
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Figure 2. Experimental PXRD patterns of (pro)'(fum) 1:1 ana
2:1 in comparison with pure compounds
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Figure 3. Experimental PXRD patterns of (pro)’(mal) ir
comparison with pure compounds
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Figure 4. Mercury CSD 31.1* crystal structure fragment of the
(pro)’(oxa) 1:1, hydrogen bonds are shown as dashed lines
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Table 1 lists the torsion angles that characterize the
conformation of the (pro) cation. The value of the
011-C12-C13-015 (see Scheme 1 for atom numbering)
torsion angle indicates that two C-O bonds are characterized
by gauche-conformation relative to the C12-C13 bond. In
(pro)*(oxa)” 1:1, there are three acidic hydrogens and one
hydrogen of the hydroxy group; all of these hydrogens take
part in formation of strong hydrogen bonds. The parameters of
these hydrogen bonds are given in ESI S5. The carboxyl group
forms a very strong O—H---:O hydrogen bond with 025 of
another anion. By means of this bond, the anions generate
chains along the monoclinic axis with graph-set C(5).** It
should be noted that the crystal structure of (pro)*(oxa) 1:1 is
chiral (space group P2,), although the salt was obtained from
racemic (pro) and achiral oxalic acid. This means that the
substance of (pro)’(oxa) 1:1 is a racemic mixture of left and
right enantiomorphous crystals. This provides an opportunity
for obtaining of the enantiopure compounds manually.

Unlike (pro)(oxa)” 1:1, the salt of (pro)’(oxa) 2:1
(propranolol oxalate) crystallizes in the achiral space group
P2,/c. Figure 5 shows the fragment of the crystal structure,
where dashed lines represent hydrogen bonds. In this
structure, the doubly charged oxalate anions are in special
positions (centres of inversion), but the (pro) cations lie in

general positions.

Figure 5. Mercury CSD 31.1% crystal structure fragment of
(pro)*(oxa)  2:1, hydrogen bonds are shown as dashed lines

The conformation of the cation differs from that in (pro)"(oxa)’
1:1 (see Table 1). The intramolecular C—H---O hydrogen bond
of (pro)’(oxa) 1:1 is not strong enough for conservation of the
cation conformation. Two C-O bonds have anti-conformation
relative to the C12-C13 bond. In the crystal structure of
(pro)’(oxa)” 2:1, hydrogens of OH and NH groups form strong
intermolecular hydrogen bonds with the oxalate anions: the
hydroxy group and N16-H16B are bonded with oxygens 021
and 020, respectively; N16-H16A forms bifurcated hydrogen
bonds with oxygens (020 and 021) of another oxalate anion.
The crystal structure of (pro)’(oxa) MeOH differs
considerably from (pro)‘(oxa)” 2:1. The asymmetric unit of
(pro)’(oxa)” MeOH contains two (pro) cations, one oxalate
anion and one methanol molecule (see Figure 6). In the crystal
structure, the two cations are almost mirror symmetrical.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Mercury CSD 31.1°" crystal structure fragment of
(pro)*(oxa)” MeOH, only selected hydrogen bonds are showr
as dashed lines for clarity

It should be noted that the oxalate anions are not planar in the
crystal structure of (pro)’(oxa) MeOH: the value of t..
021-022-023-024 torsion angle is 25.0(4)°.

Figure 7 shows the fragment of the (pro)’(fum) 2:1 crystal
structure. In the cation structure, two C-O bonds a-~
characterized both by gauche- and anti-conformations relative
to the C12-C13 bond. The crystals (pro)’(fum) 2:1 are
disordered, and the values of the occupation g-factor foi
disordered oxygen atoms (015 and 015’) are equal 0.5 (se-
Figure 7). The asymmetric unit has a (pro) cation in a general
position and a one halt
fumarate ion, lying about an inversion centre. Unlike the
(pro)*(oxa)” structures in (pro)(fum) 2:1, there is a weak m-nt
stacking interaction between pairs of inversion-related naphty!'
rings; the distance between the naphtyl planes is 3.541(3) A.

Figure 7. Mercury CSD 31.1* crystal structure fragment of
(pro)’(fum) 2:1, hydrogen bonds are shown as dashed lines

J. Name., 2013, 00, 1-3 | 3
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The crystal structure of (pro)*(fum) 1:1 (Figure 8) represents a
propranolol fumarate and fumaric acid cocrystal.

Figure 8. Mercury CSD 31.1* crystal structure fragment of
(pro)*(fum) 1:1, hydrogen bonds are shown as dashed lines

The asymmetric unit has a propranolol moiety in a general
position as well as a one half fumaric acid molecule and a one
half fumarate ion, each lying about independent inversion
centres.

Unlike oxalic and fumaric acid, the maleic acid® is
practically monoprotic. It gives salt with (pro) in stoichometry
1:1 only. Figure 9 shows a fragment of the crystal structure of
(pro)*(mal)". Both components lie on general positions with no
crystallographically-imposed  symmetry. The 015-H15,
N16-H16A and N16-H16B groups form strong hydrogen bonds
with three maleate anions (see ESI S5).

o=
4

=

Figure 9. Mercury CSD 31.1*" structure fragment of the
structure of (pro)’(mal) , hydrogen bonds are shown as
dashed lines

In the crystal structure, the frameworks are formed with the
help of the strong hydrogen bonds (see ESI S5). These frames
are parallel to the crystallographic plane (00 1).

As has been demonstrated, dicarboxylic acids possess two
acidic protons, so carboxylates as well as hydrogen
carboxylates can be formed. From a toxicological perspective,
these different salt forms — carboxylates and hydrogen

4| J. Name., 2012, 00, 1-3
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carboxylates — should not behave differently, as in any case
the anion which is part of APl has to be dissolved and
therefore a fast equilibrium between the different ionization
states exists. This equilibrium will only depend on pH in the
respective segment of gastrointestinal tract. However,
especially for drugs that must be given in high doses, the usage
of carboxylates instead of hydrogen carboxylates can be usefu.
as this will introduce only half as much inactive components
from the counterion into the API.

Melting points of molecular salts were determined using

DTA (see ESI S7). Also molecular salts have been tested with
elemental analysis (ESI S8). All of the solubility experiments
were carried out in an aqueous medium at 24 hours (see alsc
ESI S9). It is assumed that after 24 hours, dissolved and
undissolved particles are in dynamic equilibrium. Examination
of the solid phase by PXRD (see ESI S9) after solubil
experiments revealed that precipitates contained only initi='
molecular salts. Among all binary systems, (pro)*(fum) 1:1 ana
(pro)*(fum) 2:1 showed the lowest solubility of 5.2 and 6.7
mg/ml each, which is attributed to the low solubility of fumaric
acid. As expected, (pro)’(mal)” exhibited the highest solubility
among other salts because of the high solubility of the maleic
acid. The advantages of carboxylates in comparison tc
hydrogen carboxylates are higher solubility and the
introduction of half as much acid into API.
Generally, the (pro) molecular salts with dicarboxylic acids
exhibited a 40-85 fold increase in the aqueous solubility ol
(pro) compared to (pro) base and a 25-54 fold decrease
compared to highly soluble (pro) hydrochloride (see Table 1).
A relatively low correlation has been found between solubility
and the melting points of salts. In addition, a better correlation
is achieved if we consider melting onset as the function of
solubility S (not Iogs)6 (see Figure 10). It should be underlineu
that relatively low value of the correlation coefficient indicates
a non-linear dependence. As expected, the doubly charged
molecular salts have higher melting points in comparison tc
corresponding monocharged salts.

17 4

o 11 . 0 1
. ’

Melting onset of molecular salts, °C

Figure 10. Solubility as a function of molecular salt melting
point

We have demonstrated that the selection and crysta.
engineering of molecular salts of target molecule leads tc
altered physicochemical properties, especially aqueous
solubility. Further studies should include the determination of
dissolution rates.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions
Propranolol oxalate,
solvate, hydrogen fumarate, fumarate fumaric acid cocrystal,

hydrogen oxalate, oxalate methanol
and hydrogen maleate have been obtained and characterized
by X-ray single crystal and powder diffraction, DTA, and other
analytical techniques. Propranolol molecular salts exhibit a 40—
85 fold increase in the aqueous solubility of propranolol
compared to propranolol base and a 24-54 fold decrease
compared to highly soluble propranolol hydrochloride. The
melting point of pure propranolol has been considerably
enhanced in the salt products. The results obtained so far
show promising properties of (pro) salts for the preparation of
extended-release formulations.

Notes and references

t The (pro) base was prepared from hydrochloride salt. One
gram of the (pro) hydrochloride was dissolved in 50 ml of
distilled water and saturated NaCO; aqueous solution was added
up to pH 7.5. The (pro) base was precipitated out and then
extracted using diethyl ether. The extraction process was
completed several times using 50 ml of diethyl ether. Crystalline
(pro) base was obtained after the solvent evaporated. The
crystal structure of the (pro) base has been reported in
literature.”

§ Molecular salts formed when the (pro) base (50 mg, 0.19
mmol) and dicarboxylic acid in 1:1 and 2:1 molar ratios were
dissolved in the corresponding solvent and left for solvent
evaporation for several days. Single crystals suitable for X-ray
analysis were collected during these experiments.

§§ Crystal data for (pro)*(oxa)” 1:1: (C;6H,,NO,)"(C,HO,) (M=
349.37), monoclinic, P2;, a = 8.1696(3), b = 5.6053(2), ¢ =
18.9321(9) A, 8 = 98.820(2)°, V = 856.71(6) A*, T=173(2) K, Z =
2, pu(MoKa) = 0.102 mm™", 4766 reflections measured, 3202
independent reflections, Ry(gps) = 0.067, WRy(ops) = 0.108, Ry =
0.115, WRy,) = 0.124, S = 1.01; (pro)+(oxa)- 2:1:
(C16H5N0O,)0.5(C,0,4)* (M = 304.36), monoclinic, P2,/c, a =
12.9928(6), b = 6.4517(3), c = 19.8420(13) A, 8 = 106.600(2)°, V
= 1593.95(9) A3, T = 173(2) K, Z = 4, u(MoKa) = 0.090 mm ™,
6582 reflections measured, 3782 independent reflections (Ri,:=
0.134), Ryobs) = 0.162, WRy(ops) = 0.399, Ryany = 0.277, WRy() =
0.453, S = 1.05; (pro)’(oxa) MeOH: 2(CigH,,NO,)"+(C,04)*
-0.9(CH,40) (M= 637.55), orthorhombic, Pbn2,, a = 10.7741(2),
b =11.3507(2), c = 28.2413(6) A, V = 3453.73(11) A, T=173(2)
K, Z =4, u(MoKa) = 0.088 mmfl, 12030 reflections measured,
12030 independent reflections, Ry(ohs) = 0.079, WRq(gps) = 0.121,
Ri@ny = 0.236, wRy) = 0.160, S = 0.99; (pro)’(fum) 1:1:
(C16H25N05)*+0.5(C4H40,)-0.5(C,H,0,)* (M = 375.41), triclinic, P
1, a = 8.6157(2), b = 9.9155(2), ¢ = 13.1345(4) A, a =
97.391(1)°, 8 = 102.240(1)°, y = 109.899(1)°, V = 1006.17(4) A?,
T=173(2) K, Z = 2, u(MoKa) = 0.091 mm™, 6668 reflections
measured, 4597 independent reflections (Ri, = 0.018), Ry(ons) =
0.048, WRops) = 0.121, Ry = 0.056, WRy() = 0.127, S = 1.04;
(pro)’(fum)  2:1: (CigH2,NO,)"0.5(C4H,0,)° (M = 317.37),
triclinic, P1, a = 7.7989(3), b = 9.1669(4), c = 12.4724(6) A, a =
89.470(2)°, 8 = 75.754(2)°, y = 76.412(3)°, V = 836.95(6) A°, T =
173(2) K, Z = 2, u(MoKa) = 0.088 mm™, 5428 reflections
measured, 3805 independent reflections (Rin = 0.021), Ry(obs) =
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0.052, WRy(ops) = 0.115, Ry = 0.071, WRy(y = 0.126, S = 1.04
(pro)*(mal): (C1eH,,NO,)*+(C4H30,)” (M = 375.41), monoclinic,
P2,/n, a = 9.2010(3), b = 8.7153(3), ¢ = 24.7710(11) A, 8 =
94.618(1)°, V = 1979.93(13) A®, T = 173(2) K, Z = 4, u(MoKa) =
0.093 mm_l, 11927 reflections measured, 4491 independent
reflections (Rint = 0.148), Ry(ops) = 0.083, WRy(ops) = 0.118, Ry =
0.238, WR; (= 0.153, $ = 0.98.
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Table 1 Values of selected torsion angles t (in deg.) of (pro) cations in the studied crystal structures

Compound
Torsion angle ro)* ro)” ro)*(oxa) MeOH . ro) (fum)’ .
: (o(xpa)')lzl (o(xpa)')2:1 :(I:r cl\t(ions)A and B (pro)’(fum)’ 1.1 " )2(1 ) (pro)'(mal)
C2-C1-011-C12 4.7(4) -2.6(12) 7.6(5); -7.5(5) -5.2(2) 3.3(2) -4.3(4)
C1-011-C12-C13 168.5(2) 174.9(7) 173.0(3); -175.3(3) -171.2(1) 179.3(1) -175.5(2)
011-C12-C13-C14 178.8(2) 64.9(9) -58.0(4); 59.1(4) -58.8(2) -56.6(1) -54.7(3)
011-C12-C13-015 -62.7(3) -173.0(6) 64.2(4); -63.1(4) 166.8(2); 79.2(2)" 67.9(1) 64.6(4)
C12-C13-C14-N16 170.2(2) -166.0(6) 175.3(3); -173.0(3) 167.8(1) 174.2(1) 165.9(3)
C13-C14-N16-C17 -67.6(3) -132.3(7) -179.5(3); -178.6(3) -178.3(1) 178.2(1) 179.3(3)
C14-N16-C17-C18 177.0(2) 174.8(7) 166.5(4); -167.9(4) -166.5(1) -163.6(1) -170.2(3)
C14-N16-C17-C19 -61.0(3) -61.8(10) -70.3(4); 68.9(4) 70.8(2) 71.6(2) 65.1(4)
Table 2 Physicochemical properties of (pro) and (pro) molecular salt
Salt Melting point (°C) Water solubility, mg/ml
(pro) acid®* salt (pro) acid salt (pro)**

(pro)-Hcl - 163-164 - 319.8+6.2 280.4+5.4
(pro)’(oxa) 1:1 190 175-182 98 9.1£0.01 6.8+0.01
(pro)*(oxa) 2:1 97.93 190 185-191 0.13 98 11.7+0.2 10.0£0.1
(pro)*(fum) 1:1 282 172-175 + 0.06 7 7.6+0.2 5.2+0.1
(pro)(fum) 2:1 282 185-189 7 8.2+0.2 6.7+0.1
(pro)’(mal)’ 144 146-149 441 16.0+0.4 11.0+0.3

“In (pro)*(fum) 1:1 the 011-C12-C13-015 torsion angle values are given for two disordered cations
" Concentration of (pro) in salt solution
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Crystallization of the drug propranolol with dicarboxylic acids yielded
molecular salts with oxalic and fumaric acids in molar ratios of 1:1 and
2:1, with maleic acid in the molar ratio of 1:1
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