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Abstract: Sorafenib and regorafenib (or fluoro-sorafenib) are multikinase inhibitors active in the
treatment of various human cancers, but their solubilities are very poor. To improve their solubilities,
in this study, sorafenib hydrochloride (Sor-HC], I) and regorafenib hydrochloride (Reg-HCI, II) have
been prepared and their crystal structures were characterized. Their solubility properties in water
were evaluated. Intriguingly, they are isomorphous crystal structures with the same space group and
the similar unit cell dimensions, which were caused by the similar supramolecular patterns resulted
by the formation of N-H---Cl~ hydrogen bond instead of hydrogen bond between the protonated
pyridinium cation and counterion. Moreover, the solubility properties displayed identical profiles.
It may be concluded that a similar crystal structure leads to a comparable solubility profile.
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1. Introduction

Low solubility is considered to be one of the most challenging issues in drug development. In fact,
about 40% of approved active pharmaceutical ingredients (APIs) and 70-90% of API candidates are
thought to have low solubility in water [1]. Thus, improving the solubility of drugs with poor water
solubility is critical in terms of enhancing their pharmacokinetic and pharmacodynamic properties in
order to increase bioavailability [2]. There are many approaches to improve solubility, such as salt
or cocrystal formation. One of the benefits of these methods is that the intrinsic pharmacological
properties of drugs remain undisturbed [3]. Therefore, solubility improvement of insoluble drugs can
be typically achieved by salt formation in pharmaceutical therapy [4] such as hydrochloride, sulfonate,
sulfate, maleate, fumarate, etc. Among these salts, hydrochloride of drugs is preferred and also the
most commonly used salt form clinically for its low toxicity and high biocompatibility [5].

Sorafenib and Regorafenib have been used as the target therapy for the treatment of a large
range of tumor types [6]. They inhibit tumor cell growth, proliferation, and tumor angiogenesis [7,8].
Sorafenib is medically approved by the US Food and Drug Administration (FDA) as the first-line
treatment for patients with advanced renal cancer carcinoma, advanced hepatocellular carcinoma, etc.,
and regorafenib for the treatment of advanced gastrointestinal stromal tumor and metastatic colorectal
cancer [9]. Furthermore, regorafenib has been recommended as second-line antitumor drug for patients
with advanced hepatocellular carcinoma who are resistant to or cannot tolerate sorafenib [10]. These
two oral administration drugs are classified in the Biopharmaceutics Classification System (BCS)
class I1[11,12], which have the problem of poor aqueous solubility. Some pharmaceutical salts were
reported in patents, such as sorafenib hydrochloride, hydrobromide, methylsulfonate, sulfate, tosylate
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salts [13,14] or regorafenib hydrochloride, mesylate, phenylsulfonate salts [15]. However, until now,
sorafenib tosylate is the only salt form of sorafenib used as clinical medicine, but it could be transformed
to solvate form when crystallized in methanol solvent [16]. On the other hand, the preparation and
characterization of sorafenib hydrochloride salt and regorafenib hydrochloride salt have been described
in these literatures, but the crystal structures and soluble properties of them are not reported.

Herein, to explore the crystal structures and estimate solubilities and dissolution rates of two
salts, we prepared single crystals of sorafenib hydrochloride salt and regorafenib hydrochloride
salt. The supramolecular motifs of (I) and (II) was analyzed, and the electrostatic affinity was also
investigated. The Hirshfeld surface and fingerprint plot analysis was used to determine the weak
intermolecular interactions in crystal structures. The Hirshfeld surface was plotted with dnorm to study
the hydrogen bond and effect of fluoro (on central phenyl ring) atom. Shape index and curvedness maps
were used to revise the 77 interplanar stacking. Moreover, their thermal analysis was performed;
their solubilities and dissolution rates were measured.

2. Materials and Methods

2.1. Synthesis and Crystallization

Drug hydrochloride salts (I) and (II) were prepared by slurry method. In brief, sorafenib or
Regorafenib (0.5 g) and methanol (3 mL) were added into a 50 mL round bottom flask and stirred at 50 °C
for 5 min. Methanolic HCI (3 mL with an excess mount of HCI) was dropped to the above reaction
mixture. The solid immediately dissolved and subsequently formed in around 5 min. After being kept
at 50 °C with stirring for 60 min, the mixture was cooled to room temperature and the crystals of salts
were obtained. The single crystals of (I) and (II) were obtained by recrystallization method in methanol.

2.2. Single-Crystal X-ray Diffraction (SC-XRD)

Single crystal X-ray diffraction (SC-XRD) data of (I) and (II) were carried out using a Bruker
APEX-II CCD with Mo K« radiation (A = 0.71073 A) [17]. Integration and scaling of intensity data
were accomplished using the SAINT program [18]. The structure was solved by direct method, refined
and graphed molecularly using SHELXL-97 [19,20] and graphically represented using DIAMOND [21].
The topology of the hydrogen bond structures was determined and classified with the programs ADS
and IsoTest of the TOPOS package [22] in the manner described by Baburin and Blatov (2007) [23].
In two structures, H atom bound to N atom (N3) of pyridinium ring were found in difference Fourier
maps and restrained with N-H = 0.90 A, refined using the riding model. All other H atoms were found
at difference Fourier maps but placed at calculated positions and refined using the riding model.

The unit cell similarity index (I1) and the mean elongation (&) between (I) and (II) are calculated
using Equations (1) and (2) [24,25].

IT=(a; +b; +¢1)/(ax +by + o) — 1, 1)

e=(Vy/Vp)1P -1, @)

foraj + by + ¢y >ay +by + ¢y and Vi > Vy, where aj, by, ¢1, Vi and ay, by, ¢, V are the orthogonal
lattice parameters and the cell volumes of (II) and (I), respectively.

2.3. Hirshfeld Surface and Fingerprint Plot Calculation

To study the similarity of non-covalent interactions (including hydrogen bond and -7 planar
stacking), the Hirshfeld surface for (I) and (II) was generated using CrystalExplorer 3.1 program [26].
In order to determine the kinds of hydrogen bonds, dnorm (the normalized contact distances) were
mapped into the Hirshfeld surfaces. The Hirshfeld surface fingerprint plots of (I) and (II) were
generated, and two-dimensional histograms of the d; and d. distances were calculated. Shape index
and curvedness were plotted to screen the 7t---7t intermolecular interactions.
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2.4. Thermal Analysis

The differential scanning calorimeter (DSC) was performed on a TA DSC Q100 differential scanning
calorimeter. The sample (2~4 mg) was placed in an aluminum pan, and the heating was carried out at
rate of 10 °C/min under a nitrogen flow of 50 cm3/min. A temperature range of 30~300 °C was scanned.
The thermogravimetric analysis (TGA) was carried out using a SDTQ600 from room temperature to
280 °C, at a heating rate of 10 °C /min, and under a nitrogen gas stream with a flow rate of 120 mL/min.

2.5. Solubility and Dissolution Measurement

The solubility and dissolution rate studies of sorafenib, regorafenib, Sor. HCI, and Reg.HCl in
distilled water (in the presence of 0.2% sodium lauryl sulfate-SLS) at 37 °C were measured by Thermo
Scientific Evolution 300 UV-Vis spectrometer (Thermo Scientific Evolution 300, Thermo Scientific,
Waltham, MA, USA). For solubility, excess quantities of drugs were dispersed in 10 mL of water in
screw-capped vials and stirred at 100 rpm, 37 °C for 24 h to obtain saturated solutions; and then they
were filtered through a Whatman’s 0.45 um syringe filter. For dissolution rate measurement, excess
quantities of samples were poured into 250 mL of water that was preheated to 37 °C and rotated at
150 rpm. In all experiments, 3 mL of dissolved sample was withdrawn at specific time intervals for
240 min and replaced with an equal volume of the fresh medium to maintain a constant total volume.
The absorbance of all solutions was measured at their Apax.

3. Results

3.1. Isomorphous Phenomenon

Isomorphism is when the crystal structures of two or more related compounds have the
same space group, similar unit-cell parameters as well as conformation of molecules, and, thus,
the identical position of atoms (molecules) in the crystal structures [27]. Several organic compounds
were reported to be isomorphous crystals [28-30], for example, desmethylselegiline hydrochloride and
p-fluorodesmethylselegiline hydrochloride have similar crystal structures [28], or phenyl benzoate and
phenyl ortho-fluoro-benzoate are isomorphous [31]. In addition, the isomorphous phenomenon is
often observed in similar types of compounds with comparable functionalities, such as -H, —~CH3, -F,
—Cl, -Br, and -1 [32,33].

The molecular structures of sorafenib and regorafenib are very similar, but crystal structures of
sorafenib and regorafenib show that they are neither isomorphous nor isostructural, because of the
different conformations (Figure 1a) [9,34]. Even though both sorafenib and regorafenib crystallize in
the space group P 21/c, their cell parameters and the molecule stacking directions in unit cells are rather
different. The two adjacent molecules in the crystal packing of sorafenib show inversion direction
while those in the case of regorafenib show same directions.

(b)

Figure 1. A superposition of the molecular conformations of (a) sorafenib and regorafenib in base form
(b) protonated drugs in hydrochloride salt form. Sorafenib is shown in yellow; regorafenib is displayed
in green; protonated sorafenib is revealed in blue and protonated regorafenib is exhibited in red.
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With regard to (I) and (II), they crystallize in the same triclinic crystal system with space group
P-1. Their unit-cell parameters and the cell volumes of two salts are found to be similar. As detailed in
Table 1 and Table S1, the unit cell similarity index (I'I) and the mean elongation (&) between (I) and (II)
are close to zero, being 0.0037 and 0.0038, respectively.

Table 1. Crystallographic data for (I) and (II).

aI
C,1H17CIF;N,O3-Cl
Triclinic, P-1
170

Parameter (€00)
C21H16C1F4N403 -Cl
Triclinic, P-1

170

Chemical formula
Crystal system,
space group
Temperature (K)

a,b, ¢ (nm) 0.94153 (2), 1.05000 (3), 1.24470 (3) ~ 0.9458 (2), 1.0488 (3), 1.2538 (3)

«, B,y () 75.089 (1), 86.160 (1), 66.078 (1) 75.282 (11), 86.190 (13), 66.055 (10)
V (nm?) 1.08597 (5) 1.0984 (5)

Z 2 2

1 (Mo Ko, mm™1) 0.36 0.36

Rint 0.050 0.038

R[F? > 20(F?)], wR(F?), S 0.046, 0.120, 1.03 0.053, 0.156, 1.02

No. of reflections 6337 16140

The Cambridge Crystallographic 1948352 1948353

Data Centre (CCDC) number

Moreover, an overlay of Sor-H* and Reg-H", which are found in their hydrochloride salts, displays
a perfect overlap of the positions of drug cation in the crystal structures (Figure 1b). In other words,
the conformation of two drug-H* cations are similar. These results indicate that (I) and (II) are
isomorphous. The details are discussed below.

3.2. Crystal Structure

For exploring crystal structures of (I) and (II); the hydrogen bonds, electrostatic affinity and the
effect of the fluoro atom on the central phenyl ring (in the case of regorafenib) of (I) and (II) in the solid
state have been investigated.

Firstly, the hydrogen bond motifs of the salts are explored. In both crystal structures, the proton
from the hydrochloric acid was transferred to the drug, in which the pyridine N3 atom is protonated to
give pyridinium, resulting in a drug-H" cation, but no hydrogen bonds between Cl~ and protonated
N3* were formed in the common way. The asymmetric unit includes one protonated drug cation and
one chloride anion. Figure 2 displays the asymmetric unit of (I) and (II), with atom labeling.
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Figure 2. The asymmetric unit of (a) (I) and (b) (II) with the atom-labeling scheme. Displacement

ellipsoids are drawn at 50% probability level.
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Figure 3 shows that the significant repulsion among amide NH and pyridinium NH causes the
change of amide group’s orientation, with the torsion angles N3-C18-C20-N4 of base form changing
into salt form with variations of [176.64°] and [153.45°] in sorafenib and regorafenib, respectively [9,34].
This variety facilitates the formation of an intramolecular pseudohydrogen bond N3-H3---O3. Moreover,
the internal angles at protonated pyridine N3 [C17-N3-C18] are increased from 116.01° in neutral
sorafenib molecule and 115.7° in the regorafenib molecule to 121.47° in (I) and 121.87° in (II) [9,34].

X
N N cF
Heeeeenes N7 : (Neutral
|l| | \LI/ \C[ drug)
~ "o cl
(o]
l+ H
X H H
H___+ / N N CFs
; N | T \©: (Protonated
0,
(o] di
N A o cl rug)
NH
/s

Figure 3. Protonation of drug in base form (X = H: sorafenib, X = F: regorafenib).

Due to the formation of salts, abundant hydrogen bonds between adjacent molecules are formed
(Figure 4a). In detail, in one direction, the protonated pyridine forms intermolecular hydrogen
bonds to the carbonyl group O1 atom of a neighboring molecule (N3-H3---O1!, see Table 2 for
symmetry code), connecting two drug molecules to form a Ry%(26) pattern. In the opposite direction,
two chloride counterions are situated between two drug molecules, acting as bridge atoms and
hydrogen bond acceptors to link atom N4 of amine group and atoms N1, N2 of biarylurea group via
N1-H1--Cl2, N2-H2--CI2 and N4-H4---CI2!! (see Table 2 for symmetry code) hydrogen bonds. Thus,
an intermolecular ring motif R4%(32) between two protonated sorafenib molecules is formed. With
regard to (II), due to the weak repulsive effect of the fluoro atom on the phenyl ring upon chloride ion,
N2-H2---CI2 interaction is weaker than that of (I), which is displayed from the distance of H2---CI2
(0.2518 nm) and N2---Cl2 (0.3337 nm). Therefore, hydrogen bonds via chloride bridges between Reg-H*
cations, including N1-H1--CI2 and N4-H4--CI2! (see Table 2 for symmetry code), are formed to
enclose ring R4?(32) motifs. Moreover, the distances of H1---CI2 and H4--CI2! (see Table 2 for symmetry
code) become shorter compared to those in (I). These hydrogen bonds play important roles in the
solid-state conformation; they administer the overall shape of drug molecules, which is in a stretched
conformation in both structures. Furthermore, these hydrogen bonds also govern the drug molecules’
parallel stacking, forming one-dimensional zigzag chains of drug molecules.

Table 2. Hydrogen-bond geometry (nm, °) for (I) and (II).

D-H--A D-H H-A D--A D-H--A
Sor.HCl (I)
N3-H3--011 0.088 0.198 0.283 165.0
N1-H1--CI2 0.088 0.230 0.315 162.9
N2-H2.--CI2 0.088 0.247 0.330 157.0
N4-H4..-CI21 0.088 0.231 0.315 160.0
C6-H6--03 0.095 0.233 0.293 120.4
Reg.HCI (II)
N3-H3--011 0.089 0.200 0.285 158.9
N1-H1.-CI2 0.088 0.226 0.313 170.0
N2-H2---CI2 0.088 0.252 0.333 155.2
N4-H4.--CI21 0.088 0.232 0.316 158.6
C6-H6 ... O3 0.095 0.234 0.294 120.5

Symmetry code: (i) —x+1,-y+2,-z+1,(1i) x+2,-y+1,-z+ 1
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Figure 4. (a) Part of the crystal packing of (I) and (II). Hydrogen bonds are shown as green and
yellow dashed lines. H atoms not involved in the hydrogen bond have been omitted for clarity. (b) 2,
3-Connected tri-nodal topological 1D net representing the hydrogen bond chain structure of (I) and (II).

To obtain a general view of the hydrogen bond network, the topological net of (I) and (II)
representing their hydrogen bond networks was analyzed. Figure 4b shows that the topological nets
of (I) and (II) are identical. Each drug cation of (I) and (II) represents a di-connected node within the
drug.H*-drug.H* connected by one hydrogen bond, and the distances of drug cation—drug cation in
(I) and (II) are comparable to 0.9124 and 0.9149 nm, respectively. Additionally, one drug.H* links to
two chloride anions via three hydrogen bonds in (I) and two hydrogen bonds in (II) with the distances
of drug.H" and anion are similar to 0.9131, 0.4745 and 0.9212, 0.4672 nm, respectively. The chloride
anion is two-connected node and bridges two drug cations. Thus the hydrogen bond chains of (I) and
(IT) exhibit the topology of the di-nodal 2,3-connected 1D net, which can be described as C3;.45 and
C2;.33, respectively. In (I) and (II), this zigzag chain propagates parallel to the [100] face.

Beside hydrogen bond, electrostatic affinity (including 7r---7 stacking among symmetry related rings
and anion--7 interactions) additionally stabilizes and organizes a two-dimensional supramolecular
array. Figure 5a shows 77t planar stacking between two (tri-fluoromethyl) phenyl rings and two
central phenyl rings, namely Cg1--Cg11 and Cg2--Cg211 (Cg1 and C,2 are centroids of C1-C6 ring
and C9-C14, respectively; see Table 2 for Cg1 symmetry code and Cg2 symmetry code: 2 — x, 1 -y,
1 - z). The distances of Cg1--Cg1 are 0.3691 and 0.3728 nm in (I) and (II), respectively, and those of
Cg2:+-Cg2 are 0.3854 and 0.3815 nm in (I) and (II), respectively. This interaction connects the above
zigzag chains, leading to the formation of a two-dimensional (2D) network in the {—1-12} plane.
Furthermore, these 2D networks are linked by anion--7t interactions, which comprise the chloride
anion and the pyridinium cation moiety (Figure 5b). The distance of ClZngBiii (Cg3 is centroid of
pyridinium cation; Symmetry code: x, —y + 1, z) in (I) solid state is 3.521 A, and this value is 3.581 A
in (II) solid state. This phenomenon could be explained by the fact that the chloride anion moves to
the pyridinium cation to counteract the surplus amount of positive charge, consequently, establishing
anion--7t interactions in these compounds. Moreover, the contiguous molecules are also linked via
C6-H6--03! and C17-H17--Cg1! (see Table 2 for symmetry code) weak interactions, which further
stabilize the solid state of (I) and (II).
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Figure 5. Part of the crystal packing of (I) and (II). (a) 7r---7 interactions are shown as blue dashed lines,
(b) anion---7 interactions are shown as purple dashed lines. Hydrogen bonds are shown as green and
yellow dashed lines. H atoms not involved in the hydrogen bond have been omitted for clarity.

Finally, the effect of the hydrogen/fluoro atom on the central phenyl ring, upon the molecular
stacking interaction is examined. The fluoro atom on the phenyl ring is located in a large space, and the
nearest partial negative charge atoms were amide O3!1! (Symmetry code: x, —y + 1, z) and biphenylurea
O1V (Symmetry code: —x + 1, -y + 1, -z + 1), in which F4--O3 = 0.3553 nm and F4--O1 = 0.3038 nm.
It is a fact that these distances are longer than the sum of the appropriate van der Waals radii of fluoro
and oxygen atoms (rg = 0.147 nm, ro = 0.152 nm), thus, O1i and O3 atoms almost have no repulsion
interaction upon F4. In addition, Figure 6 shows that the central ring of either sorafenib or regorafenib
is located in the same channel which is formed by two ring motifs R»%(26) and R4%(32).

J‘@Z =
\

v » i 7
A
AT

Figure 6. The central phenyl ring of (a) (I) and (b) (II) in the channels which are formed by hydrogen
bond motifs Ry2(26) and R42(32). The yellow spheres indicate carbon atoms on the central ring and
green spheres exhibit fluoro atoms on the central phenyl rings (in the case of (II)). H atoms not involved
in the hydrogen bond have been omitted for clarity.

3.3. Hirshfeld Surface and Non-Covalent Interactions in Crystal Structure Analysis

The above analysis is based on the general arrangement of the drug molecules in crystal structures.
To acquire insights of the intermolecular interactions of crystal structure, Hirshfeld surface analysis
was further performed. This method provides information about the non-covalent interactions in
crystal structure [35].

For hydrogen-bond, dnorm analysis [36] was generated for the asymmetric unit of the Sor-HCl
and Reg-HCl structures (Figure 7). It is obvious that the Hirshfeld surfaces of (I) and (II) were similar.
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In detail, there were four big red spots, corresponding to two N3-H3--O1! hydrogen bonds, where
pyridinium cations N3 present as the donors; and two N4-H4---CI2!! hydrogen bonds, where chloride
anions play the role of hydrogen atom acceptors. In two structures, the shortest contact, which shows
the minimum values of (de + d;), is less than 2 A of N3-H3--O1 hydrogen bond, indicating the
importance of these hydrogen bonds in forming crystal structures of (I) and (II). It is worth mentioning
that C6-Heé--031, C16-H16---Clill contacts and C17-H17--C10' contact (belonging to C—H-7t type) are
shown as hydrogen bonds by the CrystalExplorer3.1 program without any change in the default
settings. The distances dc..o, dc..c1-, and dc..c are 0.3027, 0.3377, and 0.3651 nm in (I), respectively,
and those in (II) are 0.3024, 0.3363, and 0.3597 nm, respectively. Therefore, many small reddish spots
are depicted on the Hirshfeld surfaces. Additionally, in the case of one drug-H* cation (Figure S1),
the region of the hydrogen or fluoro atom (on C14) position exhibits light blue color, indicating that
fluoro atom forms van der Waals interactions with the neighbor molecules, or that there is no repulsion
effect between the fluoro atom on central phenyl ring of regorafenib and other adjacent molecules in

v 4 g 52 €4y

%

other words.

(a) (b)

Figure 7. Hirshfeld surface mapped with dnorm of (a) (I) and (b) (II).

The Hirshfeld surfaces of two sides of (I) and (II) have also been mapped over shape index and
curvedness to explore 7t---7t interactions in their crystal structures [35]. The shape index map shows red
points (identified as hollow) and blue points (represented as bumps), where a molecular surface touches
an adjacent molecular surface. Curvedness possesses large regions of green (relatively flat) divided by
blue boundaries (large positive curvature). Figure 8 shows that sorafenib and regorafenib have three
phenyl rings in molecules, two of which show 77 interactions. In detail, the curvedness surfaces
present two broads from the front view (Figure 8a,c), corresponding to flat regions characteristic of
7t---7t interaction between drug—drug. Moreover, the shape index surfaces are presented by the yellow
ellipses and pink rectangles, which describe the complementary regions on surfaces of central rings and
trifluoromethyl phenyl rings, respectively, of (I) and (II). In both cases, the shape index maps exhibit
two self-complementary regions with adjacent red and blue triangles, illustrating the inversion center
of 7.7 interplanar stacking. In contrast, from the back view (Figure 8b,d), they are very different.
There is no flat region displayed in curvedness surfaces, and no evidence of the complementary red
and blue patches on the shape index maps, indicating that no planar stacking of molecules occurs
through this direction.

The fingerprint plots of (I) and (II) appear to be very similar (Figure 9: d; refers to distance between
the Hirshfeld surface and the nearest atom inside surface, de presents distance from the Hirshfeld
surface to the nearest atom outside surface) [37]. The spikes in the two-dimensional fingerprint plot
correspond to Cl--H/H---Cl and O---H/H:-O intermolecular interactions, which is exhibited in the
decomposition of the fingerprint plots (Figure S2). The histograms of (I) and (II) show the percentage of
area of the various interactions’ contributions on Hirshfeld surface. The results reveal the domination
of H:-H contacts in both molecules, and the effect of the fluoro atom on the distribution on the Hirshfeld
surface of various interactions in (II) molecular structure when compared with those in (I).
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C)]

(b)

Figure 8. Hirshfeld surface mapped with shape index, curvedness from front ((a) (I), (b) (II)) and back
((c) (1), (d) (1)) view.

(b) |«

BHH BmFH EC.H B3 O0.H
(B CH mc.c E@AF.C [ F.0 3 Other

Figure 9. Fingerprint plot of (a) (I), (b) (II) and (c) relative contributions of the contacts in (I) (above)
and (IT) (under).

3.4. Thermal Analyses

DSC-TGA curves of (I) and (II) are analyzed. As shown in Figure 10a, one broad endothermic
peak of (I) or (II) in the DSC is associated with weight loss in TGA of 7.30% for (I), 7.06% for (II),
corresponding to one hydrochloric molecule. Thus, this broad peak may be caused by the simultaneous
appearance of dual processes, including dissociation of the salt and the melting process. TGA-DSC
results present that two salts are stable at room temperature.
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Figure 10. (a) Thermogravimetry- differential scanning calorimetry (TG-DSC) plots of (I) and (II);
(b) solubility and (c) dissolution rate of (I) and (II) in water compared with sorafenib and regorafenib.

3.5. Solubility and Dissolution Rate of (1) and (II)

We estimated the solubility and dissolution rate of sorafenib, regorafenib, (I), and (II) in water.
As expected, their solubility and dissolution rate were improved, and it is not surprising that their
solubility behaviors in water are similar. Solubility of sorafenib and regorafenib in water differed
1.75 times, while solubility of (I) and (II) (Figure 10b) are almost comparable. Furthermore, (I) and (II)
exhibited significantly higher dissolution rates than sorafenib and regorafenib in water (Figure 10c).
It was found that there was a burst release during the first 60 min followed by a slower release of the
drug for (I) and (II). In the initial stage (before 10 min) and late stage (after 60 min), the dissolution
profiles of (I) and (II) were almost overlapping. In contrast, sorafenib and regorafenib dissolved very
slowly in water. These results showed that hydrochloride salt of sorafenib and regorafenib have
improved their solubility, which might enhance their bioavailability. Moreover, due to their similar
solubility and dissolution rate, their properties in vivo might be similar. However, the solubility of
sorafenib from Sor.HCl is still lower than that of sorafenib from sorafenib tosylate in the co-existence
of poly (vinylpyrrolidone-vinyl acetate) [38]. Therefore, the solubilities of the two free drugs can be
enhanced by combining the two salts with poly (vinylpyrrolidone-vinyl acetate).

4. Discussion

Sorafenib hydrochloride and regorafenib hydrochloride salts were recrystallized from methanol,
the experimental and calculated Powder X-Ray Diffraction (PXRD) patterns showed that the structures
of the two salts were not changed (Figure S3). The isomorphous phenomenon is contributed to the
significant hydrogen bond arrays between the drug cations and the counterions. The chloride anions
are connected with amide groups of drug-H* via N-H---Cl~ hydrogen bonds, but not connected to
protonated N atoms of pyridine rings by means of the classical hydrogen bond N*-H---Cl~, forming
a ring motif R4?(32) [39-41]. Furthermore, the protonated N atom of the pyridine ring acting as a
donor forms hydrogen bonds with atom O of the carbonyl group from urea, creating a ring motif
R,2(26) between drug cations. These two ring motifs build large channels that include the central rings,
and the effect of the fluoro atom on the central ring is then reduced. The crystal structures of the two
salt forms are further stabilized by electrostatic affinities, which were explored by Hirshfeld surface.
Interestingly, the solubility and dissolution rate of hydrochloride salt of sorafenib and regorafenib
improved and achieved the comparable values which might be caused by their similar crystal structures.
Hygroscopicity analyses of the two salts were conducted at 92.5% RH (relative humidity) and 25 °C
for seven days. The results showed that two salts were almost non-hygroscopic and mass gains were
less than 5%. Moreover, the crystal forms of the two salts did not change after moisture absorption.
See Figures 54 and S5.
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5. Conclusions

This study reported the crystal structures and solubility properties of sorafenib hydrochloride
and regorafenib hydrochloride comparing to those of free drugs. The crystal structures reveal
that Sor.HCI and Reg.HCl are isomorphous with the comparable cell parameters and the similar
conformations. In both structures, it is noteworthy that instead of forming the common N*-H---CI~
hydrogen bonds between the protonated drug cations and chloride counterions, the N-H---C1~
hydrogen bonds are formed, resulting in their similar supramolecular motifs and molecular stacking.
The solubility experiments exhibited that the hydrochloride salt forms significantly improved solubility
and dissolution rate of sorafenib and regorafenib. Interestingly, the solubility and dissolution rate
profiles in water of two salt forms are almost identical, while these values of free drugs are very
different. These results might be attributed to the similar structures of the two salt forms. The similar
crystal structures and the comparable solubility property might suggest resembling biological activities
of Sor.HCl and Reg.HC1 [42].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/12/649/s1,
Table S1. Crystallographic data for (I) and (II); Figure S1. Hirshfeld surface mapped with dnorm (a) (I) and (b)
(II); Figure S2. Decomposition of Hirshfeld surface mapped with dnorm and fingerprint plots of (a) (I) and (b)
(IT). Figure S3. The overlay of experimental and calculated PXRD patterns of sorafenib, regorafenib, (I), and (II).
Figure S4. The overlay of PXRD patterns of (I) and (II) at Day 0, Day 4, and Day 8 under high humility (92.5% RH)
and 25 °C. Figure S5. Mass measurements as a function of time, for (I) and (II) under high humility (92.5% RH)
and 25 °C.
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