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Introduction

There is a relationship between the structure and properties of pharmaceutical
compounds, in the sense that the structure of pharmaceutical compounds greatly
influences their physico-chemical properties and them in turn influence the
pharmacological characteristics and efficiency in the treatment of various diseases. As an
example we can mention the polymorphism of pharmaceutical compounds which is
characterized by the fact that polymorphs have the same chemical formula but different
packaging, as well as intermolecular interactions, which gives them different solubility
and also bioavailability. Also to improve solubility and bioavailability, solid forms are
used. In the solid forms we have besides polymorphs, hydrates that contain in the
crystalline structure besides the basic compound and water, solvates that incorporate in
the crystalline structure the solvent in which it was recrystallized, salts and cocrystals.
The difference between salts and cocrystals is that cocrystals are formed on the basis of
hydrogen bonds between the base compound and the added coformer, while in the case
of salts there is a complete transfer of protons from the more acidic molecule to the
molecule with a more basic character.

Both experimental and computational methods were used for the structural
characterization of the investigated compounds. For structural studies of pharmaceutical
compounds it is desirable to be as single crystals, because for single crystals compounds
the most structural information can be obtained. Therefore, in the investigation is
indicated be obtain single crystals by recrystallization. Also at this stage, if various
conformers and solvents are added, different solid forms as single crystals or crystalline
powders can be obtained. If single crystals have been obtained, then the crystal structure
is determined by X-ray single crystal diffraction technique. Otherwise it is tried to
determine the crystal structure from powders that involves the following steps:
determination of the unit cell (crystallographic system, lattice constants) by indexing the
diffraction pattern, establishing the space group by Pawley method, searching for the
structural model that can be done by Monte Carlo methods, optimization of the structural
model by Rietveld refining. As a highlight of the fact that the crystal structure has been
correctly solved, some fit parameters that are specific for single crystals and powders are
used. Thus, in the case of single crystals, the parameters Rw and R1 are used, which show
the match between the calculated diffraction intensities and the experimental ones. In the
solving process of crystal structure from powders, the fit parameters are Rwp and Rp,
which show the match between the calculated and the experimental pattern. The smaller
the fit parameters, the more reliable the determined crystal structure is. It is generally
intended that the fit parameters to reach the value of at least 0.1 (10%).

Other useful information in the characterization of pharmaceutical compounds are
obtained by thermal methods: DSC, DTA, TG. DSC or DTA can highlight phase
transformations and their endo or exothermic nature, the presence of solvents in
crystalline structures, melting points and degradation of samples. TG completes the
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information obtained through DSC and DTA in the sense that are obtained quantitative
characteristics regarding the mass variation by heating.

IR and Raman spectroscopy provide details about the functional groups and
hydrogen bonds within the crystal structure and also highlight the formation of new solid
forms.

A more complete characterization of the compounds also implies their energetic
investigation. Thus, using the CLP method, the lattice energy was calculated, which gives
indications of its stability. The lattice energy calculated by CLP, which is a semi-
empirical method, was compared with the DFT method, which is an ab-initio method and
it was found that the concordance between the two methods is satisfactory.

Also, the analysis of Hirshfeld surfaces highlighted the intermolecular interactions
and their nature. For compounds that have five and six rings specific to steroids in their
structure, their conformational analysis was performed.

The thesis approaches various compounds from the following classes: compounds
from the steroids group, compounds from the class of selective androgen receptor
modulators (SARMS), diuretics, analgesics and copper complexes that have potential in
the treatment of cancer.

1. Experimental and computational methods applied in the
characterization of compounds

Diffractometric, spectroscopic and thermal methods

In this thesis were obtained a large number of single crystals for starting compounds
and their solid forms (polymorphs, solvates, hydrates, co-crystals). These were achieved
by different crystallization methods: evaporation from solvents or solvent mixtures, slow
cooling, grinding followed by recrystallization in solution and parallel crystallization.
During the parallel crystallization, the CRISSY/Zinsser Analytic crystallization platform
was used, which allows the simultaneous crystallization of a number of 24 samples in
various solvents or mixtures of solvents with controlled temperature programs.

Diffractometric methods

The acquisition of single crystal X-ray diffraction data was performed at room
temperature (293 K) for most crystals but also at low temperature for some single crystals
(100 K) using a SuperNova diffractometer, with the tube operating at 50 kV and 0.8 mA
, equipped with dual micro sources (Cu and Mo) and Eos CCD detector. Data collection
was performed using in most cases Cu Ka radiation (1.54184 A) but also Mo Ko radiation
(0.71073 A) for some single crystals. The strategy of data collection, absorption
correction, Lorentz, polarization, space group determination were applied in CrysAlis
PRO [1]. The crystal structures were solved with the Olex software package [2] using one
or more of the following programs embedded in Olex2: SHELXS [3], SHELXD [4] and
SHELXT [5] which are based on direct methods and olex2.solve [6 ] which has the
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Charge Flipping procedure implemented. For particular cases, the method of determining
the crystal structure for twin crystals was used. All crystal structures were refined with
the SHELXL refining program [7] using the least squares minimization technique.

In the refining process, H atoms connected to C atoms were treated by the riding
method and placed in idealized positions as follows: CH=0.97 A for H atoms in CH>
groups, methyl groups CHs [CH=0.96 A], CH=0.93 A for aromatic H atoms. Hydrogen
atoms bound to nitrogen and oxygen atoms were located by Fourier maps and refined
with a constrained distance as follows: N-H=0.85 A for secondary amide groups (NH2)
and O-H=0.82 A for OH groups. For all crystal structures Uiso (H)=1.2Ueq(C, N) was
considered for the CH, CH2 and NH: groups and 1.5Ueq (O) for all OH groups.

The crystalline powders patterns were recorded with a Bruker D8 Advance
diffractometer, the X-ray tube operating at 40 kV and 40 mA. The diffractometer is
equipped with a LINXEYE detector and a germanium monochromator (1 1 1), being used
to obtain only CuKal radiation. The scan was performed with a step less than 0.01°,
generally in the 26=3-40° range using the DIFFRAC plus XRD Commander program.
This scanning interval is sufficient due to the fact that we have organic compounds with
a relatively large unit cell compared to inorganic compounds. X-ray diffraction on
powders was used to highlight the purity of the samples and the fact that the single crystals
investigated are representative of the samples from which they came. In this sense, the
experimental powder diffraction patterns were compared with the simulated ones from
the crystal structures obtained from single crystals. Also, if single crystals could not be
obtained, the crystal structures were solved from powders.

To obtain the crystal structure from a powder pattern, a multi-step procedure
involving the following steps was used: diffraction pattern indexing, Pawley refinement
for space group assignment, structural model search, and Rietveld refinement [8].

The pattern indexing were performed in the Reflex module, implemented by
BIOVIA as the Materials Studio program [9] with the following distinct methods to have
a higher confidence: TREOR90 [10], DICVOL96 [11], X-Cell [12]. Common solutions
of the unit cell are usually chosen, which have a high value for figure of merit and all
diffraction lines are indexed.

The next stage was the Pawley refinement which confirms the spatial group, the
crystallographic system and correlated with the calculated density is assigned the number
of molecules in the asymmetric unit.

The search for structural models was done by the optimization method with
simulated annealing and parallel tempering. These methods use Monte Carlo procedures
and the programs used were Fox [13] and Powder Solve [14] implemented in Materials
Studio. The method involves molecular translations, rotations and changes in torsion
angles until the experimental powder diffraction matches the simulated one as well as
possible, and the difference between the simulated and experimental pattern reaches an



overall minimum. Based on the model obtained, Rietveld is refined using the Reflex
module.

The profiles of the diffraction lines are approximated with different functions, the
most used being Pseudo-Voight. The full width at half maximum is refined with the
parameters U, V, W described by Caglioti's equation [15]. The profile parameters NA and
NB were taken into account in the Bragg-Brentano instrumental geometry. Other
parameters that are refined are the zero point and the shift of the sample, the parameters
of asymmetry of the lines that were made taking into account the Berar-Baldinozzi
correction with parameters P1, P2, P3, and P4. A polynomial function of 20 order or
greater was used to approximate the diffraction background and the preferential
orientation parameters a*, b*, ¢* and RO were taken into account in a March-Dollase
correction. The concordance between the calculated and the experimental diffraction
pattern is characterized by the factors Rwp and Rp.

Spectroscopic and thermal methods

FT-IR spectra were obtained using a JTCO 6100 or 6200 FTIR type spectrometers
in the 4000 to 400 cm spectral range, with a resolution of 4 cm using the KBr pellet
technique. The samples were dispersed in anhydrous KBr and the resulting powder was
ground in an agate mortar. The pellet was obtained by pressing the ground mixture into
an evacuated mold. The spectra were collected and analyzed with Jasco Spectra Manager
v.2 software.

The Raman spectra were recorded with a Raman JASCO NRS 3300 spectrometer,
equipped with a CCD detector (-69 ° C), a 600/mm diffraction grating and an Olympus
100x lens. The 785 nm laser line was used as a source of excitation, its power being set
at 137.6 mW. The resulting Raman spectra is an addition of three acquisitions of 120 s
each. It was recorded with a resolution of 6.45 cm™.

DSC curves were recorded with a DSC-60 Shimadzu differential scanning
calorimeter in standard crimped aluminum pans as sample holders and alumina as
reference sample. Samples were analyzed in the temperature range 293-650 K under dry
nitrogen flow (3.5 L/h) with a heating rate of 10 K min-%. Shimadzu TA-WS60 and TA60
2.1 software were used to collect and analyze the data. The DSC calorimeter was
calibrated with reference standards for zinc and indium.

DTA/TGA measurements were performed with a Shimadzu DTG-60H
simultaneous thermogravimetric and differential analyzer. The samples were heated in
the range of 24-500 ° C with a heating rate of 10° C/min, using an alumina sample cell
(diameter 5.8x2.5 mm2) under dry nitrogen purge (70 ml/min).



Investigation of intermolecular contacts and lattice energies

Due to the fact that each compound or solid form has a unique molecular
neighborhood, it will interact through intermolecular forces specific to each crystal
structure [16]. Highlighting intermolecular interactions can be achieved through
Hirshfeld surfaces and corresponding fingerprint diagrams [17,18]. A Hirshfeld
molecular surface can be understood on the basis of the blue, white, red color code. The
blue zones represent the regions of the crystal where the intermolecular distances are
greater than the sum of the van der Waals radii, the white areas have the distances
approximately equal to the sum of the van der Waals radii and the strong interactions
having the distances shorter than the sum of the van der Waals radii are represented in
red. Each Hirshfeld surface can be represented by a two-dimensional diagram on the x-
axis being represented the distance from the Hirshfeld surface to the nucleus of an atom
inside the surface (di) and on the y-axis is represented the distance from an atom outside
the surface to the Hirshfeld surface (de) [19]. The points on the fingerprint graph that will
have the pairs di and de the smallest, will characterize the atoms involved in the strongest
interactions.

The stability of a crystal lattice can be assessed using the lattice energy calculation
in the Coulomb-London-Pauli atom-atom approximation developed by Gavezotti and
implemented in the CLP program [20]. In this approximation, the lattice energy is
composed of four terms, namely: Coulomb type energy, polarization, dispersion and
repulsion. A low lattice energy implies a high stability for the compound, which can also
be highlighted by thermal methods relative to melting points or phase transitions. Both
Hirshfeld and CLP calculations are performed based on the positions of the atoms in the
elementary cell that were previously determined by X-ray diffraction and stored in a CIF
file.

Conformational analysis of five and six membered rings

Because in the thesis there are compounds that have carbon rings of five and six
members, it is useful to characterize them in terms of conformational geometry.
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The schematic representation of rings with six and five members is given in the
figure above. These rings can have a twofold axis or plane of symmetry. It possesses axis
of order 2 if the torsion angles are alternately (+, +) and (-, -) and plane of symmetry
(mirror plane) if the torsion angles have alternating opposite (+, -). Depending on the
existence of the 2nd order axis or the plane of symmetry, ACs and AC2 are defined [21].
If we have ideal symmetry, ACs and AC2 are zero, the higher the value of these
parameters, the more deformed the structures will be. The most common structures have
the following conformations: chair, half chair, envelope, boat.

2. Structural characterization of some steroid compounds

Anabolic-androgenic steroids are a class of compounds, synthetic or naturally
occurring that binds to androgen receptors [22], increasing protein synthesis in skeletal
muscle and bone tissue. Although anabolic-androgenic steroids possess certain
physiological functions that are absolutely necessary in vertebrates and are useful in
sports, their abuse and use in the medium and long term can lead to side effects, the most
serious being heart related diseases such as ventricular hypertrophy, hypertension,
polycythemia, thrombosis [23].

Steroids are often esterified in order to extend the duration of action of the hormone
by injection [24].

To improve the properties of steroids, their ability to form polymorphs is often used.
The steroids that will be addressed in this paper are boldenone, trenbolone and
drostanolone, as well as their solid forms. For these compounds, the interactions within
the crystal lattice will be evaluated using Hirshfeld surfaces that illustrate intermolecular
interactions and give suggestive graphical information on the atoms involved in
intermolecular interactions. Also, the energies of the crystal lattice were evaluated using
the CLP (Coulomb-London-Pauli) method, which evaluates the lattice energies based on
atom-atom interactions and provides quantitative information on the types of interactions
(Colombian, polarization, dispersion, repulsion) and of the total lattice energy which is
related to the stability of the crystal structures.

Because all the steroids analyzed have carbon rings consisting of five and six
members, their conformational analysis was done by evaluating parameters such as
asymmetry parameters, pseudo-rotation angle and maximum torsion angle. Both the
intermolecular and lattice energy analysis and the conformational analysis were presented
in the theory section.



Boldenone and some boldenone esters

Boldenone (Androsta-1,4-dien-17f-o0l-3-one, Fig. 2.1) is a chemical compound that
belongs to the class of anabolic-androgenic steroids and occurs naturally in a certain
species of aquatic beetle [25] . Boldenone can be seen as a steroid with mild androgenic
activity, being derived from testosterone [26, 27]. We focused with the crystallization,
the determination of the crystal structure and characterization of five boldenone-based
compounds [28], presented in Fig. 2.1. The longer ester chains will have a longer half-
life, so the boldenone base will have a half-life of hours, and the duration of action for
boldenone cypionate will be several weeks.
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Boldenone base (Bb) Boldenone acetate (Ba, Bal)
o/(
o
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Boldenone propionate (Bp) Boldenone cypionate (Bc)

Figure 2.1: Chemical structures of boldenone based compounds

The best single crystals of the compounds were obtained using the following
solvents or solvent mixture: acetonitrile for Bb, tetrahydrofuran for Ba, methyl tert-butyl
ether for Bal, Bp in methanol-water ratio 8: 2 and Bc in 2-propanol.

Crystal structures analysis

The crystal structures for the following chemical compounds from boldenone class
were solved: boldenone base, boldenone acetate, boldenone propionate and boldenone
cypionate which are shown in Fig 2.2. Boldenone base, Bb has the asymmetric unit



consisting of two molecules of boldenone, while the asymmetric units for Ba, Bal, Bp
and Bc consist of a single molecule (Fig. 2.2).

Molecula 'A’ A Molecula 'B'

Figure 2.2: Molecular perspectives presented in ORTEP style with atoms as
thermal ellipsoids: Bb-boldenone base; Ba-boldenone acetate; Bal-boldenone acetate
(polymorph); Bc-boldenone cypionate

For all studied crystal structures, comparisons between simulated X-ray patterns
from single crystals and experimental ones obtained by X-ray powder diffraction show a
good fit, which is an indication that the analyzed single crystals are representative for the
powders from which they were obtained. In Fig. 2.3 is exemplified for one of the
structures: (Ba).
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Figure 2.3: Simulated and experimental X-ray diffraction patterns for Ba

The basic crystallographic details are presented in table 2.1.

Table 2.1: Significant crystallographic details

Compound

Empirical formula
Molecular weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

v/°

Volume/A3

z
Pealcg/cm’®

Bb (boldenone base)

CsgHs204
572.80

293
monoclinic
P2,

7.08

18.64
12.31

90

90.15

90

1626

2
1.170

Ba (boldenone acetate)

Ca1H20s
328.43
293
orthorhombic
P2:2:2;
10.45
12.00
14.51

90

90

90

1822

1.197

Bal (boldenon acetat,
polimorf)
C21H2605
328.43

293
orthorhombic
P2:2,2;
31.50

8.13

7.32

90

90

90

1876

1.163




Compound

Empirical formula
Molecular weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pr°

v/°
Volume/A®
z

Bp (boldenone propionate)
C22H300s

342.46

293

monoclinic

P2,

7.39

8.23

16.39

90

102.09

90

975

2

Bc (boldenone cypionate)
C27H350s

410.57

293

orthorhorombic

P2:2:2;

7.62

15.92

19.59

90

90

90

2380

4

The description of the crystal structures highlighted the packaging, supramolecular
assemblies and synthons based on the intermolecular bonds O-H...O, C-H...H-C, C-H...C
and C-H...O for the analyzed boldenone structures (Bb, Ba, Bal, Bp, Bc). As an example,

in Fig. 2.4 intermolecular interactions in boldenone acetate, Ba are presented

Figure 2.4: Intermolecular interactions in boldenone acetate Ba, along the ob axis

The crystal structure of boldenone acetate, Ba consists as an arrangement based on
C-H...O and C-H...H-C interactions, building R* (18) motifs in which three molecules
of boldenone acetate are involved (Fig. 2.4). C-H...O interactions are formed between the

01 oxygen of the carbonyl group and the C1 carbon of the A ring.
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Evaluation of lattice energies

Crystal lattice energies were calculated using the classical Coulomb—London-Pauli
atom-atom approximation implemented in the CLP program. The total lattice energy and
partitioned contributions are shown in table 2.2. It can be seen that the dispersion term
dominates all structures, the highest value (-161 kJ/mol), being calculated in Bc due to
the fact that for large molecules the dispersion term tends to be significantly higher. The
polymorph of boldenone acetate has a slightly less stable crystal structure in terms of
energy (-144.1 kJ/mol for Bal) compared to the starting compound (-147.1 kJ/mol for
Ba). Coulomb energy is higher in absolute value in shorter esters, so that Bb that does not
have an attached ester has the highest value (-40.3 kJ/mol), due to the classical
hydrogen bonds O-H...O, which are stronger than the C-H...O bonds in the other
structures.

Table 2.2 CLP lattice energies

Structure Ecoul Epol Edisp Eatr Erep Eiot
(kJ/mol) (kJ/mol) (kd/mol)  (kJ/mol)  (kJ/mol) (kJ/mol)

Bb -40.3 -42.4 -123.6 -206.3 50.4 -155.9
Ba -30.2 -48.6 -136.1 -214.9 67.8 -147.1
Bal -21.3 -45.7 -121.0 -188.0 43.9 -144.1
Bp -21.3 -43.6 -124.8 -189.7 46.2 -144.1
Bc -20.1 -54.9 -161.0 -236.0 65.2 -170.8

Ecoul: Coulombic term; Epol: polarization; Edisp: dispersion; Eatt: attraction (the sum of
Coulombic, polarization, dispersion terms); Erep: repulsion; Elatt: CLP crystal lattice energy

Conformational analysis results

In all studied compounds, ring A adopts planar conformation, rings B and C have
chair conformation, while rings D there are as a distorted 13 envelope conformation in
Bb molecules and slightly distorted envelope conformation in Ba, Bal, Bp, Bc. The
deviations of the rings from the ideal symmetry are defined by the asymmetry parameters
(ACs, AC2) which measure the degree of distortion from the ideal conformation and the
value of the maximum torsion angle is approximately 47°. The results for the asymmetry
parameters are summarized in table 2.3 and 2.4.
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Table 2.3: Calculated asymmetry parameters

Structure Ring B Ring C Ring D

Bb Molecule A: Molecule A: Molecule A:
AC4(C5A-C8A)=1.82 IACs(C9A-C13A)=4.88 |AC,(C13A-C14A)=9.92
AC (C13A)=10

Molecule B: Molecule B: Molecule B:
C5B-C8B)=1.24 C9B-C13B)=3.77 AC,(C13B-C14B)=12.83
(C13B)=8.61
Ba IACs(C5-C8)=0.709 IAC5(C9-C13)=3.214 AC,(C13-C14)=21.87
AC,(C13)=1.96
Bal IAC{(C5-C8)=3.47 IAC4(C9-C13)=4.77 AC,(C13-C14)=15.69
AC,(C13)=6.72
Bp AC,(C5-C8)=2.73 IAC4(C9-C13)=2.25 AC,(C13-C14)=19.3
AC,(C13)=4.1
Bc ACs(C5-C8)=2.86 IACs(C9-C13)=3.43 AC,(C13-C14)=14.28

AC,(C13)=7.26

Table 2.4: Pseudorotation angle, P and maximum torsion angle tm (°)

Structure  |Bb (Mol A) Bb (Mol B) Ba Bal Bp Bc
P 7.68 9.64 15.75 11.2 14.57 10.8
Tm 47.32 47.81 49.45 48.42 49.38 47.59

Fingerprint and Hirshfeld analysis

The dominant contributions of the H... H, C... H and O... H contacts (table 2.5)
indicate that van der Walls interactions and hydrogen bonds stabilizes the packing of
crystals. Hirshfeld and fingerprint surfaces were generated for all structures but will only
be exemplified for boldenone acetate, Ba.
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Table 2.5: Contributions to Hirshfeld surfaces

Structure O..H/H..O |C..HMH..C H..H
Molecule A of Bb 17.9% 7.4% 74.7%
Molecule B of Bb 18.3% 7.8% 73.7%
Ba 23.2% 8.4% 68.4%
Bal 25.6% 3.9% 69.9%
Bp 23.8% 4.6% 70.7%
Bc 17.8% 5.6% 76.6%

In Fig. 2.5 arrow 1 indicates the interaction C1-H1...H4-C4, 2 and 3 represent the
interaction C1-H1...01, the donor and acceptor being alternately inside and outside the
Hirshfeld surface.

Ba

i
VE U TU T AT T8 7027 74 76 7%

Figure 2.5: Hirshfeld surface and fingerprint plot for Ba indicating the
intermolecular contacts denoted as follows: H...H (1), O...H (2), H...O (3)

Trenbolone and some trenbolone esters

Trenbolone (Fig. 2.6) is a compound, derived from the nandrolone that differs from
nandrolone by adding a double bond between C10-C9 and C11-12. Several esterified
forms of trenbolone are available, including trenbolone acetate, trenbolone
hexahydrobenzylcarbonate (parabolan), both of which have had clinical and veterinary
use [22], and trebolone enanthate, which is dedicated to athletes [22] and for scientific
purposes [29]. From the class of trenbolone-based compounds (Fig. 2.7), the crystal
structure of trenbolone acetate and hexahydrobenzylcarbonate were solved single crystal
X-ray diffraction. Also, the crystal structure for enanthate trenbolone was solved from
powder [30]. Quantitative analysis of intermolecular interactions was done by Hirshfeld
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analysis, and lattice energies were evaluated in the Coulomb-London-Pauli
approximation. All calculations for trenbolone base were performed on the CIF file
deposited in CSD [31].

Figure 2.6: Structural scheme of trenbolone, showing the numbering system
o

OH )I\
o]

o] o
(a) Trenbolone base (b) Trenbolone acetate
(Tren) (Tren Ac)
/Cﬁb ,©§b
(c) Trenbolone (d) Trenbolone enanthate
hexahydrobenzylcarbonate (Tren En)
(Tren Hex)

Figure 2.7: Structural schemes of investigated compounds based on trenbolone

Comparisons between powder and simulated X-ray diffraction patterns are shown
in Fig. 2.8 indicating a good agreement between them, good purity and structural
homogeneity.
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Figure 2.8: Simulated and experimental diffraction patterns: Tren Ac; Tren Hex
Crystal structure determination of trenbolone enanthate from X-ray
powder diffraction
Since it was not possible to obtain single crystals for trenbolone enanthate, the method
for solving the crystal structure on powders was used with the methodology described in
Chapter 1. The results are summarized in table 2.6 and the match between the calculated
and experimental patterns in Fig. 2.9.
Intensity

Powder Rwp = 8.26% Rp =6.16%
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Figure 2.9: Simulated and experimental patterns from Rietveld refinement

Table 2.6: Structural parameters of trenbolone enanthate

Chemical formula CosH3404
Molecular weight (g/mol) 360.53
Crystal system monoclinic
Space group P2, (4)
Z 2
a(A) 9.74
b (A) 13.97
c(A) 16.38
B () 90.42
V (A% 2229
Rup (%) 8.26
Pealc g/cm’ 1.137
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Crystal structures descriptions of trenbolone-based compounds

The basic crystallographic information with regard to crystal structures are
presented in table 2.7.

Table 2.7: Crystallographic data for single crystals (Tren Hex and Tren Ac)

Compound Tren Hex Tren Ac
Empirical formula Ca26H3204 C20H2403
Molecular weight 408.51 312.39
Temperature/K 293 293
Crystal system monoclinic monoclinic
Space group P2, P2,

a/A 9.37 9.36

b/A 7.79 13.97
c/A 15.86 26.66
o/° 90 90

/e 98.94 95.43
y/° 90 90
Volume/A® 1145 3474

VA 2 8
Peaicg/cm® 1.184 1.195

In thesis, the crystal structures for four trenbolone-based compounds have been
described, but this summary will present only the structure for trenbolone acetate.

Trenbolone acetate has a rather unusual asymmetric unit, which consists of four
independent molecules A, B, C, D (Fig. 2.9a) and eight in the unit cell (Fig. 2.9b). The
eight molecules are linked two by two by a 2nd order screw axis, having the same
notation. The crystal structure is stabilized by C-H...O and C-H...n bonds. The C ...O
interactions are as follows: C2B-H...01A, C16-H...03B, C2C-H...01D, C16A-H...01B,
C16D-H...01C, C1D-H...03D, C16D-H...01C, while the C-H...x interactions are: C2B-
H...C11A and C2C-H...C11D. The suffixes A, B, C, D indicates the molecules of which
the respective atoms belong (Fig. 2.9b). Overlapping the four molecules in the
asymmetric unit, it is observed that the pairs A-D and B-C are very similar from a
geometric point of view.
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(b)
Figure 2.9: Asymmetric unit of trenbolone acetate (a); Molecular arrangement
of trenbolone acetate in the elementary cell (b)

Hirshfeld and fingerprint surfaces analysis

Hirshfeld surfaces and intermolecular interactions were calculated for all
compounds studied: trenbolone base, trenbolone acetate (four molecules in the
asymmetric unit), trenbolone hexahydrobenzylcarbonate and trenbolone enanthate, but in
this summary are shown only for trenbolone enanthate (table 2.8 and Fig. 2.10).

Table 2.8: Intermolecular contacts shorter than the sum of van der Waals radii

Molecule Contact d(C-H) d(H...A) d(D...A) <(D-H..A)
A A A O

Tren En C2B-H2BB...01A 0.97 2.545 3.384 144.75
Molecule A | C2B-H2BA...C11A 0.97 2.856 3.722 149.23
C11B-H11B...03A 0.93 2.696 3.595 162.88
C16A-H16B...01B 0.97 2.583 3.443 147.83
Tren En C2B-H2BB...01A 0.97 2.545 3.384 144.75
Molecule B | C2B-H2BA...C11A 0.97 2.856 3.722 149.23
C11B-H11B...03A 0.93 2.696 3.595 162.88
C16A-H16B...01B 0.97 2.583 3.443 147.83
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C2-H2BA..CI1A  C11B-H11B..03A
CH..nt

Tren En molecule A

C2B-H2BA...CLIA
C-H..m C118-H118..03A

C28-H288...01A

Tren En molecule B
Figure 2.10: Hirshfeld surfaces for Tren En
Crystal lattice energies analysis

The total and partitioned lattice energies were calculated in the atom-atom,
Coulomb-London-Pauli approximation and are shown in table 2.9. It is observed that long
esters have lower energies, resulting in greater structural stability. The Coulomb
component is more important in the Tren because this crystal structure has strong
hydrogen bonds compared to other structures. Dominant value of the dispersion
components is a common feature.

Table 2.9: CLP lattice energies

Structure Ecuul Epul Edisp Eatr Erep Etot
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
Tren -40.0 -38.8 -130.0 -208.8 59.8 -149.1
Tren Ac -25.7 -44.2 -129.7 -199.6 51.4 -148.2
Tren Hex -10.3 -48.8 -163.6 -222.7 59.9 -162.8
Tren En -24.6 -52.9 -158.7 -236.2 55.8 -180.7

Ecoul: Coulombic term; Epol: polarization; Edisp: dispersion; Eatt: attraction (the sum of
Coulombic, polarization, dispersion terms); Erep: repulsion; Elatt: CLP crystal lattice energy

2D fingerprint diagrams were generated and analyzed for all structures but in this
summary are presented only for trenbolone and trenbolone hexahydrobenzylcarbonate
(Fig. 2.11). Fingerprint plots were evaluated, highlighting intermolecular contacts and
quantitatively percentage contribution for different types of interactions are summarized
in Table 2.10
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Figure 2.11: Particular fingerprint plots for Tren and Tren Hex
Table 2.10. Contributions (%) to the Hirshfeld surfaces for different contacts

Structure H..H O..H/H..O |[C..H/H..C |C..0O/O..C |0...0 |[C...C
Tren 71.4 195 8.2 - - 0.8
Molecule A, Tren Ac 70.1 19.7 9.4 0.3 - 05
Molecule B, Tren Ac 70.0 20.9 9.0 0.1 0.1 -
Molecule C, Tren Ac 68.0 23.0 8.9 0.1 - -
Molecule D, Tren Ac 70.2 19.0 10.1 0.2 0.1 0.4
'Tren Hex 66.4 19.7 13.8 0.1 - -
Molecule A, Tren En 76.0 16.4 6.8 0.4 - 0.4
Molecule B, Tren En 78.1 13.8 8.1 - - -

Conformational analysis

For all trenbolone molecules studied, the five-membered D-rings can be
approximated as distorted 13 envelope conformations, while the geometries for the six-
membered A, B, C rings differ from one structure to another. Conformational analysis for
rings with six carbons (A, B and C) and five (D) was made by calculating ACs, AC2, P
and tm to highlight their deformation from the ideal configuration and are presented in
table 2.11, atom notations being according to Fig. 2.6. The least deformed rings are found
in the Tren Hex, the A ring being almost planar and to a lesser extent in the Tren structure.
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Table 2.11: Conformational parameters describing the rings

Structure Ring A Ring B Ring C Ring D Ring D
ACs ACs ACs
(C1-C4) (C7-C10) (C11-C14)
ACs(C13) | AC2(C16) P Tm

Tren 24.66 0.36 1.57 7.57 13.69 10.58 47.78
Tren Ac-Mol A 17.21 12.31 8.04 14.48 6.07 4.28 49.60
Tren Ac-Mol B 18.63 9.81 9.93 10.05 10.21 7.76 47.14
Tren Ac-Mol C 18.45 13.19 11.90 2.28 20.55 15.75 47.39
Tren Ac-Mol D 17.27 13.26 5.47 15.59 4.36 2.95 49.39
Tren Hex 2.70 4.08 2.94 7.10 14.77 11.02 48.48
Tren En-Mol A 17.07 14.38 6.79 14.43 6.24 4.30 49.71

The conformation in the D-rings, evaluated by pseudorotation and the maximum
torsion angle (table 2.11) show that the tm values are quite close to the common value of
47° found in the D-rings of some compounds from the same family [32].

Drostanolone propionate and its polymorphs

Drostanolone propionate (2-methyl-4,5a-dihydrotestosterone  17-propionate),
known as masteron (Fig. 2.11b), is a steroid derived from dihydrotestosterone (Fig. 2.11a)
[25, 27]. This agent acts in the same way as any anabolic steroid, being an androgen
receptor agonist [22]. From a medical point of view, it has been used in the treatment of
breast cancer [25]. Will be approached three polymorphs of drostanolone propionate [33].

Figure 2.11: Chemical scheme of drostanolone (a) and drostanolone
propionate (b) showing the numbering system of atoms.
Crystal structures for drostanolone propionate polymorphs and their
description

Suitable needle-shaped single crystals for X-ray experiments were obtained for the
polymorph Drost 2 in ethanol solution by slow evaporation method and plate shaped
crystals in acetone solution for polymorph denoted Drost 3. No suitable single crystals
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were obtained for the start compound (polymorph Drost 1) and therefore the structure was
solved from powders.

The chemical configurations of drostanolone and drostanolone propionate are
shown in Fig. 2.11. For Drost 3 there are two molecules in the asymmetric unit (denoted
by molecule A and molecule B). The most important crystallographic data are described
in table 2.12.

Table 2.12: Single crystal structural data

Compound Drost 2 (Etanol) Drost 3 (Acetona)
Empirical formula Ca3H3603 Ca3H3603
Molecular weight 360.52 360.52
Temperature/K 293 293
Crystal system monoclinic monoclinic
Space group P2, 12

alA 11.23 11.87
b/A 7.43 7.42
c/A 12.50 48.63
a/° 90 90

[ 93.64 96. 66
y/° 90 90
Volume/A® 1042 4260

Z 2 8
Peatcg/cm® 1.149 1.124

Crystal structures, packings descriptions of the molecules in the unit cell, hydrogen
bonds and other intermolecular contacts were analyzed for all polymorphs but in this
summary is presented only for Drost2 polymorph.

The unit cell of the Drost 2 polymorph contains two molecules related by a second-
order screw axis connected by C5-H...H-C12 contact, formed between carbon C5, which
is common to rings A and B, and carbon C12 of ring C. The supramolecular assembly is
further extended by translations and forms an arrangement parallel to the ob direction. At
the same time, along the oc axis, an infinite arrangement of molecules is formed, which
are linked between the carbonyl oxygen O3 and the methyl group C19 by the hydrogen

Figure 2.12: Packaging scheme of molecules in Drost 2
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Crystal structure determination of polymorph Drost 1 from crystalline powders was
performed by the methods described in Chapter 1.

The crystallographic data and the final match between the calculated and measured
diffraction patterns show a good agreement, with Rwp = 5.65% (table 2.13 and Fig. 2.13).

Table 2.13: Crystallographic data for polymorph Drost 1

Chemical formula C3H30;
Molecular weight (g/mol) 360.53
Crystal system orthorhombic
Space group P2,2,2,(19)
z 4
a(h) 27.25
b (A) 12.07
¢ (A) 6.41
V (A% 2111
Rup (%) 5.64
ety Powder Refinement:Rwp=5.65% Rwp(w/o bck)=11.95% Rp=4.26%
: Simulated
o0 — Experiment
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Figure 2.13: Fitting between experimental and calculated diffraction patterns
Hirshfeld surfaces and fingerprint plots analysis

The front and rear views of the three-dimensional Hirshfeld surfaces were generated
for all drostanolone propionate structures but we will present only for polymorph Drost
2. Fig. 2.14 shows the frontal view of the Hirshfeld surface, respectively, the back view
of the Drost 2 polymorph and the intermolecular interactions shorter than the sum of the
van der Waals radii presented as arrows. Each number illustrated on the Hirshfeld surface
has the interaction geometry detailed in table 2.14.
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Table 2.14: Shorter intermolecular contacts than the sum of van der Waals

radii (A).
Structure Contact d(C-H) d(H..A) d(D..A)
Drost 2 C19-H19B...03 0.96 2.687 3.622
C12-H12A...H5-C5 0.97/0.98 2.341 4.047

The fingerprint plots breakdown shows that in all three crystals, the H...H
interactions have a higher participation compared to the other contacts: the O...H/H...O
interactions which represent the second place as participation and the C...H/H...C much
less significant. The percentage contributions to the Hirshfeld surfaces for the studied
crystals are represented in table 2.14. The high percentage of H...H, O...Hand C...H inter-
contacts indicates that the structures are based on weak van der Walls interactions, which
ensure the packing of the crystals [34].

Table 2.14: Contribution to Hirshfeld surfaces of different interactions

Structure H..H O..H/H..O C..H/H..C CcC..0/0..C 0...0 C...C
Drost1  83.2% 16.0% 0.5% 0.3% - -
Drost2  83.3% 14.6% 0.9% 05%  0.8% -
',?Argls_t A3 83.4% 14.3% 1.1% 06%  0.6% .
Drost3  go 006 16.7% 0.5% 05%  02%  0.1%
Mol. B

Lattice energies evaluation by Coulomb-London-Pauli method

By the CLP method, which is based on atom-atom potentials, it was shown that the
formation of two polymorphs of drostanolone propionate led to structures with similar
energies being shown in Table 2.15a (-156.3 kJ/mol in Drost 1; -159.2 kJ/mol in Drost 2
and —151.6 kJ/mol in Drost 3, respectively). Table 2.14a also shows the fraction of
different lattice energies components.

Table 2.15a. Ecoul: Coulombic term; Epol: polarization; Edisp: dispersion; Eatt: attraction
(the sum of Coulombic, polarization, dispersion terms); Erep: repulsion; Elatt: CLP crystal lattice

energy
Structure Ecoul Epol Edisp Eatt Erep Elatt
Drost 1 -16.0 -541 -1304 2005 44.2 —156.3
Drost 2 -10.3 -56.5 -139.4 -206.2 48.7 —159.2
Drost 3 —-13.0 —55.2 1347 2029 514 —151.6

The dispersion and

total CLP energy values were compared with the results
obtained based on the DFT method (table 2.15b) and a reasonable concordance is found
(see comparison between table 2.15a and 2.15b for Egisp and Epat).



Table 2.15b: lattice and dispersion DFT energies (kJ/mol)
Structura  Egig(N®)  Eja (N®)

Drost 1 -125.9 -142.6
Drost 2 —-138.3 —-151.7
Drost 3 -119.7 —-137.7

Both methods suggest that the main attractive forces that hold the crystal cohesion
are the dispersion effects.

Conformational analysis

Rings A, B and C of the steroid skeletons were found to adopt chair conformation,
while Rings D adopted a C13 envelope conformation in all three structures. The distortion
of rings were described by the asymmetry parameter ACs [21]. The calculated values
show that the geometry of the A, B and C rings for all polymorphs is close to the ideal
chair configuration (table 2.16). The maximum torsion parameter, tm (Table 2.17), proved
to be relatively constant and close to 47°, which is a common value found in all D-rings
for such compounds [35].

Table 2.16: Asymmetry parameters values in the studied polymorphs.

Mirror plane Drost 1 Drost2 |Drost 3-Mol A |Drost 3-Mol B
Ring A AC;s (C3-C10) 1.22 2.72 0.69 243
AC; (C4-C1) 112 0.90 2.93 251
AC; (C5-C2) 1.27 1.85 341 4.49
Media ACs 1.20 1.82 2.34 3.14
Ring B AC, (C5-C8) 1.46 2.67 343 2.28
AC, (C6-C9) 4.50 3.37 0.30 4.33
AC (C7-C10) 373 0.75 3.14 6.13
Media ACs 3.23 2.27 2.29 4.24
Ring C AC; (C9-C13) 3.49 2.00 2.26 2.35
AC; (C8-C12) 421 8.62 6.94 3.49
AC; (C14-C11) 0.84 6.86 8.79 5.62
Media ACs 2.85 5.83 5.99 3.82
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Table 2.17: Pseudorotation and maximum torsion angles in D-rings (°)

Drost 3
Structure Drost 1 Drost 2
Mol. A Mol. B
P 7.23 11.19 10.7 6.95
Tm 46.26 46.94 46.72 46.86

3. Structural analysis of ostarine and andarine. Selective androgen
receptor modulators compounds (SARMS)

Arylpropionamides such as ostarine and andarine (Fig. 3.1) are relatively recently
synthesized chemical compounds which belong to the class of selective androgen receptor
modulators (SARMs). They act in the body through mechanisms similar to those of
anabolic-androgenic steroids, namely: they have the ability to attach to androgen
receptors, thus initiating protein anabolism in muscle and bone tissue [36, 37]. SARMs
have also been produced in an effort to treat various diseases that lead to loss of muscle
tissue due to catabolism caused by conditions such as cancer. The compounds were
characterized by crystallographic methods (single crystal and powder X-ray diffraction),
thermal analysis (DTA, TGA), spectroscopic methods (FT-IR), Hirshfeld surface analysis
and lattice energy calculation by CLP [38].

Figure. 3.1: Structural schemes of ostarine (a), andarine (b)
Preparation of the ostarine Os-P1 polymorph

The crystal structures of Ostarine (Os) and andarine (AND), were solved by single
crystal X-ray diffraction while the polymorph of ostarine Os-P1 by X-ray powder
diffraction. Additional information was obtained by FT-IR analysis and thermal
measurements. The polymorph was obtained by two methods: (a) by recrystallization
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from ethanol:water (1:5), heated to 40° C for 24 hours followed by slow cooling at room
temperature; (b) by heating the ostarine powder to 125° C followed by slow cooling to
room temperature. Both methods gave the same polymorph.

Spectroscopic (FT-IR) and thermal (DTA/TGA) analysis

The configurations of the asymmetric units resulting from the X-ray diffraction for
Os, AND and Os-P1 are shown in Fig. 3.2 where the specific functional groups are
observed and have been highlighted by FTIR analysis.

Figure 3.2: Molecular view for ostarine (a), andarine (b), Os-P1 ostarine
polymorph (c) showing the two molecules that form the asymmetric unit.

The vibrational spectra (Fig. 3.3) for ostarine (Os) and its polymorph (Os-P1) being
very similar lead us to the conclusion that Os-P1 is a polymorph and not another solid
form because no additional bands appear but only a slight shift is found.
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Figure 3.3: FT-IR spectra for Os, Os-P1 si AND

The Os-P1 polymorph obtained by heating to 120° C shows a similarity of the
DTA/TGA curves (Fig. 3.3) with those of the starting compound (Os), except that there
is no phase change at 95.2° C. The melting point is 140,53° C and the decomposition is
around 371° C

For andarine (AND) no phase transformations are reported, the endothermic signal
occurring around 156° C represents the melting point of compound and has a higher value

26



than ostarine. Decomposition and degradation take place in two stages around 356° C and
411° C, respectively.
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Figure 3.3: DTA/TGA curves: (a) Os, (b) Os-P1, (c) AND
Crystal structures analysis of Os and AND solved from single crystals
The basic crystallographic data for Os and AND are given in table 3.1.
Tabele 3.1. Basic crystallographic data from single crystals

Structure Os (ostarine) AND (andarine)

[Empirical formula |[C1sH1aFN305 ||CrsHiFsN3Os |
[Molecular weight |[389.33 |l441.36 |
Crystal system/Space group | [Monaclinic, P2; |[Tetragonal, P4,2.2 |
[Temperature/K |[293 |[293 |
la,b, c (A) |[12.01,5.40,16.13  |[19.03,19.03,10.95 |
@B,y () |90, 98.47, 90 |90, 90, 90 |
vV (&) |[2036 |[3970 |
z 2 6 |

The molecular self-assembly stability of ostarine (Os) is ensured by two hydrogen
bonds O2-H...N3 where 02 is the donor atom and N3 is acceptor, respectively N2-H...03
where N2 is the donor atom and O3 the acceptor (Fig. 3.4 and table 3.2). Ostarine
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molecules are linked by hydrogen bonds both along the direction of oa and ob axis,
forming a two-dimensional network in the aob plane (Fig. 3.4).

N

Figure 3.4: Highlighting hydrogen bonds for ostarine in the oab plane

Table 3.2: Geometry of hydrogen bonds for ostarine (A, ©)

D-H..A D-H H.A DA <(D-H...A)
02-H...N3 0.820 1.999 2.816 174.9
N2-H...03 0.860 2.430 3.168 1443

In the case of the andarine structure, there are two hydrogen bonds, namely:
N1-H...04, which binds a pairs of two molecules together, these pairs are in further linked
to other pairs by the O3-H...O1hydrogen bonds. This arrangement continues further and
in this way the molecules are interconnected through an infinite network (Fig. 3.5b and
table 3.3). The supramolecular structural unit for andarine consists of two molecules that
are connected to each other by the N1-H...04 hydrogen bond forming a R?% (22) type
heterosynthon (Fig. 3.5a). These synthons are connected to each other by bifurcated O3-
H...O1 bonds, forming a three-dimensional network, four such interconnected synthons
visualized along the oc direction are shown in Figs. 3.5b.

Table 3.3: Geometry of hydrogen bonds for andarine (A, )

D-H..A D-H H.A D..A <(D-H...A)
03-H...01 0.820 2.091 2.908 174.15
N1-H...04 0.860 2.115 2.922 156.09
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(b)

Figure 3.5: Highlighting of heterosinton R%(22) for andarine (a);
Supramolecular view along the oc direction(b)

The experimental X-ray powder diffraction patterns and simulated from single
crystals are very similar, which shows that the single crystals are representative for the
powders from which they were obtained. The packing over an extended domain of
ostarine, which shows a larger number of molecules in the crystal, highlights the fact that
the crystal structure has voids in the form of a parallelogram with an angle of 98.47° (Fig.
3.6).

Figure 3.6: Highlighting crystal voids along the ob axis in Os
As it was not possible to grow suitable crystals from the ostarine polymorph, Os-P1 for
single crystal X-ray diffraction experiment, the solution of the crystal structure by powder
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diffraction was approached, the results obtained being given in table 3.4 and the
comparison between the experimental X-ray diffraction patterns and calculated is shown
in Fig. 3.7.

Powder Refinement: Rwp = 6.93% Rwp(w/o bck) = 14.21% Rp = 4.88%

H | | !
il 1 )

i ioa i A SR
— . Juna SV S AV i

Figure 3.7: Comparison of the experimental pattern with the calculated one

Calculation of CLP lattice energy

Lattice energies for ostarine, andarine and the ostarine polymorph Os-P1 are shown
in table 3.5. The formation of the polymorph due to heating led to a less energetically
stable crystal structure than the starting ostarine, having a lattice energy of -128.4 kJ/mol
compared to the starting sample (-149.4 kJ/mol).

Table 3.5: CLP energies (kJ/mol)

Structure Ecoul Epol Edisp Eat Erep Eat
Os -60.7 -48.9 -1445 -251.1 106.3 -149.4
Os-P1 -13.0 -56.8 -180.1 -249.9 121.6 -128.4
AND -76.9 -75.0 -206.8 -357.7 109.1 -249.7

Ecoul: Coulombic term; Epol: polarization; Edisp: dispersion; Eatt: attraction; Erep:
repulsion; Elatt: CLP crystal lattice energy

4. Structural, spectroscopic and theoretical studies of
sodium (2-carbamoylphenoxy) acetate salt

The (2-carbamoylphenoxy) sodium acetate salt, with the chemical formula
CoHsNNaO4 (Scheme 4.1), produced under the name of algamon [39], is the salt of the
active substance of o-carbamoyl-phenoxyacetic acid, used for its analgesic activity [40].
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Scheme 4.1: Molecular scheme of algamon

The crystal structure of algamon was determined by single crystal X-ray diffraction
(Table 4.1) and its supramolecular characteristics were investigated [41].

Table 4.1: Basic crystallographic data for algamon

Compound algamon
Empirical formula|CssHzsNsNasO17
Molecular weight |886.63
Temperature/K 293
Crystal system  |[triclinic
Space group P-1

alA 10.85
b/A 13.62
c/A 13.85
a/® 103.77
B/ 103.72
v/° 100.06
Volume/A3 1873

Zz 4
Peatcg/cm® 1571

Because there are four Na cations and four o-carbamoyl-phenoxyacetic acid (CBA)
molecules in the unit cell, they were overlapped to highlight the differences between them
(Fig. 4.1). It can be seen that three of the four molecules have similar configuration, one
of them being slightly different.
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&q p 057,029, 015
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Figure 4.1: Overlap of the four molecules that form the asymmetric unit
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Sodium cations are coordinated with oxygen atoms, three Na atoms are six
coordinated and one Na atom is five coordinated. By omitting the sodium cations in the
structure, it is observed that the crystal structure can be reduced to three R% (18) type
synthons connected by the N-H...O and O-H..O hydrogen bonds between the(2-
carbamoylphenoxy) acetate anions (Fig. 4.2).
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Figure 4.2: Supramolecular synthons and centroid positions (Cg) in the cell

Hirshfeld analysis for all four CBA and water molecules revealed that the strongest
interactions are hydrogen bonds, which contribute to the formation of supramolecular
syntones and the interactions between oxygen atoms and Na cations.

Being the salt of an active substance in the group of salicylic acid derivatives,
namely o-carbamoyl-phenoxyacetic acid, it is interesting to investigate the influence of
hydrochloric acid on the structure of sodium salt.
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Figure 4.3: X-ray diffraction (a), FT-IR (b); Raman (c) spectra for algamon before
and after treatment with 1: 1.1 molar ratio between salt and HCI

From Fig. 4.3a, it can be seen that after the hydrochloric acid treatment a new
structure was obtained and there are no traces of the starting material at all. Vibration data
(both FT-IR and Raman) indicate the transformation of the sodium salt into the
corresponding acid: the appearance of new bands in the IR spectra, at 1713 and 3210
cml, assigned C=0 and OH that come from the vibrations of the -COOH group (Fig.
4.3b) and the displacement of the asymmetric stretching vibration of CO2 at a higher
frequency after the formation of COOH (from 1684 to 1729 cm™) [42].

5. Solid forms of the diuretic compound: 4-chloric salicylic acid-
5-sulfonamide

Pharmaceutical solids are used as polymorphs, salts, hydrate solvates and cocrystals
[43]. Each crystalline form for a particular pharmaceutical compound has unique
properties such as bioavailability and solubility [44]. A molecular cocrystal consists of at
least two different solid compounds, which form a crystal structure [45].

4-Chloric salicylic acid-5-sulfonamide (CSAS) is used in the synthesis of
xipamide, a diuretic compound [46, 47]. It has been shown that 4-chloric salicylic acid-
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5-sulfonamide and its derivatives are compounds that have diuretic properties [48, 49].
The current study focuses on the ability of 4-chloric salicylic acid-5-sulfonamide to form
multicomponent crystals, such as hydrates, cocrystals, and polymorphs.

The crystalline structures of two different hydrates (2-hydrate and 3-hydrate in Fig.
5.1b), a cocrystal with benzoic acid, (4-cocrystal in Fig. 5.1¢), a multicomponent structure
with 4,4 'bipyridine and 1,4 dioxane (5-multicomp from Fig. 5.1d) and four polymorphs
(Polymorph 1, 2, 3, 4 in Fig. 5.1a) were determined by X-ray single crystals diffraction.
[50, 51]. The newly formed materials were also characterized by X-ray powder
diffraction, FTIR spectroscopy and lattice energies were analyzed. The four polymorphs
were also investigated by DSC thermal analysis and characterized in terms of
intermolecular interactions by Hirshfeld surfaces.
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(c) 4-Cocrystal
CSAS:C7H60; (1:1) (d) 5-Multicomp
CSASZC10H3N2:C4H302 (1115)
Figure 5.1: Chemical schemes of investigated solid forms

The above-mentioned solid forms were obtained by several crystallization
processes: parallel crystallization with different temperature regimes and solvent
mixtures, grinding followed by recrystallization by slow evaporation. Hydrates were
obtained in a solution of methanol (2-hydrate) and acetone solution (3-hydrate). In the
case of cocrystals, the initial compound was mixed with benzoic acid and 4,4 'bipyridine
as coformer in a 1:1 stoichiometric ratio. The solvent used was methanol for 4-cocrystal
and 1,4 dioxane for 5-multicomp. Also, the 4-cocrystal form was successfully obtained
by mechanochemistry using ball grinding technique, and a few drops of methanol as
activating agent, at a frequency of 27 Hz for 60 minutes. Suitable single crystals of
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polymorph 1, which is the start compound, were obtained in methanol, polymorph 2 in
ethyl acetate, polymorph 3 in 2-butanone and polymorph 4 in 5-methyl-2-hexanone.

Crystal structures analysis

The most important structural results obtained from the crystal structures of the
eight solid forms are presented in table 5.1.

Table 5.1: Crystal structure data for the eight solid forms studied.

Compound Polymorph 1 Polymorph 2 Polymorph 3 Polymorph 4
Empirical formula |C;HgCINOsS C;HsCINOsS C;HsCINOsS C;HsCINOsS
Molecular weight [251.64 251.64 251.64 251.64
Temperature/K 293 293 293 293

Crystal system monoclinic tetragonal monoclinic monoclinic
Space group P2./c P4/n P2,/c P2,/c

alA 9.53 19.87 5.48 9.27

b/A 6.08 19.87 9.68 7.47

clA 16.11 5.33 17.75 17.38

a/° 90 90 90 90

pre 95.43 90 94.90 130.49

v/° 90 90 90 90
Volume/A3 929 2108 939 916

z 4 8 4 4

peateglem® 1.797 1.586 1.780 1.824
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Table 5.1 (continued): Crystal structure data for the eight solid forms studied.

Compound 2-hydrate 3-hydrate 4-cocrystal 5-multicomp
Empirical formula|C;HgCINOgS |C;HsCINOsS C14H1,CINO;S C21H2,CIN;0,S
Molecular weight [269.65 269.65 373.76 495.92
Temperature/K  |293 293 293 105

Crystal system monoclinic  |orthorhombic monoclinic monoclinic
Space group P2,/c Pbca P2:/n P2:/n

alA 9.23 11.81 6.74 9.71

b/A 8.07 6.83 31.43 17.40

c/A 14.91 25.68 7.47 12.77

a/® 90 90 90 90

pre 107.45 90 91.11 93.41

y/° 90 90 90 90
Volume/A3 1061 2074 1582 2157

z 4 8 4 4

Peatcg/cm® 1.688 1.727 1.568 1.527

The purity of the solid forms obtained and the fact that the crystal structures
determined from single crystals are the same as the crystal structures of the powders from
which they came was made by comparing the experimental X-ray patterns with those
simulated based on CIF files from single crystals. We present (Fig. 5.2) this comparison
only for polymorph 1 and the cocrystal with benzoic acid (4-cocrystal).
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Figure 5.2: Comparison between experimental
polymorph 1 and 4-cocrystal
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All these polymorphs form supramolecular assemblies through the N-H...O and
O-H...O hydrogen bonds. Polymorphs 2,3 and 4 form R% (8) synthons types through
mutual O-H...O carboxyl-carboxyl bonds. The centroids of these synthons are placed in
special positions such as on the faces (0, %, %), the center of the cell (%2, ¥, %), on the
edges (0, 0, ¥2) and on the corners (0 0 0). We exemplify the description of the crystal
structure for polymorph 3.

The crystal structure of polymorph 3 can be described by a structural unit consisting
of two molecules connected by reciprocal O1-H1...02 carboxyl-carboxyl hydrogen
bonds forming a R?»(8) ring motif. The two constituent molecules of the unit are linked
by the inversion operation, with the centroid at (0 0 0). In the elementary cell there are
two such blocks linked by the symmetry operation 21/c. One unit has its centroid located
at (0, 0, 0) and the second at (0, %%, ¥2) (Fig. 5.3). The two supramolecular assemblies are
connected by the N1-H1A...O3 hydrogen bond between the N1 nitrogen of the amide and
the hydroxyl of the phenyl ring.

Figure 5.3: R%(8) ring motifs placed in special positions in polymorph 3

It is interesting to note that polymorphs 1, 2 and 4 are enantiomers of the same type,
while for polymorph 3, the amide group is the mirror image of polymorphs 1, 2 and 4.
Thus, by recrystallization in 2-butanone (polymorph 3), a single enantiomer was
separated from the racemic molecules (Fig. 5.4).

Figure 5.4: Molecular overlap: polymorph 1-red, polymorph 2-green, polymorph
3-blue, polymorph 4-purple
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In multi-component crystals, supramolecular assemblies are formed via O-H...O
and N-H...O hydrogen bonds. The centroids of these structural units are placed in special
positions. For example the solid 2-hydrate form has the positions (%2, %, %2) and (%2, 0, 0),
the solid 3-hydrate form (%2, ¥, %), the benzoic acid cocrystal in (*2 %2 0) and (%2, ¥, %)
and the cocrystal-solvate in the positions (%2, %2, %), on the boc face (0, %2, %2), and on the
oa-axis (¥, 0, 0). We exemplify the description of the crystal structure for the compound
4-crystal.

The compound 4-crystal has a stoichiometric ratio of 1:1 CSAS:benzoic acid. The
basic structural unit consists of a CSAS molecule and a benzoic acid molecule linked by
reciprocal O1-H1..06 and O7-H7A...O2carboxyl-carboxyl hydrogen bonds. This
structural unit consisting of CSAS and benzoic acid is approximately planar, except for
oxygen O5 and nitrogen N1 in the sulfonamide group, having RMSD=0.06. This
structural unit exhibits z...w stacking interactions with another unit identical and parallel
to the first, the distance between the two being 3.50 A and forming a supramolecular
assembly centered at the special position (%2, %, %) of the space group P21/n (Fig. 5.5).
The neighbouring supramolecular assemblies are centred at the (1, 0, %) and (0, 1, %2)
positions and are connected to each other by N1-H1A...04 hydrogen bonds.

Figure 5.5: Elementary cell packing scheme of compound 4-crystal

A remarkable feature is that, 2-hydrate and 5-multicomp compounds are
enantiomers of the same type, whereas, 3-hydrate and 4-crystal are enantiomers of
different types (Fig. 5.6). The 3-hydrate and 4-crystal compounds are the mirror image of
the 2-hydrate and 5-multicomp compounds. Through the recrystallisation process it is
possible to separate the two types of enantiomers from the racemic molecules.

Figure 5.6: Molecular superposition of CSAS molecules, other structural
components being omitted
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Calculation of lattice energies

The partitioned lattice energies detailed in Table 5.2 show that dispersion energies
are the dominant components in all crystal structures. The starting material (polymorph
1) and the other polymorphs show considerably higher total and partitioned lattice
energies (in absolute value) compared to the multi-component structures.

Table 5.2: Lattice energies

Ecoul: Coulombic term; Epol: polarization; Edisp: dispersion; Eatt: attraction;
Erep: repulsion; Elatt: CLP crystal lattice energy

Structure Ecoul Epol Edisp Eat Erep Elan
(kJ/mol) (kJ/mol) (kJ/mol)  (kJ/mol) (kJ/mol) (kJ/mol)

Polymorph 1 -19.9 -74.8 -137.1 -231.8 79.9 -151.9
Polymorph 2 -24.0 -69.4 -122.5 -215.9 69.6 -146.3
Polymorph 3 -26.5 -73.7 -132.1 -232.3 63.3 -169.0
Polymorph 4 -22.2 -76.3 -138.6 -237.1 71.2 -166.0

2-hydrate -19.5 -47.0 -78.5 -145.0 51.8 -93.3

3-hydrate -19.0 -46.7 -79.9 -145.6 475 -98.2
4-cocrystal -18.8 -43.8 -103.0 -165.6 53.7 -111.9
5-multicomp -15.0 -12.2 -51.1 -78.3 23.0 -55.3

DSC and FTIR analyisis

Polimorf 2 " Polimorf 4

DSC [mWI

Polimorf 1

Polimorf 2

Polimorf 3

endo <—————>=exo

Polimorf 4

300 400 500 600
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Figure 5.7: DSC curves of polymorphs 1, 2, 3 and 4

The DSC calorimetric analysis of the four polymorphs shows that polymorphs 1
and 3 are pure, no residual solvent can be observed, they show a single endothermic
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melting signal followed by decomposition (Fig. 5.7). In the case of polymorph 2 a solid-
solid phase transition was observed, after which polymorph 2 becomes polymorph 1. The
DSC curve of polymorph 4 reveals three low-intensity exothermic signals between 360-
500 K, possible due to residual solvent removal (boiling point of 5-methyl-2-hexanone is
417 K).

By IR analysis, specific bands were assigned to functional groups and at the same
time the formation of new solid forms proved by X-ray diffraction was confirmed.

Hirshfeld and fingerprint analysis shows that O-H...O hydrogen bonds play the
most important role in the crystal stability of the polymorphs, which can be seen from the
high percentages of O...H/H...O contacts. On the other hand, polymorph 2 has much larger
di and de distances than the rest of the polymorphs (these values exceed 2.8 A), resulting
in a lower packing efficiency, a result also obtained from the evaluation of the CLP lattice
energies.

6. Copper complexes with sulphonamides

The continuous demand for new anti-cancer drugs stimulates chemotherapeutic
research based on the use of less toxic metal compounds with better antiproliferative
activity against tumors [52], thus a large number of chemicals are known to have
biocatalytic activity in vitro, stimulating different enzymatic processes. Among these
chemicals, copper-coordinated compounds exhibit dismutase activity or nuclease activity
depending on the type of ligand present. Although many studies have been done, metal-
containing drugs are rare.

We have dealt with the following copper complexes with sulphonamides:

L1: 4-Methyl-N-(5-(4-methylphenyl)-1,3,4-thiadiazol-2-yl)benzenesulfonamide
(Ci6 His N3 02 S2)

C1: Cu (II) [Cu(L)2(Py)2(H20)] (HL = 4-Methyl-N-(5-(4-methylphenyl)-1,3,4-
thiadiazol-2-yl)benzenesulfonamide) (C42 Har Cu Ng Os Sg4)

C2: [Cu(L1)2(py)2] (HL= N-(5-(4-methoxyphenyl)-[1,3,4]-thiadiazole—2-yl)-
toluenesulfonamide)

C3: [Cu(L2)2(py)-2(H20)] (HL= N-(5-(4-methylphenyl)-[1,3,4]-thiadiazole-2-
yl)-benzenesulfonamide) (Cao Has Cu Ng Os Sa)

C4:  bis(5-(4-methoxyphenyl)-2-((2-naphthylsulfonyl)imino)-1,3,4-thiadiazol-
3(2H)-y I)-bis(pyridine)-copper(11) (Cas Hzs Cu Ng Os Sa)

C5: (5-(4-methoxyphenyl)-2-((2-naphthylsulfonyl)imino)-1,3,4-thiadiazol-
3(2H)-yl)- bis(1,10-phenanthroline)-copper(ii) 5-(4-methoxyphenyl)-2-
([(naphthalen-2-yl)sulfonyl]imino)-2H-1,3,4-thiadiazol-3-ide methanol solvate
(Ca3 H3o Cu N7 O3 Sz *,C19 Hia N3 O3 S2 7,1.25(C H4 O)

C6: Cu(N-(5-(4-methylphenil)-[1,3,4]-thiadiazole-2-yl)-
toluenesulfonamidate)4] ((CHs) 2NH2*)2 (CesH72CuN1408Ss)
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The crystal structures for L1 and the six complexes were determined by
single crystal X-ray diffraction and the most important results are shown in Table

6.1.
Table 6.1. Most important crystallographic data
Structure L1 C1 Cc2 C3
Empirical formula | CigH1sN302S; | Ca2Ha1CUNgOs Sa|CaaH20CuUosN204S7| CaoH3sCuNgOsS4
Molecular mass 345.44 929.63 472.29 899.32
Temperature/K 293 293 293 293
Crystal system Triclinic Monoclinic Triclinic Monoclinic
Space group P-1 Cc P-1 Cc
alA 6.56 15.09 7.91 15.09
b/A 10.65 21.79 12.25 21.79
c/A 13.53 13.13 12.77 13.13
o/° 67.59 90 112.06 90
p/re° 88.55 103.37 94.61 103.37
v/° 72.13 90 108.82 90
Volume/A3 828 4205 1058 4205
A 2 4 2 4
PealcMg/mm? 1.432 1.468 1.482 1.468
Structure C4 C5 C6
Empirical formula Ca4H16CU0.5N,05S, Hi“&':g;‘:_'\if;fé;%) Ca2H20CUosN;04S,
Molecular mass 507.33 1256.47 472.29
Temperature/K 293 293 293
Crystal system Monoclinic Triclinic Triclinic
Space group P2i/n P-1 P-1
alA 12.72 14.44 7.91
b/A 7.98 14.58 12.25
c/A 22.11 15.30 12.77
o/° 90 94.04 112.06
p/e 96.64 106.46 94.61
v/° 90 109.38 108.82
Volume/A® 2231 2867 1058
4 4 2 2
PealcMg/mm?® 1.513 1.486 1.482
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Ligand L1 and complex C1

Figure 6.1: Ortep diagram of compound L1 (a) and complex C1 (b) with non-
hydrogen atoms represented as thermal ellipsoids

In C1, the Cu2* ion is five-coordinated, forming a CuN4O chromophore. The
ligand acts as a monodentate, coordinating the metal ion through a single N-thiadiazole
atom. Molecules in the reaction medium (pyridine and water) are also involved in the
coordination of the Cu* ion. Complex | has a slightly distorted square pyramidal geometry
[53].

Complexes C2 and C3

c12 ¢t

Figure 6.2: Molecular structure for complex C2 (a) and C3 (b)

The crystal structure for the C2 complex shows that the Cu(ll) ion is four
coordinated and the chromophore type is CuN4. The Cu(ll) ion is centrosymmetrically
bound to two deprotonated ligands and two pyridine molecules in a square planar
geometry. Each ligand coordinates the metal ion through a thiadiazole N atom, with
average Cul-N1 bond distances 1.961A. The crystal structure of the C2 complex consists
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of monomer units linked by stacking interactions between the aromatic rings of the
pyridine molecules (average ring spacing being 3.731A) [54].

In the C3 complex, the coordination geometry of the metal ion is slightly
deformed from the square-pyramidal geometry. Intermolecular n-m interactions between
pyridine and the benzene ring in the same molecule and pyridine molecules and the
toluene ring in adjacent molecules contribute to the stabilization of the C3 complex. The
C3 complex is stabilized by strong and weak hydrogen bonds involving the hydrogens of
the water molecule and Nsulfonamide, Ntniadiazole @nd the hydrogen atoms of the benzene ring
with atoms corresponding to the sulfonamide group.

Compelxes C4 and C5

Molecular structures and crystallographic numbering schemes are illustrated in Fig.
6.3a for the C4 complex respectively Fig. 6.3b for complex C5.

= W
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Figure 6.3: Molecular structure of C4 complex (a) and C5 complex (b)

The crystal structure of the complex C4 shows that the copper atom is four times
coordinated and the chromophore type is CuN4. The copper atom is centrosymmetrically
bonded to two deprotonated L ligands, plus two pyridine ligands in a square planar form.
Each L ligand coordinates to the metal through the N atom of the thiadiazole, with Cul-
N1 spacings of 1.977 A [55].

The C5 complex is five coordinated in a CuNs chromophore. The coordination
geometry of the central metal is in the form of a slightly distorted square pyramid.
Equatorial bonds are shorter, ranging from 2,009 A to 2,065 A. The N4 equatorial plane
consists of one nitrogen atom from the deprotonated sulfonamide (Nthiadiazole) and two
nitrogen atoms from the 1,10-phenanthroline group (Nfen).
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Complex C6
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Figure 6.4: Molecular structure of the C6 complex

The molecular structure and crystallographic numbering scheme of the C6 complex
is illustrated in Fig. 6.4. The crystal structure of the complex contains a CuNa4 entity in a
square plane geometry. In this complex, the Cu(ll) ion is coordinated by four ligand
molecules. Each ligand acts as a monodentate and coordinates the metal ion through an
Nihiadiazole atom of the thiadiazole ring [56].

General conclusions

1. Single crystals of five boldenone-based compounds were obtained by
recrystallization in solutions and their crystal structure was determined: boldenone base,
two polymorphs of boldenone acetate, boldenone propionate and boldenone cypionate.
Boldenone base and boldenone propionate crystallize in the monoclinic system, P21 space
group while the polymorphs of boldenone acetate and boldenone cypionate crystallize in
the orthorhombic system having space group P2:2121. The supramolecular network of
boldenone base is characterized by infinite O-H...O chains of hydrogen bonds along the
oc axis and C-H...O and C-H...H-C interactions between the chains, while the lattices of
Ba, Bal, Bp, Bc are aggregated by a combination of C-H...O and C-H...H-C interactions.
These intermolecular contacts were visualized by means of Hirshfeld surfaces and the
calculation of the lattice energies shows that dispersive interactions predominate the
structures. The molecular conformation of six and five membered rings of each compound
was determined.

2. Single crystals were obtained for two trenbolone esters, and their crystal structure
was solved by single crystal X-ray diffraction: trenbolone acetate and
hexahydrobenzylcarbonate crystallize in the monoclinic crystallographic system, space
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group P21. Trenbolone acetate has a rare structure in the sense it has four molecules in
the asymmetric unit whereas trenbolone hexahydrobenzylcarbonate contains only one
molecule in the asymmetric unit. The third structure, namely enanthate trenbolone, since
no suitable single crystals could be obtained, was resolved by powder diffraction and
belongs to the space group P21 with two molecules in the asymmetric unit. The crystal
structure of the unesterified trenbolone form is characterized by strong O-H...O hydrogen
bonds arranged in chains along the oz-axis, while the supramolecular arrangements in the
esterified forms, Tren Ac, Tren Hex, Tren En are stabilized by C-H...O and C-H...n
interactions. Based on the asymmetry parameters, it is shown that the steroid skeleton
rings are found in various envelope conformations, but strongly distorted except for Tren
Hex. Analysis of Hirshfeld surfaces, fingerprint diagrams and CLP lattice energies shows
that lattice stability is based on dispersion interactions.

3. Two polymorphs of drostanolon propionate were grown by recrystallization and
their crystal structures were determined by single crystal X-ray diffraction, both
belonging to the monoclinic system. The one obtained from ethanol solution has the space
group P21 and the one from acetone the rare space group 12. Since no single crystals could
be grown for the starting compound, its crystal structure was determined from powders
resulting in the orthorhombic space group P212:21. From the fingerprint, Hirshfeld
diagrams and lattice energy analysis it appears that the most important contributions to
the lattice energies are made by the H...H, O...H/H...O contacts. The six-membered rings
adopt a chair conformation while the five-membered rings have an envelope
conformation.

4. Single crystals of the compounds ostarine and andarine were grown and their
crystal structure was determined by single crystal X-ray diffraction resulting in ostarine
having a monoclinic crystallographic system, space group P21 and andarine being
tetragonal with the rare P42212 space group. A polymorph of ostarine was obtained by
heating the starting compound at 125°C. This phase transformation was evidenced by
DTA thermal analysis. The formation of this polymorph was confirmed by X-ray powder
diffraction and the crystal structure of this polymorph was also determined and the space
group was determined to be P2:. IR analysis showed that this compound is a polymorph
and not another solid form (hydrate, solvate). The supramolecular assemblies in the
crystals are formed by N-H...O and O-H...O hydrogen bonds. An interesting structural
feature for ostarine is that it exhibits significantly sized tunnel-shaped voids. By CLP
analysis it appears that the newly formed polymorph is less stable.

5. Sodium (2-carbamoylphenoxy) acetate salt belongs to the space group P-1 of the
triclinic system, Z=2. The asymmetric part of the unit cell consists of four (2-
carbamoylphenoxy) acetate molecules. Three Na* ions are surrounded by six O atoms
and one Na* ion is surrounded by five O atoms. The average distance Nal*...O and
Na2*...0 is 2.47 A, while Na3*...0 is 2.43 A and Na4*...0 is 2.49 A. Supramolecular
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packing of the four (2-carbamoylphenoxy) acetate molecules is achieved by hydrogen
bonds and a variety of intermolecular interactions forming R%(18) and R?(8) synthons.
It has been established by IR, Raman spectroscopy and X-ray diffraction that following a
treatment with hydrochloric acid, the sodium is removed from the crystal structure and
results a new compound.

6. Eight solid forms of the diuretic compound 4-chloro salicylic acid-5-
sulfonamide, of which four multicomponent structures: two hydrates, one cocrystal with
benzoic acid and one cocrystal-solvate with 4,4'-bipyridine plus 1,4-dioxane and four
polymorphs were obtained by parallel recrystallization. Crystal structures were
determined by single crystal X-ray diffraction technique and in addition, structural
characterization was performed by X-ray powder diffraction on and FT-IR. The total
crystal lattice energy, was calculated and it was observed that multicomponent structures
are less stable compared to polymorphs. For the two hydrates, the molecular assemblies
are connected by N-H...O and O-H...O hydrogen bonds. The benzoic acid cocrystal has
the molecule bonded to the benzoic acid in a 1:1 stoichiometric manner via O-H...O
carboxyl-carboxyl hydrogen bonds, forming an RZ(8) homosyntons. The
multicomponent cocrystal-solvent system is stabilized by a combination of C-H...O and
N-H...O hydrogen bonds between the solvent, 4,4 'bipyridine and the starting compound.

In the case of polymorphs, the thermal behavior was further investigated by DSC
analysis. The supramolecular assemblies in the case of polymorphs are stabilized by a
combination of O-H...O, C-H...O and N-H...O hydrogen bonds. By means of strong
carboxyl-carboxyl O-H..O hydrogen bonds, three of the polymorphs form
centrosymmetric dimers containing R?(8) motifs. Hirshfeld surface analysis was used to
reveal additional details about intermolecular interactions in polymorphs.

7. A ligand and six copper complexes with sulfonamides which have
antiproliferative activity against cancer were synthesized and recrystallized. Their crystal
structures were determined by single crystal X-ray diffraction. The ligand crystallizes in
the triclinic system, P-1 space group with one molecule in the asymmetric unit. Four of
the complexes also belong to the triclinic system, space group P-1 with two molecules in
the elementary cell; two of the complexes crystallize in the monoclinic system, space
group Cc with four molecules in the elementary cell and one of the complexes belongs to
space group P21/n also having four molecules in the unit cell. In three of the complexes
the copper Cu?* ion has coordination four and for other three complexes the copper
coordination is five.

In total, crystal structures for 30 biologically active compounds/solid forms were
determined and characterized by diffractometric, spectroscopic, thermal and
computational methods.
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