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GENERAL OVERVIEW OF THE THESIS
Introduction

Active pharmaceutical ingredients, API, may exist in different solid forms such as
amorphous phases, polymorphs, cocrystals, salts and hydrates/solvates without changing their
intrinsic chemical structures.® Each solid form exhibits different physicochemical* and
pharmacokinetic® properties. Molecular salts and cocrystals in the past decade have been a
focus of attention as valuable forms of active pharmaceutical ingredients with the potential to
improve physicochemical and pharmacokinetic properties.

A clear understanding of the intermolecular interactions between the molecules in the
solid state, in terms of their geometry and energy, is crucial for the design of new
pharmaceutical solid forms. Together with experimental methods,®™® various theoretical
approaches* ! have been suggested to minimise the costs of experimental efforts and
introduce a «virtual filter» for the selection of an appropriate coformer.

Correlations between physicochemical parameters of cocrystal or molecular salt
former (host molecule) and coformer (counter ion), such as melting point, solubility, are not
straightforward due to the multi-component nature of the cocrystals and molecular salts.
However, the results obtained in the present research and by other authors suggest that
normally correlations may be formed and hold well for a given API within a series of similar
(or, better, homological) rows of coformers.? This allows applying cocrystallization approach
and crystal engineering principles not only to obtain crystalline forms of active
pharmaceutical ingredients with improved physicochemical properties, but also forms with
desirable properties using knowledge-based selection of appropriate coformers or counter

ions.
Aim, Tasks and Thesis Statements to Be Defended
The aim of the research is to develop new multi-component pharmaceutical solids,

cocrystals and molecular salts with desirable physicochemical properties by applying

theoretical and experimental crystal engineering approaches.



To achieve the aim, the following tasks are proposed:

To perform experimental cocrystallization screening of pentoxifylline with a set of
selected coformers capable of forming hydrogen bonded heteromolecular dimers with
the graph RZ (7).

To accomplish experimental cocrystal screening with in silico screening by means of
free crystal lattice energy calculation, to estimate the relative stability of hypothetical
pentoxifylline cocrystals using FlexCryst program suite.

To study and characterise physicochemical properties and their correlations in
pentoxifylline cocrystals with different analytical methods.

To apply crystal engineering principles to generate novel diltiazem, sildenafil and
propranolol molecular salts with altered physicochemical properties.

Using single crystal X-ray diffraction technique, to study crystal and molecular
structures of multi-component crystals, to identify driving forces of cocrystallization

by analysis of intermolecular interactions.

Thesis statements to be defended:

1.

The crystal engineering principles allow synthesizing multi-component crystal solids
— cocrystals and molecular salts — with desired physicochemical properties.

The theoretical calculations of free crystal lattice energy allow accurately predicting
cocrystal formation probability and reducing the cost of experimental efforts.

The correlation of cocrystal or molecular salt and coformer physicochemical
properties allows obtaining cocrystals and molecular salt with desired
physicochemical properties (melting point and solubility) by choosing the appropriate

coformer.

The Scientific Novelty and Main Results

The obtained new multi-component crystal forms of pentoxifylline, diltiazem and
propranolol have altered solubility and may present a potential alternative to extended-
release drug formulations.

In parallel with experimental cocrystallization methods, the theoretical in silico

screening has been used to predict potential crystal structures.



The free energy of experimental and hypothetical crystal structures has been
calculated using FlexCryst program to estimate their relative stability. The results of
experimental screening match very well with theoretical calculations of cocrystal
stability.

It has been demonstrated that a crystal engineering approach is a useful tool for
preparation of new multi-component crystals of pentoxifylline, diltiazem, sildenafil

and propranolol with desired physicochemical properties.

The Practical Significance of the Research

. In total, 18 new crystalline forms of pentoxifylline, diltiazem, sildenafil and
propranolol have been obtained.

. In silico screening offers reliable approach for cocrystal prediction and allows
reducing the costs of experimental efforts.

. Experience obtained in in silico prediction of cocrystal formation has suggested a
general condition, AG > -3 kJ/mol (AG — difference between the sum of free lattice
energy of coformers and free lattice energy of cocrystal), for acceptance of predicted
structures as feasible.

Correlation between the melting points of pentoxifylline cocrystals and cocrystal
coformers found in the present research can be used for new cocrystal design with a

specified melting point.
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MAIN RESULTS OF THE THESIS
Cocrystals of Pentoxifylline: In Silico and Experimental Screening

Cocrystallization is a flourishing research field with direct application in the
pharmaceutical industry.® Pharmaceutical cocrystallization represents a promising approach
to generate novel crystal forms. In the past decade, cocrystals have been a focus of attention
as valuable active pharmaceutical ingredients (APIs) with the potential to improve
physicochemical* and pharmacokinetic® properties. The most challenging property of newly
discovered forms is the change in solubility of cocrystals in comparison with the pure
components. Cocrystals can provide higher or lower solubility compared to the API. For
poorly soluble compounds synthesis of cocrystals may be an effective approach for improving
their solubility.’®?° Together with experimental methods,®*® various theoretical
calculations*'’ have been suggested to minimise the costs of experimental efforts and
introduce a «virtual filter» for the selection of an appropriate coformer already in a very early
stage of research. The theoretical approaches are mainly based on the comparison of
thermodynamic characteristics (free energy, enthalpy, electrochemical potentials etc.) of pure
compounds vs cocrystals. The supramolecular synthons were also considered as a driving
force for cocrystallization; they play an important role while planning the cocrystallization
strategy.?* 2

The present research presents the results of experimental search for nonselective
phosphodiesterase inhibitor®* pentoxifylline (pen) cocrystals accomplished with theoretical
calculations of free energy to get benefits from both approaches. The set of coformers under

investigation includes carboxylic acids and L-ascorbic acid in order to form supramolecular

R; (7) hydrogen-bonded (H-bonded) heteromolecular dimmer between imidazole and

carboxylic group during cocrystallization (Figure 1).
O-H._ &
N
Carboxylic acid <\ P& 3 Imidazole
0---H 1\{

Figure 1. Representative H-bonded heteromolecular dimmer with the graph R; (7).

Six new cocrystals have been obtained during the research, namely, (pen) with aspirin

(asa), salicylic acid (sa), benzoic acid (sa), furosemide (fur), as well as (fur) cocrystal
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hydrate and acetone cocrystal solvate. The (fur) cocrystal acetone solvate has been excluded
from further investigations due to unacceptable ingredient acetone. The PXRD patterns for
initial materials and (pen)(asa) cocrystal obtained by different synthetic methods are shown
in Figure 2. As it follows from the superposition of starting powder diagrams the neat
cogrinding does not result in a new solid after 40 minutes of grinding. Whereas the products
from liquid assisted cogrinding and slow solvent evaporation give the same new PXRD

patterns, indicating the appearance of a new solid.

Slow solvent evaporation

Liquid-assisted cogrinding

Neat cogrinding

Experimental

Relative intensity

Aspirin

Relative intensity

Calculated

Pentoxifylline

2 14 26 2@(0) 38 2 14 26 2@(0) 38

Figure 2. Comparison of PXRD patterns of ~ Figure 3. Experimental (red) and calculated®

the starting materials and products obtained (blue) PXRD patterns of (pen)(asa).
by different synthetic methods.

The calculated X-ray diffraction pattern of (pen)(asa) solid and experimental pattern
of liquid assisted cogrinding and slow solvent evaporation products are equivalent (Figure 3).
In the same way the (pen)(sa) and (pen)(ba) cocrystals were obtained using neat and liquid
assisted cogrinding and slow solvent evaporation experiments and confirmed with PXRD.
The (pen)(fur), (pen)(fur) hydrate, (pen)(fur) acetone solvate cocrystals were obtained in
liquid assisted cogrinding and slow solvent evaporation experiments and PXRD confirmed

cocrystal formation.

In Silico Screening and Calculations of Cocrystal Stability

To clear up the results of experimental screening, our investigations have been
accomplished with the theoretical estimation of cocrystal stability. Following the approach
suggested in ref.?8, the feasibility of cocrystal formation is linked with the parameter AG —

difference between the sum of free lattice energies of pure components (Gari + Gcr) and free
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lattice energy of cocrystal Gee. As the output of FlexCryst program crystal lattice energy G is
expressed in kJ/mol per molecule, the sum of free lattice energies of the components has to be
divided by the number of molecules in the asymmetric unit of the elementary cell of the
cocrystal. AG for two-component cocrystals of (pen) with 1:1 stoichiometry can be
calculated:

AG = 1/2 (Gpen) + Ger) — Gec.

The results of the stability calculations are listed in Table 1. According to ref.?® the
formation of a cocrystal is recognized as preferable if AG > 0 kJ/mol. It has also been noted
that a more general criterion for cocrystal formation would be AG > -3 kJ/mol, which takes
into account the accuracy of the method evaluated as + 3 kJ/mol. This criterion will be helpful

for further examination of cocrystals, which still can be recognized as possible.

Table 1. The Results of In Silico Screening for Cocrystals of Pentoxifylline

Refcode?’ Gexp, min, Cocrystallization Gexp, min (*Gpred), Gsum AG,
(coformer) kJ/mol result kJ/mol kJ/mol kJ/mol
ACSALA (asa) -93.17 |(pen)(asa) v -134.24 -132.02 | 222 |V
SALIAC(sa) —78.71 |(pen)(sa) v -124.65 12479 | -0.14 |V
BENZAC(ba) —77.96 |(pen)(ba) v —-122.47 12442 | -1.95 |V
—125.62" 1.20 |V
FURSEM(fur) ~193.95 |(pen)(fur)®® v -190.18 -182.41 771 |V
AMBNAC((aba) —120.75 |(pen)(aba) X -135.19" -145.85 |-10.66 | X
AMSALA(as) —128.53 |(pen)(as) X -140.117 -149.67 | -9.56 |X
CINMAC(ca) —90.96 |(pen)(ca) X ~125.46" -130.92 | -5.46 | X
NICOAC(na) —79.25 |(pen)(na) X ~117.47" -125.06 | -7.59 | X
DLMAND(hpa) -87.17 |(pen)(hpa) X -122.31" -129.06 | -6.75 | X
SIKLIH(dic) -146.71 |(pen)(dic) X ~148.99" -158.79 | -9.80 | X
LASCAC(laa) -82.24 |(pen)(laa) X -118.117 -126.51 | -8,40 | X

Abbreviations used in Table 1: the preferred cases are marked with v/, possible — v/,
cases of unsuccessful cocrystallization — X, asa — aspirin, sa — salicylic acid, ba —
benzoic acid, fur — furosemide, aba — p-aminobenzoic acid, as — p-aminosalicylic acid, ca
— cinnamic acid, na — nicotinic acid, hpa — 4-hydroxyphenylacetic acid, dic — diclofenac,
laa — L-ascorbic acid. The predicted G values of hypothetical cocrystals are marked with the
asterisk; lattice energy of triclinic polymorph of (pen), Gexp, min = —170.87 kJ/mol.

In total, the results of experimental and in silico screening of cocrystals match very

well. Cocrystals of (pen)(asa) and (pen)(fur) have been detected as preferable according to
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criterion AG > 0 kJ/mol, (pen)(sa) and (pen)(ba) as possible, according to criterion AG > -3
kJ/mol. Other cocrystallization experiments that failed were considered unfavourable. It
ensures both the completeness of experimental attempts and correctness of theoretical
calculations of lattice energy. For (pen)(ba), which has four independent molecules in the
asymmetric unit (2:2 stoichiometry), the energy of hypothetical cocrystal with 1:1
stoichiometry has also been estimated. These data marked with asterisk are listed in Table 1.
As one can see, more “equilibrated” 1:1 structure would get somewhat (~3.2 kJ/mol) lower

lattice energy and with positive AG can be considered as preferable.

The Results of Single Crystal X-ray Analysis: Pentoxifylline Aspirin Cocrystal

Cocrystals of (pen)(asa) are triclinic, space group P1 with one pair of (pen) and (asa)

molecules in the asymmetric unit (Figure 4). It contains supramolecular heterosynthon with

graph-set R%(7) (Figure 5).

Figure 4. ORTEP-3?° drawings of the Figure 5. The structure of (pen)(asa)
asymmetric unit of the (pen)(asa) cocrystal cocrystals showing supramolecular synthon
ShOWing the atom-numbering scheme. with graph-set R22 (7) (Mercury CSD 31125)

The atoms forming the synthon lie in one plane with a maximum deviation of 0.052 A
from the least-square plane. To decide whether (pen)(asa) is a cocrystal or a salt, three factors
have been taken into consideration:* 1) ApKa [ApKa = pKagase) — PKaacia)]; 2) C-O and C=0
bond length of (asa); 3) C2-N3-C4 angle in (pen). The ApKa value —3.21 for (pen)(asa)
implies cocrystal formation.2® C-O and C=0 bond length of (asa) are 1.216(3) and 1.314(4)
A, respectively, indicating that (asa) exists as a neutral molecule. Finally, the C2-N3-C4
angle in (pen) is 103.7(2)°, smaller in comparison with that of the protonated methyl

xanthines.*? Moreover, according to the difference synthesis of electron density, a hydrogen
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atom was located on a carboxylic group and refined in isotropic approximation. So, all three
considerations unambiguously confirm that (pen)(asa) solid is a cocrystal. m—m stacking
interactions have been found in the cocrystals: one interaction takes place between purine
systems of (pen) with centroid—centroid distance 3.49 A. The second n—x stacking interaction
IS between purine systems of (pen) and benzene rings of (asa) with centroid—centroid distance
3.72 A. The dihedral angle between least-square planes of purine system of (pen) and
benzene ring of (asa) is 15.3°.
From the crystal structure data obtained in the present research it can be seen that 5-

oxohexyl group in (pen) is flexible and adopts different positions in known crystal structures.

Physicochemical Properties of Pentoxifylline Cocrystals and Their Correlations

It is a well-established fact that cocrystals have altered physicochemical properties in
comparison with those of APIs and coformers. According to statistics obtained on the basis of
available examples 51 % of cocrystals have melting points between those of API and
coformer and 39 % have lower than those of API and coformer.® Table 2 summarises some
physicochemical properties of (pen) cocrystals, APl and coformers measured in the present
research. As follows from Table 2, the melting points of (pen)(asa), (pen)(sa) and (pen)(ba)
cocrystals are lower than those of APl and coformers. For (pen)(fur) cocrystal the melting
point lies between melting points of API and coformer.

In our case (pen) is very well soluble in water. According to measured values (Table
2) (pen) cocrystals exhibit much lower solubility than APIl. The pentoxifylline, when
administrated orally, is rapidly absorbed and eliminated from the body within 1-2 hours.
Therefore, it is commercially available in the form of sustained-release tablets. Modified
chitosan and alginate-based scaffolds aimed to improve pentoxifylline release properties are
described.3* In the present research the solubility has been varied by employing a cocrystal-
engineering approach. On the other hand, solubility of coformers is much improved, including
furosemide, which is a diuretic drug with low solubility. The influence of hydrate formation
on thermal behaviour and aqueous solubility of (pen)(fur) cocrystal, as can be seen in Table
2, is insignificant.

Examination of solid phase after solubility experiments shows that in case of
(pen)(asa) the precipitate contains a mixture of (asa) and cocrystal. In the rest of the cases
solid phase precipitate contains only initial cocrystals.
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Table 2. Physicochemical Properties of (pen) and (pen) Cocrystals

Melting point, °C Water solubility, mg/ml
Cocrystal | ApKa (pen) | CF CC | (pen)| CF CC (pen)?
(pen)(asa) | —3.21 142 84 460 | 464+1.3 | 28.2+0.8
(pen)(sa) | —2.51 158 98 224 | 8.6x14 5.7+1.0
(pen)(ba) | —3.80 121 91 7 340 | 102+0.6 | 7.1+0.4
106 0.64 0.29
(pen)(fur) | -3.97 206 161 0.0724 10.030 10,014
(pen)(fur) 0.61 0.27
H,0 -3.97 206 160 0.0724 10.017 £0.007°

CC = cocrystal, CF = coformer;

4Concentration of (pen) in (pen)(asa) solution;
bConcentration of (fur) in (pen)(fur) solution is 0.35+ 0.016;
¢ Concentration of (fur) in (pen)(fur) solution is 0.32 + 0.009.

The search for correlation between melting points (MP) of coformers and cocrystals, a
topic actively discussed over the past years, can provide simple rules for rational coformer
choice in design of cocrystals with desirable thermal properties.®*>% For AMG 517 (vanilloid
receptor 1 antagonist) substance, a 78 % correlation between melting points of cocrystal and
coformer has been found.® Strong correlation of 81 % between melting points has been

observed for 2-acetaminopyridine cocrystals.3®

220 = 200
f(x) = 0.7044x - 4.046 E 00

¥ 180 R*=0.8679 - 3 f(x) = 0,5766x + 78,339
- o — =175 R?=0,9995 & (pen)(asa)
s 3
£ 140 - 2 2,150 1 H (pen)(sa)
g e @ This work g A (pen)(ba)
= 100 - Q/,—;‘ @ Literature data 2125 © (pen)(fur)
5 ° - ¢
= . 100 ’ ’ ’ ’ . ’

60 70 90 110 130 150 170 190

100 120 140 160 180 200 220 240 260 280

MP of coformers, °C -G (coformer), kJ/mol
Figure 6. Melting onset (pen) cocrystals Figure 7. Correlation between free lattice
versus coformer. energies of coformers and (pen) cocrystals.

However, for cocrystals of diclofenac with substituted pyrazoles, pyridines and
pyrimidines no direct correlation between melting points of individual components and
cocrystals has been found.®” These examples show that to some extent a design of cocrystals
with desirable thermal properties can be possible only within a definite series of coformers.

In the present research a very good correlation (86 %) has been achieved already for
4 (pen) cocrystals (data marked in red in Figure 6). The correlation coefficient kept the value
even after including the already mentioned® data on cocrystals of pentoxifylline with the
other aromatic carboxylic acids (marked in blue). The correlation within sets of cocrystals and
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coformers for a given APl becomes even more pronounced if we consider the free lattice
energies of cocrystals of pentoxifylline: R? rises to 0.9995 (Figure 7). At the same time, it is
important to note that the correlation is kept just within the set of structurally similar

coformers for a given API.

Diltiazem, Sildenafil and Propranolol Molecular Salts: Crystal Engineering and

Physicochemical Properties

The present research also describes the design, preparation and physicochemical
properties of pharmaceutical molecular salts of diltiazem, sildenafil, and propranolol with
selected carboxylic acids.

The diltiazem (dil) is benzothiazepine calcium antagonist and has been marketed for
the treatment of cardiovascular disorders.® The (dil) base is very slightly soluble®®; therefore,
it is used in the form of diltiazem hydrochloride, which is freely soluble in water. The (dil) is
commercially available in the form of immediate-release tablets and extended-release
capsules. Extended-release formulations allow compensating a short elimination half-life of
diltiazem (3.2 £1.3h)* and high solubility of diltiazem hydrochloride which is 565 mg/ml.*2
There are some reported attempts to develop sustained-release tablets of (dil) hydrochloride
by the use of polyethylene oxide/polyethylene glycol polymeric matrices*® or modified guar
gum matrix.** All mentioned facts imply that crystal forms of diltiazem with lower solubility
would be preferable for inclusion into formulation. In the present research, the crystal
engineering approach®*" has been applied to prepare crystalline diltiazem molecular salts
with lower aqueous solubility.

Sildenafil (sil) improves penile erections in men with erectile dysfunction by
selectively inhibiting cGMP-specific phosphodiesterase type 5.#4° Sildenafil in citrate form,
marketed as Viagra®, is the first effective oral drug for the treatment of sexual dysfunctions
introduced by Pfizer and approved by US Food and Drug Administration.®*! Two-
component drug solid in the form of a cocrystal of (sil) with aspirin (asa) has been recently
published.®® Formation of (sil)*(asa)™(sa) cocrystal salt has also been suggested on the basis
of powder diffraction study and other physicochemical methods.®® Since (sil) is
contraindicated for men suffering from cardiovascular diseases, the rationality of the (sil)(asa)
combination is based on the fact that the (asa), having an anti-platelet activity, is commonly
prescribed as a long-term preventative agent for combating heart attack and stroke.® So far as
(sa) is an active metabolite of (asa) the arguments for rationality of (sil)(asa) and (sil)*(asa)”
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(sa) compositions, given in the article,>® can be readily transferred to (sil)*(sa)~ solid
presented in the present research.

Propranolol (pro) is the oldest non-toxic,>® non-cardioselective [-adrenergic
antagonist or simply p-blocker.>** The (pro) is used in the treatment or prevention of many
disorders including acute myocardial infarction, arrhythmias, angina pectoris, hypertension,
hypertensive emergencies, hyperthyroidism, migraine, pheochromocytoma, menopause, and
anxiety.®®>® The API has been marketed as hydrochloride salt and available as injections,
tablets and capsules. The highest strength of orally administrated form is 160 mg: it is
available as extended-release capsules. The (pro) is very slightly soluble, so it is used as
hydrochloride form, which is freely soluble in water. The aqueous solubility of (pro)
hydrochloride is 197.8 mg/ml. This means that formulations with lower solubility in
comparison with hydrochloride form are desirable. In the present research, the crystal
engineering by means of preparation of (pro) molecular salts has been employed to obtain
crystal forms with lower aqueous solubility. Previously, the polysaccharide chitosan has been
used to develop sustained-release preparations of (pro)®°.

The (dil) base has been obtained from diltiazem hydrochloride and used in synthesis
of molecular salts: diltiazem acetylsalycilate hydrate (1:1:1), or (dil)*(asa)”, diltiazem
nicotinate, or (dil)*(nia)", and diltiazem L-malate, or (dil)*(mal)"; Figure 8 a) shows the

general formula.

+ -

N
—

/

H AN

Figure 8. Chemical formulas: (a) (dil) molecular salts, (b) (sil)*(sa)", and (c) (pro) molecular

salts; A" represents the organic anion.

The method reported herein has allowed preparing and characterising (dil) base as
crystalline substance; this has been confirmed by both powder and single crystal X-ray
diffraction. The (sil) base has been prepared from sildenafil citrate hydrate, and used in
(sil)*(sa)~ molecular salt synthesis (Figure 8 b). Propranolol base has been obtained from
propranolol hydrochloride. Six (pro) dicarboxylic acid molecular salts have been obtained in
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stoichiometric ratios 1:1 and 2:1 using (pro) base and corresponding acid. General formula is
shown in Figure 8 c.

The formation of the (dil) and (pro) salts in solvent has been confirmed by nuclear
magnetic resonance (NMR). NMR *H spectra show the changes in chemical shifts in respect
of those in pure base spectrum.

The PXRD patterns of the new (dil) molecular salts are depicted in Figure 9 in
comparison with the PXRD patterns of the initial compounds. The powder patterns of the

products show no reflections from initial compounds, indicating complete reactions.

)A 'I'I Diltiazem L-malate
M Diltiazem nicotinate

Diltiazem acetylsalicylate hydrate

A " L-Malic acid
Niacin
o MM
Aspirin
P N SN

Relative intensity
T T T T T I T T T T T T T T T T 17T

S \[

—

‘ “ “ l Diltiazem
- Diltiazem HCI
o ey Dt
2 10 20 30 40
20 [°]

Figure 9. The experimental PXRD patterns for initial compounds and products obtained after

recrystallization.

The PXRD patterns of the new (pro) molecular salts are depicted in Figures 10-12 in
comparison with the PXRD patterns of the initial compounds, namely oxalic acid (oxa),
fumaric acid (fum), and maleic acid (mal). The powder patterns of the products show no

reflections from initial compounds, indicating complete reactions.
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Figure 10. PXRD patterns of starting Figure 11. PXRD patterns of starting
powders in comparisson with PXRD of powders in comparisson with PXRD of
(pro)*(oxa) 1:1 and (pro)*(oxa) 2:1. (pro)*(fum) 1:1 and (pro)*(fum) 2:1.

(pro)”(male)”

Relative intensity

2 14 26 26(°) 38
Figure 12. PXRD patterns of starting powders in comparisson with PXRD of (pro)*(male).

The Results of Single Crystal X-ray Analysis

Diltiazem molecular salts

In all crystal structures, the seven-membered ring adopts a twisted boat conformation.
Most flexible fragment in the diltiazem cation is N,N-(dimethyl)ethylamino group. The C4—
N1-C19-C20 torsion angle characterising the group’s orientation with respect to a
heterocycle assumes different values: —101.4(4) for (dil), —68.7(5) for (dil)*(asa)”, 107.4(3)
for (dil)*(nia)” and 107.9(6) for (dil)*(mal)". Crystal packing of (dil) structure is stabilised
exclusively by van der Waals interactions. Asymmetric units of crystal structures are

presented in Figure 13.
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(dil)*(nia)~ (dil)*(mal)~
Figure 13. The structures of (dil) and (dil) salts (Mercury CSD 31.1%).

In (dil)*(asa)™ organic ions are linked both directly by N-H---O hydrogen bond. Water
molecule is connected to anion with the help of one O-H--O type hydrogen bond. In
(dil)*(nia)~ structure by means of a strong hydrogen bond organic ions are assembled in
heterodimers. In (dil)*(mal)~ structure four hydrogen bonds form two dimensional networks
perpendicular to the unit cell ¢ axis.

Sildenafil base and salicylate

Melnikov et al., in the study of the physicochemical properties of sildenafil citrate and
base, presented the powder X-ray diffraction pattern of the sildenafil base and calculated the
crystal lattice parameters of (sil) base.%° However, the three-dimensional crystal structure of
the (sil) base was not determined. In the present research, the crystal structure determination
of (sil) base (sil)*(sa)” has been performed.

The (sil) base crystallizes in the monoclinic system, space group P2i/c (Z = 4) (see
Figure 14 (left)), while (sil)*(sa)™ crystallizes in the triclinic system, space group P1 (Z = 2)

with sildenafil cation and salicylate anion in the asymmetric unit (see Figure 14 (right)).
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Figure 14. The structures of (sil) (left) and (sil)*(sa)™ (right) showing hydrogen bonds as
green dashed lines (Mercury CSD 31.1%).

Methylated N atom of piperazine fragment is the most basic one (pKa = 8.7)! and most
suitable to form hydrogen bond. Experimentally proved proton transfer from (sa) (pKa =
2.8)% to the N-methylated piperazine of sil (producing N-H---O type intermolecular hydrogen
bond, du.-a = 2.626(3) A) confirmed salt formation. There are also N-H---O and O-H---O
intramolecular bonds found in (sil) and (sa) moieties, respectively. There are some short
intermolecular C—H---O contacts in the crystal structure of (sil) base, which can be
characterised as weak hydrogen bonds with electrostatic or mostly electrostatic nature.

For convenience of comparing the conformations of (sil) moieties in different crystal
structures, the author of the research denotes the pyrazole, pyrimidine, phenyl, and piperazine
rings in the (sil) molecule by capital letters A, B, C, and D, respectively, and introduces a
torsion angle T ((N2-C1-C18-C19), Figure 14 and Figure 15) to characterize the orientation
of a propyl group.

Figure 15. Chemical formula of (sil) shows torsion angle t, discussed in the present research.

Geometrical parameters listed in Table 3 show that the (sil) molecule (or cation) is
built from a rigid central core fragment consisting of a m-conjugated system of

pyrazolopyrimidone and phenyl rings. In twenty one out of the total twenty-four crystal
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structures, listed in Table 3, a dihedral angle (A+B)/C assumes the values less than 10°. The
largest deviation from planarity has been observed in (sil)* saccharinate (methanol clathrate)
(1:1:1) with (A+B)/C angle of 36.7°. The values of the dihedral angle C/D hit in a narrow
interval from 71.0° to 89.9°. This means that a bulky methylpiperazine-sulfonyl fragment has
limited rotation freedom with respect to the central core fragment. In all the structures studied,
the etoxy group lies in the plane of phenyl ring. The only flexible part of the molecule is the
propyl group, which can adopt three different positions. For 10 crystal structures, the propyl
group lies close to the (A+B+C) plane with t angles within £10°. In 12 cases, the propyl
group is turned out of the (A+B+C) plane and situated on the same side as the
methylpiperazine fragment and in 2 cases — on the side opposite to the methylpiperazine

moiety.

Table 3. Selected Dihedral and Torsion Angle of (sil) Moiety in New and Reported Crystal

Structures
Structure (A+B)/C, °|C/D, ° T, °©

(sil) base 5.6 89.8 | —135.4(4)
(sil) adipic acid cocrystal (1:1)3 8.8 71.4 | —75.2(3)
(sil) pimelic acid cocrystal (1:0.5)° 9.5 72.2 | -81.4(2)
(sil) suberic acid cocrystal (1:0.5)3 4.8 75.2 | —-0.6(3)
(sil) sebacic acid cocrystal (1:0.5)° 7.6 74.4 | —77.7(5)
(sil) (asa) cocrystal (1:1)°! 4.4 76.9 |  -5(1)
(sil)*(sa)” (L:1) 27 | 811 -151(3)
(sil)* citrate hydrate (1:1:1)52 11.6 81.3 | 78.6(8)
(sil)* saccharinate (1:1)%° 2.4 78.4 | —20.1(5)
(sil)* saccharinate (dihydrate clathrate) (1:1:2)% 3.0 85.8 | —6.9(4)
(sil)* saccharinate (ethanol clathrate) (1:1:0.5)% 3.0 859 | 8.7(3)
(sil)* saccharinate (methanol clathrate) (1:1:1)% 36.7 75.6 | —77.7(6)
(sil)* saccharinate (dimethylsulfoxide clathrate) (1:1:0.5) 2.7 86.3 | 8.6(9)
(sil)* saccharinate (nitromethane clathrate) (1:1:1)% 2.8 87.6 | —10.3(4)
(sil)* saccharinate (pyrrolidone clathrate) (1:1:0.5)% 2.6 85.4 | —10.3(6)
(sil)* saccharinate (formamide clathrate) (1:1:1)% 3.1 85.6 | —8.5(3)
(sil)* saccharinate (1,4-dioxane clathrate) (1:1:0.5) 2.3 86.8 | —11.1(3)
(sil)* saccharinate (ethylene glycol clathrate) (1:1:0.5)%° 3.1 845 | -6.1(3)
(sil)* saccharinate (dimethylformamide clathrate) (1:1:1)% 2.4 86.3 | 8.6(2)
(sil)* saccharinate (acetonitrile clathrate) (1:1:1)% 2.9 86.3 | 9.6(2)
(sil)* oxalate (1:0.5)° 6.6 67.9 | 96.9(2)
(sil)* fumarate hydrate (1:1:3)° 27.4 89.9 | -124.1(2)
(sil)* succinate (1:1)° 3.4 74.27| —3.0(6)
(sil)* glutarate (1:0.5)° 7.0 71.0 | —92.8(9)
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Geometrical analysis of twenty-four crystal forms of (sil) has revealed conservatism of
(sil) molecule (or cation) to conformation changes except for propyl group. The “rigidity” of
the molecule is aimed by intramolecular hydrogen bond found in all crystal structures.

Sometimes insufficient quality of the multi-component crystals and, therefore,
accuracy of the X-ray experiment prevent from the assignment of the structure to a salt or
cocrystal. In contrast to the paper,® where a decision on whether the (sil)(asa) solid is a salt
or a cocrystal has been drawn from ATR-IR and ®N CP-MAS NMR spectroscopy, in the
present research the proton transfer has been proved by difference electron density
calculations and refinement of the hydrogen positions.

The crystal structure determination of (sil) base allows for the inspection of the
correctness of the powder diffraction indexing of (sil) as published by Melnikov® et al. The
theorethical diffraction pattern calculated from atomic coordinates of (sil) is consistent with
the experimental powder diffraction pattern published in ref.® Unfortunately, the lattice
parameters of (sil) as calculated in ref.%’ (a = 8.66, b = 34.27, ¢ = 8.93 A, f = 96.63°,
V =2632.5 A% are far from the correct values giving a wrong calculated crystal density of
1.18 g/cm? instead of the correct value of 1.30 g/cm?.

Propranolol molecular salts

Oxalic acid (oxa) is the simplest diprotic organic acid; the salt is formed when (oxa)
and (pro) in stoichiometry 1:1 (acid salt) or 2:1. Figure 16 illustrates the crystal structure of
(pro)*(oxa) 1:1 and (pro)*(oxa) 2:1.

(pro)*(oxa)~ 1:1 (pro)*(oxa)™ 2:1
Figure 16. The structures of (pro)*(oxa)” 1:1 and (pro)*(oxa)™ 2:1 (Mercury CSD 31.1%).

The crystal structure of (pro)*(oxa)” 1:1 is stabilised by intermolecular hydrogen
bonds. In the structure, there are three acidic hydrogens and one hydrogen of the hydroxyl
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group; all these hydrogens take part in formation of strong hydrogen bonds. The hydroxyl
group forms hydrogen bond with oxygen of hydrogenoxalate anion. The carboxyl group
forms very strong O—H---O hydrogen bonds with oxygen atom of another anion. By means of
this bond the anions generate chains along monoclinic axis with graph set C(5) in accordance
with the classification of hydrogen-bond motifs in crystals.5 The amino group of (pro) gives
N-H---O type hydrogen bond with hydrooxalate oxygen. The second hydrogen of the
protonated amino group forms bifurcated hydrogen bond of N-H---O type.

It should be noted that the crystal structure of (pro)*(oxa) 1:1 is chiral (space group is
P2,), albeit this salt is obtained from (pro) racemate and achiral oxalic acid. This means that
the substance of (pro)*(oxa)  1:1 is a racemic mixture of left and right enantiomorphous
crystals. It gives an opportunity for obtaining the enantiopure compounds manually.

Unlike of (pro)*(oxa) 1:1 the salt of (pro)*(oxa) 2:1 crystallizes in achiral space
group P2i/c. Figure 16 shows crystal structure of (pro)*(oxa)  2:1. In this structure, the
doubly charged oxalate anions are in special positions (centers of inversion), but the (pro)
cations lie in general positions. The conformation of the cation differs from that in
(pro)*(oxa)” 1:1. The intramolecular C-H---O hydrogen bond of (pro)‘(oxa)” 1:1 is not
strong enough for conservation of the cation conformation.

In the crystal structure of (pro)"(oxa)  2:1 hydrogens of O—H and N-H groups of
(pro)* form strong intermolecular hydrogen bonds with the oxalate anions.

Figure 17 gives crystal structure of (pro)*(fum)~ 2:1. It leads to structure disorder; the
values of the occupation g-factor for disordered oxygen atoms of hydroxyl groups are equal to
0.5 (see Figure 17). The doubly charged fumarate anions lie in special positions (centers of
inversion). The hydroxyl groups of the cations generate hydrogen bonds with the fumarate

oxygen; N—H group forms hydrogen bond with another anion.
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(pro)*(fum) 2:1 (pro)*(fum)~ 1:1
Figure 17. The structures of (pro)*(fum) 2:1 and (pro)*(fum)~ 1:1 (Mercury CSD 31.1%).

In the crystal structure by means of these hydrogen bonds, the chains are generated
along crystallographic direction [1 0 0]. Unlike (pro)*(oxa)™ structures in (pro)*(fum)  2:1,
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there is a weak n-n stacking interaction between pairs of inversion-related naphthyl rings; the
distance between the naphthyl planes is 3.541(3) A.

Acid salt of (pro)*(fum)  1:1 represents propranolol fumarate and fumaric acid
cocrystal in the concrete. In the crystal structure, both fumaric acid molecule and fumarate
anion are in the special positions (see Figure 17). Propranolol anions lie in the general
positions. The hydroxyl group of (pro)* forms strong hydrogen bond with oxygen of anion;
N-H group gives hydrogen bond with O atom of another cation, but another N—H group
forms hydrogen bond with oxygen O atom of another anion. This oxygen atom takes part in
very strong O—H---O type bond with carboxyl group of fumaric acid molecule (see Table 17).
The above-mentioned hydrogen bonds form the two-dimensional nets parallel to the
crystallographic plane (1 0 0) in the crystal structure.

Unlike oxalic and fumaric acids, the maleic acid® practically is monoprotic acid
(Figure 18). It gives salt with propranolol in stoichometry 1:1. Figure 18 shows a fragment
of the crystal structure of (pro)*(male) 1:1. The (pro) cation and maleate anion are in general
positions in the crystal structure. The O—H and two N—H groups form strong hydrogen bonds

with three maleate anions.

Figure 18. The structures of (pro)*(male)~ (Mercury CSD 31.1%).

Physicochemical Properties of Molecular Salts

Diltiazem molecular salts

It is a well-established fact that salts have altered physicochemical properties in
comparison with API and salt former. Table 4 summarises some physicochemical properties
of diltiazem and its salts. As follows from the table, melting point of (dil)*(asa)~ is lower than
those of API and salt former. This may be attributed with the presence of water molecule in
crystal structure, which is not connected by strong hydrogen bonds with the rest of the

structure; therefore, solvated structures have lower melting points in comparison with the

25



unsolvated ones. Melting point of (dil)*(nia)~ lies between melting points of API and salt
former, but melting point of (dil)*(mal)~ is higher than those of API and salt former. This

habit may be explained by formation of extensive two-dimensional networks perpendicular to
the unit cell ¢ axis.

Table 4. Physicochemical Properties of (dil) and (dil) Salts

Melting point, °C Water solubility, mg/ml
Salt | ApKa i T acid salt @l | acid | salt @iy
@nHcl | - — 212214 — | 5657 519
(dil)*(asa)y” | 5.46 134-136 | 86-89 a6 | 1B 12.82
o5 0478 1026 | +017
N ' 3538 | 27.28
(dily'(nia) | 674 | 107 | 236-237 [109-112 | 0019 | 18 | % | 228
.+_ 1285 73.29 5538
(dil)*(mal)- | 5.33 o | 152-155 sss | 50 | 2%

“Concentration of (dil) in salt solution

As it has already been mentioned, the (dil) as hydrochloride salt is freely soluble but
(dil) base is insoluble in water. According to the measured values (Table 4), molecular salts
obtained within the present research exhibit much higher water solubility than pure API and
lower than of (dil)-HCI.

Propranolol molecular salts

Among all binary systems, (pro)"(fum)~ 1:1 showed the lowest solubility of 5.2 mg/ml
(see Table 5). As expected, (pro)"(male)~ exhibit the highest solubility because of the
highest solubility of the maleic acid.

17 i [,\
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140 150 160 170 180 190
Melting onset of molecular salts, °C

Figure 19. Solubility as a function of molecular salt melting point.
Generally, the (pro) molecular salts with dicarboxylic acids exhibited a 40-85 fold
increase in the aqueous solubility of (pro) compared to (pro) base and a 25-54 fold decrease
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compared to highly soluble (pro) hydrochloride (see Table 5). A relatively low correlation
has been found between solubility and the melting points of salts. In addition, a better
correlation is achieved if we consider melting onset as the function of solubility S (not logS)®
(see Figure 19).

The solubility of binary system may be affected by the factors such as interactions in
the crystal structure, melting point, solubility of counter ion and particle size and morphology.
This should be noted: the concentration of counterion in testing solutions is 2 times lower for

salts with stoichiometry 2:1.

Table 5. Physicochemical Properties of (pro) and (pro) Salts

Salt Melting point, °C Water solubility, mg/ml
(pro) | acid salt (pro) | acid salt (pro)”
(pro)-HCI _ | 163-164 - 312'28 * | 2804+54
(pro)*(oxa) 1:1 190 175-182 98 | 9.1+£0.01 | 6.8+0.01
(pro)*(oxa) 2:1 92.93 190 185-191 | 0.13 | 98 | 11.7+0.2 | 10.0+0.1
(pro)*(fum) 1:1 282 172-175 | +£0.06 | 7 76+0.2 52+0.1
(pro)*(fum) 2:1 282 185-189 7 8.2+0.2 6.7+0.1
(pro)*(male)” 144 146-149 441 i%a 11.0+0.3

* Concentration of (pro) in salt solution

Here it has been demonstrated that the selection and crystal engineering of
molecular salts of target molecule lead to altered physicochemical properties,
especially aqueous solubility. Further studies should include the determination of
dissolution rates. However, the results obtained so far show promising properties of
(pro) salts for the preparation of extended-release formulations.

CONCLUSIONS
1. Experimental and in silico screening of pentoxifylline with series of pharmaceutically

acceptable carboxylic acids, having aromatic fragment, has resulted in discovery of six

novel cocrystals with the general formula and characteristic H-bonded

heteromolecular dimmer with the graph R; (7) :
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Crystal structures of new cocrystals have been approved by single crystal X-ray
diffraction technique.

. The results of experimental screening mach very well with theoretical calculations of

cocrystal stability. Crystal structure prediction using FlexCryst software has explained
why other hypothetic cocrystals have not been observed experimentally.

Experience obtained in in silico prediction of cocrystal formation has suggested a
general condition, AG > -3 kJ/mol (AG — difference between the sum of free lattice
energy of coformers and free lattice energy of cocrystal), for acceptance of predicted
structures as feasible.

Strong correlation between the melting points of pentoxifylline and coformers have
been detected. However, it has been suggested that correlations hold well only for a
given active pharmaceutical ingredient within a series of similar rows of coformers.
Crystal engineering principles have been applied to molecular salt generation of
cardiovascular drugs diltiazem, sildenafil and propranolol. New salts have altered
melting points and aqueous solubility as compared to pure substances.

Pharmaceutical molecular salts of diltiazem with aspirin, niacin and L-malic acid have

been synthesized and their general formula is:

0
S
g %
N
0o
//N+ A
AN

Novel molecular salts exhibit 27-116 fold increase in the aqueous solubility of
diltiazem compared to diltiazem base and 9-40 fold decrease if compared to highly
soluble diltiazem hydrochloride. This promising result makes a good basis for further

development of extended-release formulations of diltiazem.

. Two-component drug solid comprising active pharmaceutical ingredients — sildenafil

and salicylic acid — has been prepared and described. In contrast to sildenafil-aspirin



complex (CrystEngComm 2014, 16, 32), which has been characterised as a cocrystal,
sildenafil-salicylic acid complex exists in a form of the molecular salt.

Pharmaceutical molecular salts of propranolol with a general formula as shown below
have been synthesized by treating with pharmaceutically acceptable dicarboxylic

acids:

oxﬁY

Novel propranolol molecular salts exhibit 40-85 fold increase in the aqueous
solubility of propranolol compared to propranolol base and 25-54 fold decrease
compared to soluble propranolol hydrochloride. It has been demonstrated that the
selection of appropriate multi-component solid state of target molecule leads to
desirable physicochemical properties, especially, aqueous solubility. Crystal structures
of new salts of diltiazem, sildenafil and propranolol have been confirmed by a single

crystal X-ray structure analysis.
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PROMOCIJAS DARBA VISPARIGS RAKSTUROJUMS

levads

Aktivas farmaceitiskas vielas (AFV), nemainot raksturigu kimisko struktiiru, eksisté
dazadas cietvielu formas: amorfas fazes, polimorfi, kokristali, sali, hidrati/solvati.'® Katrai
cietvielu formai raksturigas dazadas fizikalkimiskas* un farmakokinétiskas® ipasibas. Pédeja
desmitgade 1pasu ieveribu zinatnieku vidii guvusi molekularie sali un kokristali, jo ar to
palidzibu iesp&jams uzlabot AFV fizikalkimiskas un farmakokingtikas pasibas.

Starpmolekularas mijiedarbibas izpratne kristaliskas cietvielas, balstoties uz molekulu
geometriju un energiju, ir svariga iemana jaunu farmaceitisko cietvielu izstrade. Lidztekus
eksperimentalam metodém,®® kas pazistamas jau ilgaku laiku, izstradatas vairakas
teorctiskas aprékinu metodes,**!" lai samazinatu eksperimentalas izmaksas un izstradatu t. s.
«virtualo filtruy» atbilstosa koformé&ra meklgjumos.

Korelacija starp kokristalu/molekularo salu un to koforméru/salu veidotaju
fizikalkimiskam Tpasibam (piemé&ram, kuSanas punkts, $kidiba) nav viennozimiga kokristalu
un molekularo salu daudzkomponentas dabas d€]. Tacu rezultati, kas iegtti Saja darba un citu
autoru darbos liecina, ka korelacijas ir novérojamas, ja izmanto lidzigas vai homologiskas
koforméru rindas.® Sis secinajums, balstoties uz zina$anam par atbilsto$a koforméra vai sals
veidotaja izveli, lauj izmantot kokristalizaciju un kristalinZzenieriju, lai iegitu AFV

kristaliskas formas ar vélamam vai uzlabotam fizikalkimiskam ipasibam.
Darba meérkis, uzdevumi un aizstavésanai izvirzitas tézes
Darba mérkis ir sintez&t jaunas daudzkomponentu farmaceitiskas cietvielas,
kokristalus un molekularos salus ar v€lamam fizikalkimiskam ipasibam, izmantojot

teorétiskas un eksperimentalas kristalinzenierijas pieejas.

Darba mérka TstenoSanai izvirzitie uzdevumi

1. Veikt eksperimentalo pentoksifilina kokristalizacijas skriningu ar koformeériem, kas

spétu veidot R’ (7) heteromolekularos fidenraza saisu dimérus.
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Papildinat eksperimentalo kokristalizacijas skriningu ar in silico aprékiniem:
izmantojot FlexCryst programmattru, aprékinat kristaliska rezga brivo energiju, lai
novertétu hipotetisko kokristalu relativo stabilitati.

Noteikt un raksturot iegito pentoksifilina kokristalu fizikalkimiskas ipaSibas un to
korelacijas, izmantojot dazadas analitiskas metodes.

Izmantojot kristalinzenierijas principus, izstradat jaunus diltiazema, sildenafila un
propranolola molekularos salus ar velamam fizikalkimiskam 1pasibam.

Lai izprastu kokristalizacijas virzitajspekus, izmantojot rentgenstruktiiranalizes
metodi, noteikt jauno daudzkomponentu kristalisko cietvielu kristalisko un molekularo

struktiiru un analiz€t starpmolekularo mijiedarbibu.

Aizstaveésanal izvirzitas tézes

1.

Kristalinzenierijas principu izmantos$ana lauj mérktiecigi sintezet aktivo farmaceitisko
vielu daudzkomponentu kristaliskas cietvielas — kokristalus un molekularos salus —
ar vélamajam fizikalajam Tpasibam.

Eksperimentala skrininga izmaksas iesp&jams samazinat, veicot teorétiskos kristaliska
rezga brivas energijas aprékinus, kas lauj precizi prognozét kokristalu veido$anas
varbiitibu.

Kokristalu vai molekularo salu un koforméru fizikalkimisko ipasibu korelacija dod
iespeju iegit kokristalus un molekularos salus ar vélamajam fizikalajam 1paSibam

(kuSanas temperattiru un $kidibu), izveloties atbilstosu koforméru.

Zinatniska novitate un galvenie rezultati

Jaunam daudzkomponentu pentoksifilina, diltiazema un propranolola kristaliskam
formam salidzinajuma ar vienkomponentu cietvielam ir izmainita Skidiba. Tas rada
potencialu alternativu ilgstosas iedarbibas zalu formu iegiiSanai.

Paral€li eksperimentalam kokristalizacijas metodém veikts teorétiskais in silico
skrinings, lai prognozétu potencialas kristaliskas strukturas.

Lai novertétu eksperimentalo un hipotétisko kristalisko struktiiru relativo stabilitati,
izmantojot FlexCryst, aprékinata briva kristaliska rezga energija. Eksperimentala

skrininga rezultati sakrit ar kokristalu stabilitates teorétiskiem aprékiniem.
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Kristalinzenierija nodemonstréta ka veértigs riks jaunu pentoksifilina, diltiazema,
sildenafila un propranolola daudzkomponentu kristalisko vielu ar v&lamam

fizikalkimiskam pasibam izstrade.

Darba praktiska nozime

legiitas 18 jaunas pentoksifilina, diltiazema, sildenafila un propranolola kristaliskas

formas.

. Pieradits, ka in silico skrinings ir uzticams riks kokristalu prognozéSana un lauj

samazinat eksperimentala skrininga izmaksas.

. Pieredze, kas iegita in silico kokristalu prognozéSana, lava noteikt visparigu

nosacijumu: prognoz&ta struktiira ir iespéjama, ja AG > -3 kJ/mol (AG — starpiba
starp koformé&ru brivo kristaliska rezga energiju summu un brivo kristaliska rezga

energiju kokristalam).

. Korelacija starp pentoksifilina kokristalu un koforméru kuSanas temperatiiru, kas

noteikta Saja darba, var tikt izmantota, lai sintez€tu kokristalus ar nepiecieSamo

kuSanas temperatiiru.
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PROMOCIJAS DARBA GALVENIE REZULTATI
Pentoksifilina kokristali: in silico un eksperimentalais skrinings

Kokristalizacija ir zinatnes joma, kas p&d€jos gados strauji attistas, pateicoties tas
izmantosanai farmacijas industrija.'® Farmaceitiska kokristalizacija ir perspektiva nozare, kas
dod iesp€ju iegut jaunas aktivo farmaceitisko vielu (AFV) kristaliskas formas. P&dgja
desmitgadé kokristali ir uzmanibas centra, jo tie lauj iegit AFV formas ar uzlabotam
fizikalkimiskajam* un farmakokingtiskajam® Tpasibam. Lielakais izaicindjums ir iegiit
kokristalus ar labaku S$kidibu salidzinajuma ar pasu AFV. Pamata kokristalu $kidiba
salidzinajuma ar pasu AFV var bt labaka, sliktaka, un retos gadijumos ta nemainas. Tapec
slikti $kistoso AFV gadijumos un tad, kad salu ieguve nav iesp&jama, kokristalu sintéze var
izradities efektiva metode $kidibas uzlabosanai.'®?° Paraléli eksperimentalajam metodem,®*3
lai mazinatu eksperimentala darba izmaksas, attistas ari teorétiskie aprékini.!*1” Aprekinu
metodes, kas lautu prognozet iesp€jamos koform&rus, pagaidam ir paSa attistibas
sakumposma. Teorétiskie aprékini galvenokart balstas uz kokristalu (KK) un koforméru (KF)
termodinamiskajiem lielumiem (briva energija, entalpija, elektrokimiskie potenciali u. C.).
Janem vera ar1 dazadu Supramolekularo sintonu veidoSanas iesp&ja kristala, jo tie ir
Kokristalizacijas dzin&jspeki, tapec tiem ir loti svariga loma kokristalizacijas stratggija.? 23

Saja darba aprakstita pentoksifilina, neselektiva fosfodiesterazes inhibitora,?
kokristalizacijas skrinings, kas ir papildinats ar brivas kristaliska rezga energijas aprékiniem.
Koforméri, karbonskabes un L-askorbinskabe, ir izveleti, lai kristalizacijas laika starp

imidazolu un karboksilgrupu varétu veidoties R;(7) heteromolekularie tdenraza saiSu (H-

saiSu) dimeri (1. att.).

O-H.
N
Karbonskabe <\ )/\&— Imidazols
O---H 1\{

1. att. Heteromolekularie H-saizu diméri, ko apraksta cikliska R; (7) grafu kopa

Darba gaita iegiiti se$i jauni pentoksifilina kokristali ar aspirinu, salicilskabi,
benzoskabi, ka ar1 ar furosemidu, ta kristalhidratu un acetona solvatu. Kokristala acetona

solvata veidoSanas ir pieradita ar pulvera un monokristala rentgenstruktiiranalizi, tacu talak
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tas nav pétits, jo satur zalu formai nepiepemamo sastavdalu acetonu. Pulvera
rentgenogrammas (PXRD) izejvielam un pentoksifilina-aspirina kokristalam, kas iegiits,
izmantojot dazadas sintétiskas metodes, ir paraditas 2. att. Redzams, ka sausa kopsaberSanas
metode uzrada izejvielu superpoziciju, tas liecina par to, ka 40 mintSu laika jauna faze
neveidojas. Savukart kopsaberSana skidinataja klatbutn€ un 1€na $kidinataja iztvaikoSana

uzrada jaunas un savstarpé&ji vienadas PXRD, kas liecina par jaunas fazes veidoSanos.

8 Léna skidinataja iztvaikosana
N:
IS F g
ar Kopsaber$ana $kidinataja klatbaitng ok
EE =4
Sk Sausa kopsaber§ana % g
=t EE
& F . £
g Aspirins = Eksperimentala
g Z .
E Pentoksifilins Aprekinata
2 14 26 38 2 26 38
260(°) H 20(°)
2. att. Izejvielu un ar dazadam sintézes 3. att. Aspirina un pentoksifilina kokristala
metodém iegiito produktu PXRD eksperimentala (sarkana) un apréekinata®®
(zila) PXRD

Pentoksifilina-aspirina kokristala aprékinata PXRD ir ekvivalenta ar PXRD
savienojumam, kas iegiits, izmantojot kopsaber$anu $kidinataja klatbttné un lénu skidinataja
iztvaikosanu (3. att.). Tas norada, ka kokristals ir iegiits arT kvantitativi. Aprékinata PXRD ir
legiita, izmantojot atomu koordinates kristaliskaja §tna. Pentoksifilina-salicilskabes un
pentoksifilina-benzoskabes kokristali ir ieglti sausas kopsaberSanas, kopsaberSanas
Skidinataja klatbtitn€ un Iénas Skidinataja iztvaikoSanas rezultata, ko apstiprina attiecigas
PXRD. Pentoksifilina-furosemida kokristals, ka ar1 ta kristalhidrata un acetona solvata
kokristali iegtiti, izmantojot kopsaberSanu S$kidinataja klatbiitné un 1éno Skidinataja

iztvaikoSanu, kas arT apstiprinats ar attiecigam PXRD.

In silico skrinings un kokristalu stabilitates aprékinasana

Lai parbauditu eksperimentala skrininga rezultatus, petijumi papildinati ar kokristalu
stabilitates aprekiniem. Izmantojot pieeju, kas piedavata publicétaja raksta®®, kokristalu
veidosanas iesp&jamibu esam saistTjusi ar AG, kas ir izejvielu brivo kristaliska rezga energiju
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summas (Garv + Gkr) un kokristala briva kristaliska rezga energijas Gkk starpiba. FlexCryst
programmas izvaddati ir kristaliska rezga energija G, kas izteikta kJ/mol uz molekulu, tapec
izejvielu kristaliska rezga energija jadala ar molekulu skaitu kokristala kristaliska rezga
asimetriskaja vieniba. AG divkomponentu pentoksifilina (pen) kokristalam ar stehiometriju
1:1 aprékina $adi:

AG = 1/2 (G(pen) + Gkr) — Gkk.

Stabilitates aprekinu rezultati ir apkopoti 1. tabula. Saskana ar literatiiras datiem?®
kokristala veidoSanas ir energétiski izdeviga, ja AG > 0 kJ/mol. Aprékinu laika noskaidrojam,
ka, nemot véra metodes precizitati, kas novértéta ka +3 kJ/mol, jaizmanto visparigaks
kokristalu veidoSanas kritérijs AG > —3 kd/mol. Sis kritérijs izradija noderigs arT turpmakajos

kokristalu stabilitates aprékinos.

1. tabula. Pentoksifilina kokristalu in silico aprékinu rezultati

Atsauces kods?’ | Geksp, min, | Kokristalizacijas | Geksp, min ( Gprogn), | Gsumma, AG,
(koformeérs) kJ/mol rezultats kJ/mol kJ/mol kJ/mol
ACSALA (asa) | -93,17 |(pen)(asa) v —134,24 132,02 | 2,22 [V
SALIAC (sa) 78,71 |(pen)(sa) v 124,65 ~12479 | 0,14 |V
BENZAC (ba) | —77,96 |(pen)(ba) v 122,47 12442 | 1,95 |V
—125,62" 1,20 |V
FURSEM (fur) | —193,95 |(pen)(fur) v 190,18 “18241 | 7,71 |V
AMBNAC (aba)| -120,75 |(pen)(aba) | X ~135,19" ~145,85 |-10,66 | %
AMSALA (as) | —128,53 |(pen)(as) X ~140,11°7 149,67 | 9,56 | X
CINMAC (ca) | 90,96 |(pen)(ca) X 125,46 ~130,92 | 5,46 |
NICOAC (na) —79,25 |(pen)(na) X 117,47 -125,06 | -7,59 | X
DLMAND (hpa)| —87,17 |(pen)(hpa) | X ~122,31° 129,06 | -6,75 | X
SIKLIH (dic) 146,71 |(pen)(dic) X ~148,99° ~158,79 | 9,80 |
LASCAC (laa) -82,24 |(pen)(laa) X -118,11" -126,51 | -8,40 | X

1.tabula ar v* apziméti gadijumi, kad kokristalu veidoSanas ir izdeviga, v' — iesp&jama, X —
kokristalizacija nav izdeviga; saisinajumi: asa — aspirins, Sa — salicilskabe, ba —
benzoskabe, fur — furosemids, aba — p-aminobenzoskabe, as — p-aminosalicilskabe, ca —
kanglskabe, na — nikotinskabe, hpa — p-hidroksifeniletikskabe, dic — diklofenaks, laa —
L-askorbinskabe. Prognozeétas G vertibas hipotétiskiem kokristaliem ir atzimétas ar zvaigzniti.
Kristaliska rezga energija pentoksifilina triklinai formai Geksp, min = —170.87 kJ/mol.

Kopuma eksperimentala un in silico skrininga rezultati sakrit Joti labi. Atbilstosi

kritérijam AG > 0 kJ/mol (pen)(asa) un (pen)(fur) kokristalu veidoSanas ir izdeviga, bet
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AG > -3 kJ/mol kritérijam, (pen)(sa) un (pen)(ba) kokristalu — iesp&jama. Pargjie
kokristalizacijas eksperimenti, kas neizdevas, ar1 saskana ar aprékiniem ir noverteti ka
energgtiski neizdevigi. Tas norada uz eksperimentala skrininga un teorétisko brivo kristaliska
rezga energiju aprékinu precizitati. Kokristalam (pen)(ba), kura asimetriskaja vieniba ir ¢etras
molekulas (stehiometrija 2:2), esam aprékinajusi kristaliska rezga energiju ari tadam
kokristalam, kura stehiometrija biitu 1:1. Aprékinu rezultati ir pieejami 1. tabula un atziméti
ar zvaigzniti. Var redz&t, ka 1:1 struktarai (~3,2 kJ/mol) ir zemaka briva kristaliska rezga
energija un tai ir pozitivs AG, tas liecina par to, ka 1:1 stehiometrijas struktira biitu

izdevigaka.
Pentoksifilina un aspirina kokristala monokristalu rentgenstruktiuranalizes rezultati

(pen)(asa) kokristaliem ir triklina singonija, telpiska grupa P1 ar vienu (pen) un vienu

(asa) molekulu asimetriskaja vieniba (4. att.). Tas satur heteromolekularos H-saiSu dimérus

R3(7) (5. att.).

4. att. ORTEP-3?° (pen)(asa) kokristala 5. att. Mercury CSD 31.1% (pen)(asa)
attelojums, kas parada atomu numeracijas kokristala struktiira, kas parada
shému heteromolekularo H-sai$u diméru RZ(7)

Atomi, kas veido heterosintonu, atrodas viena plakn@ ar maksimalo novirzi 0,052 A no
mazako kvadratu plaknes. Lai parliecinatos, ka (pen)(asa) ir kokristals nevis molekularais
sals, tika nemti véra tris faktori:* 1) ApKa [ApKa = pKabaze) — PKagskave)]; 2) C—O un C=0 saisu
garumi (asa) molekula; 3) C2-N3-C4 lenkis (pen) molekula. ApKa vértiba ir vienada ar
—3,21, kas liecina par kokristala veidosanos.®® (asa) C—O un C=0 sai$u garumi attiecigi ir
vienadi ar 1,216(3) un 1,314(4) A, kas norada ka (asa) pastav neitralas molekulas veida,

visbeidzot, C2-N3-C4 lenkis (pen) molekula ir vienads ar 103,7(2)°, kas ir mazaks neka
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protonétas metilksantinu molekulds.®*? Saskana ar diferencialo elektronu blivuma sintézi,
tidenraza atoms papildus lokalizéts uz karboksilgrupas un precizéts izotropiska tuvinajuma.
Tada veida visi apsvérumi neparprotami apstiprina kokristala (pen)(asa) veidoSanos.
Kokristala ir atrasta m—m mijiedarbiba: viena ir starp (pen) purina sisttmam ar centroids—
centroids attalumu 3,49 A, savukart otra m—m mijiedarbiba ir novérota starp (pen) purina
sisttmu un (asa) benzola gredzenu ar centroids—centroids attalumu 3,72 A. Diedralais lenkis
starp mazako kvadratu plakném, ko veido (pen) purina sisttma un (asa) benzola gredzens, ir
vienads ar 15,3°.

Rentgenstruktiiranalizes dati liecina, ka 5-oksoheksilgrupa ir vieniga konformacionali
clastiga (pen) molekulas dala un tai ir atSkiriga konformacija zinamas (pen) kristaliskas

strukturas.

Pentoksifilina kokristalu fizikalkimiskas ipasibas un to korelacijas

Ir zinams, ka kokristaliem atSkiriba no AFV un koformériem ir atskirigas
fizikalkimiskas 1paSibas. Saskana ar statistiku, kas iegiita, balstoties uz zinamiem piemériem,
51 % kokristalu kusanas temperatiira (Tius) ir starp AFV kuSanas temperatiiru un koforméra
Tkus, bet 39 % gadijumu kokristala Ty ir zemaks par AFV un koforméra Ti,:.2 2. tabula ir
apkopotas dazas (pen), (pen) kokristalu un koforméru fizikalkimiskas ipasibas. No 2. tabulas
datiem izriet, ka (pen)(asa), (pen)(sa) un (pen)(ba) kokristalu kusanas temperatiira ir zemaka
neka AFV un koformériem. (pen)(fur) kokristala Tiys ir starp AFV un koforméra kusSanas
temperatiram.

Misu gadijuma (pen) ir AFV ar loti labu skidibu tdeni. Saskana ar 2. tabula
redzamajiem rezultatiem (pen) kokristaliem piemit zemaka $kidiba neka pasai AFV. Iekskigi
lietots pentoksifilins atri absorb&jas un tiek izvadits no organisma 1-2 stundu laika.®® Tapéc
komerciali pentoksifilins ir pieejams ilgstosas darbibas preparatu veida. Literatfira®* ir minéti
pieméri, kad izmanto uz hitozana un alginata bazes veidotos skafoldus, lai paléninatu
pentoksifilina izdalianas atrumu. Saja darba esam mainfjusi $kidibu, izmantojot
kristalinzenierijas pieeju. Jaatzimé ari, ka (pen)(fur) kokristala ir manami uzlabota
furosemida skidiba. Furosemids ir diurétikis ar zemu Skidibu tideni, kas Saja darba izmantots
ka koformeérs. (pen)(fur) kristalhidrata veido$anas ietekme uz kokristala Skidibu, ka var

redzet 2. tabula, ir nenozimiga.
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Neizskidusas fazes analize péc Skidibas eksperimentiem parada, ka (pen)(asa)
kokristala gadijuma nogulsnes veido (asa) un kokristala maistjums. Par€jos gadijumos

nogulsnes satur tikai eksperimenta izmantoto kokristalu.

2. tabula. (pen) un (pen) kokristalu fizikalkimiskas ipasibas

o KusSanas temperatiira, °C Udens §kidiba, mg/ml
Kokristals |~ ApKa (pen) KF KK | (pen) KF KK (pen)?
(pen)(asa) | 3,21 142 | 84 4,60 P 28,2+0,8
(pen)(sa) | —2,51 158 98 2,24 8,6+14 57+1,0
(pen)(ba) | —3,80 106 121 91 77 3,40 10,2+0,6 7,1+0,4
(pen)(fur) | —397 206 | 161 0,0724 | 0,64+0,030 | 0,29 +0,014°
(pelj)zg”r) 3,97 206 | 160 0,0724 | 0,61+0,017 | 0,27 +0,007°

2 (pen) koncentracija kokristala skiduma
b (fur) koncentracija (pen)(fur) skiduma ir 0,350,016
¢ (fur) koncentracija (pen)(fur) skiduma ir 0,32 +0,009

Kokristalu un kuSanas temperatiru korelaciju mekl&jumi ir t€ma, par kuru aktivi
diskuté pedejos gados, un kas var sniegt vienkarSas likumsakaribas racionalai koforméra
izvelei kokristalu dizaina, lai 1egitu kristaliskas formas ar ve€lamam termiskam
pasibam.’ %3 AFV AMG 517 (vaniloida receptora 1 antagonists) gadijuma autori ir atradusi
78 % korelaciju starp kokristalu un koforméru kusanas temperatiiru.®® Laba 81 % korelacija ir

atrasta ar1 starp kuSanas temperatiiru 2-acetaminopiridina kokristalu un to koforméru

gadtjuma.®
220 . 1
& f{x) = 0.7044x - 4.046 g 200
© 5 180 R2 = 0.8679 8 S f(x) =0,5766x + 78,339 _
& ° — 2175 1 R? = 0,9995 o (pen)(asa)
= 140 - .T'; 150 1 W (pen)(sa)
2 — @ 2 4 (pen)(ba)
‘= — @ Saja darbi iegitie dati 1
L0, 9% @ Uiteratras dai g 1% © (pen)(fur)
~ — @ O 100 —
60 — T — T — 1 — 70 9 110 130 150 170 190
100 120 140 160 180 200 220 240 260 280
Koforméru Tiw, °C -G (koformers), kJ/mol
6. att. (pen) kokristalu kusanas punktu 7. att. Koforméru brivas rezga energijas
atkariba no koforméra kusSanas punkta korelacija ar (pen) kokristalu brivo kristaliska

rezga energiju

Japiebilst, ka diklofenaka kokristaliem ar aizvietotiem pirazoliem, piridiniem un

pirimidiniem tie$a korelacija starp izejvielam un kokristaliem netika atrasta.3’ Sie pieméri
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norada, ka zinama meéra kokristalu dizains ar vélamam termiskam tpasibam ir iesp&ams tikai
noteiktas koformeru rindas ietvaros.

Saja darba laba korelacija starp ku$anas temperatiiru ir sasniegta jau starp Getriem
(pen) kokristaliem (6. att. sarkanie punkti). Augsts korelacijas koeficients saglabajas ari tad,
kad grafika pievieno Tyus vertibas, kas noteiktas pentoksifilina un citu aromatisku
karbonskabju kokristaliem®® (6. att. zilie punkti).

Kokristalu un koforméru korelacija dotai AFV paliek aizvien izteiktaka, ja nemam
vera brivo kristaliska rezga energiju: R? palielinas lidz 0,9995 (7. att.). Tomér ir svarigi
atzimé&t, ka §1 AFV kokristalu korelacija veidojas tad, ja izmanto strukturali Iidzigus

koformerus.

Diltiazema, sildenafila un propranolola molekularie sali: kristalinZenierija un

fizikalkimiskas ipasibas

Promocijas darba ir aprakstita diltiazema (dil), sildenafila (sil) un propranolola (pro)
farmaceitisko molekularo salu ar izmeklétam karbonskabém dizains, izstrade un
fizikalkimiskas 1pasibas.

Diltiazems ir benzotiazepina kalcija kanalu blokators, ko lieto sirds un asinsvadu
slimibu arstésana.®® Diltiazema baze ir slikti $kisto§s savienojums, tapéc to lieto
hidrogénhlorida forma, kas tdent $kist loti labi. (dil) komerciali pieejams gan ka talitgjas
iedarbibas tabletes, gan ka ilgstoSas iedarbibas kapsulas. Ilgstosas iedarbibas zalu formas Jauj
kompensé&t 1so izdali§anas pusperiodu (3,2 + 1,3h)*! un augsto (dil) hidrogénhlorida $kidibu
tident, kas ir 565 mg/ml.*?

Literatira ir zigots par méginajumiem izstradat (dil) hidrogénhlorida ilgstosas
iedarbibas tabletes, izmantojot polietiléna oksida/polietiléna glikola polimérmatricas*® vai
modificétds guara sveku matricas.** Mingtie apstakli liecina, ka jaunas (dil) kristaliskas
formas ar zemaku $kidibu bitu vélamas ilgsto$as iedarbibas zalu formu iegisanai. Saja darba
jaunu zemakas Skidibas diltiazema molekularo salu izstradé izmantota kristalinZenierijas
pieeja.*>4

Sildenafils uzlabo dzimumlocekla erekciju virieSiem ar erektilo disfunkciju, selektivi
inhibgjot cGMP-specifisko 5. tipa fosfodiesterazi.*®*® Sildenafils citrata sals forma, kas
zinams ar preéu zimes nosaukumu Viagra®, ir pirmas §im nolikam paredz&tas efektivas
iekskigas lietosanas zales, ko ieviesa Pfizer un apstiprinaja ASV Partikas un zalu

administracija.’®*! Nesen publicéta®® divkomponentu zalu cietviela kokristala forma, kas satur
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(sil) un aspirinu (asa). Pamatojoties uz pulvera difrakcijas pétjjumiem un citam

1 autori pielauj, ka veidojas ari (sil)*(asa)(sa) (sildenafila

fizikalktmiskam metodem,®
acetilsalicilata salicilskabes kokristals). Nemot véra, ka (sil) ir kontrindicéts virieSiem, kas
cie$ no sirds un asinsvadu slimibam, (sil)(asa) kombinacijas pamatojums balstas uz to, ka
(asa), kam piemit prettrombocitu aktivitate, biezi tiek lietots ilgstosi ka sirdslekmju un insulta
profilakses Iidzeklis.>? (sa) ir (asa) aktivais metabolits, tapgc pamatojums,! kas attiecas uz
(sil)(asa) un (sil)*(asa)(sa) savienojumiem, var tikt izmantots ari Saja darba (sil)*(sa)~
molekulara sals gadijuma.

Propranolols ir sendkais netoksiskais>

kardioneselektivais  B-adrenergiskais
antagonists vai vienkar$i p-blokators.>** (pro) lieto daudzu slimibu profilaksg, ieskaitot
akiito miokarda infarktu, aritmiju, stenokardiju, hipertoniju, migrénu u.c.>°® Tirgli AFV ir
pieejama hidrogénhlorida racemata forma injekciju, tableSu un kapsulu veida. Augstakas
devas lielums ir 160 mg, un §is zales ir pieejamas ka ilgstosas iedarbibas kapsulas.
Hidrogénhlorida formu lieto, jo pasam (pro) ir loti slikta skidiba, bet (pro) hidrogénhlorida
Skidiba ir 197,8 mg/ml. No minéta izriet, ka ilgstoSas iedarbibas nodroSinasanai
nepiecieSamas gatavas zalu formas ar zemaku $kidibu. Promocijas darba kristalinzenierijas
pieeja izmantota, lai iegiitu (pro) molekularos salus ar vélamo $kidibu. Literatura ir piemers,
kur izmantots polisaharids hitozans, lai raditu ilgstosas iedarbibas (pro) preparatu.>®

(dil) baze ir iegita no (dil) hidrogénhlorida formas un lietota, lai sintez&tu diltiazema
acetilsalicilata hidratu, (dil)*(asa)”, (1:1:1), diltiazema nikotinatu, (dil)*(nia)” un dilteazema
L-malatu, (dil)*(mal), 8. att. a paradita vispariga formula. Saja darba izmantota metode lava
iegtt (dil) bazi un raksturot to ka kristalisku vielu; tas strukttira ir apstiprinata ar pulvera un
monokristala rentgenstruktiranalizi. (Sil) baze ir ieglita no sildenafila citrata kristalhidrata
formas un izmantota (sil)*(sa)” (8. att. b) molekulara sals iegii$anai. (pro) baze ari iegiita no
hidrogénhlorida formas. SeSi (pro) molekularie sali ir sintez&ti, izmantojot alifatiskas
dikarbonskabes (to stehiometriskas attiecibas ir gan 1:1, gan 2:1); vispariga formula redzama

8. att. c.
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8. att. Kimiskas formulas: a) (dil) molekulariem saliem, b) (SI|) (sa)"unc) (pro)

molekulariem saliem; A” ir organiskais anjons

(dil) un (pro) veidosanas s$kiduma apstiprinata ar kodolmagnétiskas rezonanses
(KMR) spektroskopijas metodi. KMR *H spektros salidzindjuma ar tirim bazém ir redzamas
raksturigas kimisko nobizu izmainas. Raksturigie signali salu gadijumos ir ekranéti.

(dil) molekularo salu un to izejvielu PXRD salidzinajums ir redzamas 9. att. Produktu

rentgenogrammas nav redzami izejvielu reﬂeksi, kas norada uz pilnigu reakcijas norisi.

,JLA)U Diltiazema L-malats
R WA A A

Diltiazema nikotinats

Ll

é g L D11t1azema acetﬂsahcﬂata hidrats 7
i B W e
5F T Abolskabe E
EE ;
:§ E Nikotinskabe 3
=F o MM
O F irins
2E | W
- ' ’ U l Diltiazems E
£ }A A H Dlltlazema HCI g
2 30 40
20 [°]

9. att. Izejvielu un salu sintézes produktu eksperimentalas PXRD
(pro) molekularo salu PXRD salidzinajuma ar izejvielu ((pro), skabenskabe (o0xa),

fumarskabe (fum), maleinskabe (male) PXRD ir redzamas 10.-12.att. Produktu

rentgenogrammas nav redzami izejvielu refleksi — tas norada uz pilnigu reakcijas norisi.

42



(pro)(oxa) 2:1 (pro)"(fum) 2:1

% (pro)*(oxa) 1:1 }L:J g
k Ef | (pro)*(fum)1:1
5 (oxa)dihidrats = | l
<] e E ) |
J / {“ we (pro) } / h Lo (pro)
2 14 26 38
2 14 26 20(°) 38 20)
10. att. Izejvielu un (pro)*(oxa)” 1:1 un 11. att. Izejvielu un (pro)*(fum)  1:1 un
(pro)*(oxa) 2:1 PXRD salidzinajums (pro)*(fum)~ 2:1 PXRD salidzinajums

(pro)”(male)”

Relative intensity

2 14 26

26(°) 38
12. att. Izejvielu un (pro)*(male)” PXRD salidzinajums

Molekularo salu monokristalu rentgenstruktiranalizes rezultati

Diltiazema molekularie sali
Visas (dil) strukttras septinu loceklu cikls ienem saskiebtas vannas konformaciju.
Konformacionali viskustigaka dala ir N,N-(dimetil)etilaminogrupa. C4-N1-C19-C20
torsijas lenkis, kas raksturo grupas konformaciju attieciba pret heterociklu, ir: —101,4(4) (dil),
—68,7(5) (dil)*(asa), 107,4(3) (dil)*(nia) un 107,9(6) (dil)*(mal)". (dil) kristalisko pakojumu
stabilizé tikai van der Valsa mijiedarbibas. Kristalisko struktiiru asimetriskas vienibas

redzamas 13. att.
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(dil)*(nia) (dil)*(mal)
13. att. Mercury CSD 31.1% (dil) un (dil) molekularo salu kristaliskas struktiiras

(dil)*(asa)™ kristaliska struktira organiskie joni ir tie$i saistiti ar N-H---O tdenraza
saiti, iidens molekula ir saistita ar anjonu, pateicoties O—H---O Gidenraza saitei. Ar (dil)*(nia)~
struktira ar stipru Gidenraza saiSu N—H---O palidzibu joni veido heterodimérus. (dil)*(mal)
struktira Cetras Udenraza saites veido divdimensionalus tiklus perpendikulari kristaliskas

Stinas asij C.

Sildenafila bdze un sildenafila salicilats

Melnikovs un lidzautori pétjuma,®® kas veltits sildenafila citrata un bazes
fizikalkimiskajam Tpasibam, publicgjusi sildenafila bazes PXRD un aprékinatos kristaliska
rezga parametrus, tadu trisdimensionala (sil) bazes struktiira netika aprékinata. Saja darba
aprekinatas (sil) bazes un (sil)*(sa)” trisdimensionalas kristaliskas struktiras.

(sil) baze kristaliz€jas monoklina singonija, telpiska grupa P2i/c (Z = 4) (14. att. pa
kreisi), kamar (sil)*(sa)” kristalizgjas triklina singonija, telpiska grupa P1 (Z = 2) ar sildenafila

katjonu un salicilata anjonu asimetriskaja vieniba (14. att. pa labi).
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14. att. Mercury CSD 31.1%° (sil) struktiira (pa kreisi) un (sil)*(sa)” (pa labi); idenraza saites

ir att€lotas ar zalam raustitam linijam

Struktiira baziskais (pKa = 8,7)! ir metilétais piperazina fragmenta N atoms, tapéc
vislabak piemérots tidenraza saites veidoSanai. Eksperimentali ir pieradita protona pareja no
(sa) (pKa = 2,8)% uz (sil) piperazina fragmenta metiléto N atomu, veidojot N-H---O tipa
starpmolekularo Gidenraza saiti (dun-a = 2.626(3) A), kas apstiprina molekulara sals
veidoSanos. Struktiira ir art N—H---O un O-H---O iekSmolekularas Gidenraza saites attiecigi
(sil) un (sa) jonos. (sil) bazes kristaliskaja strukttra ir novéroti dazi C—H---O kontakti ar
elektrostatisku vai gandriz elektrostatisku dabu, ka arT raksturiga N—H---O iekSmolekulara
tdenraza saite (skat. 14. att.).

Lai var€tu salidzinat (Sil) molekulu/katjonu konformaciju dazadas kristaliskas
struktiiras, pirazola, pirimidina, benzola un piperazina gredzeni ir apziméti ar A, B, C un D
(14. att.), bet ar t apziméts torsijas lepkis N2-C1-C18-C19 (15.att.), kas raksturo

propilgrupas konformaciju.

15. att. (sil) kimiska formula, kas parada torsijas lenki t
Geometriskie parametri, kas doti 3. tabula, parada, ka (sil) molekulas/katjoni sastav

no stingra centrala kodola fragmenta, ko veido m-konjugéta pirazolopirimidinona un benzola

gredzena sist€ma.
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3. tabula. Diedralie lenki (sil) molekulas/katjonos jaunajas un ieprieks$ publicétas struktiras

o

Struktara (A+B)/C, °|C/D, ° T,

(sil) baze 5,6 89,8 | —135,4(4)
(sil) (asa) kokristals (1:1)°! 44 | 769 | —5(1)
(sil) adipinskabes kokristals (1:1)° 8,8 71,4 | —75,2(3)
(sil) pimelinskabes kokristals (1:0.5)* 9,5 72,2 | -81,4(2)
(sil) korkskabes kokristals (1:0.5)* 4,8 75,2 | -0,6(3)
(sil) sebacinskabes kokristals (1:0.5)3 7,6 744 | —77,7(5)
(si*(sa) (L:1) 27 | 8L1| -151(3)
(sil)* citrats (H20) (L:1:1)% 11,6 | 81,3 | 78,6(8)
(sil)* saharinats (1:1)%° 2,4 78,4 | —20,1(5)
(sil)* saharinats (2H20 klatrats) (1:1:2)% 3,0 858 | —6,9(4)
(sil)* saharinats (etanola klatrats) (1:1:0.5)5%° 3,0 859 | 8,7(3)
(sil)* saharinats (metanola klatrats) (1:1:1)% 36,7 75,6 | —77,7(6)
(sil)* saharinats (dimetilsulfoksida klatrats) (1:1:0.5)°%3 2,7 86,3 | 8,6(9)
(sil)* saharinats (nitrometana klatrats) (1:1:1)% 2,8 87,6 | —10,3(4)
(sil)* saharinats (pirolidona klatrats) (1:1:0.5)% 2,6 85,4 | —10,3(6)
(sil)* saharinats (formamida klatrats) (1:1:1)%3 3,1 85,6 | —8,5(3)
(sil)* saharinats (1,4-dioksana klatrats) (1:1:0.5)%° 2,3 86,8 | —11,1(3)
(sil)* saharinats (etilénglikola klatrats) (1:1:0.5)% 3,1 845 | —6,1(3)
(sil)* saharinats (dimetilformamida klatrats) (1:1:1)% 2,4 86,3 8,6(2)
(sil)* saharinats (acetonitrila klatrats) (1:1:1)% 2,9 86,3 | 9,6(2)
(sil)* oksalats (1:0.5)° 6,6 67,9 | 96,9(2)
(sil)* fumarats (H20) (1:1:3) 3 27,4 | 89,9 | -124,1(2)
(sil)* sukcinats (1:1)* 3,4 74,27 | -3,0(6)
(sil)* glutarats (1:0,5)° 7,0 71,0 | -92,8(9)

21 no 24 strukturam (A+B)/C lenkis ir mazaks par 10°. Lielaka novirze no planaritates
novérota (Sil)* saharinata (metanola klatrata) (1:1:1) struktira, kura (A+B)/C lenkis ir vienads
ar 36,7°. C/D lepka lielumi ir robezas no 71,0° Iidz 89,9°. Tas norada, ka apjomiga
sulfonilmetilpiperazina fragmenta rotacija attieciba pret centralo kodolu ir ierobeZota. Visas
struktaras etoksigrupa atrodas viena plakn€ ar benzola gredzenu. Molekulas/katjona vieniga
konformacionali kustiga dala ir propilgrupa, kas var ienemt dazadus stavoklus. 10 struktiras
propilgrupa atrodas tuvu (A+B+C) plaknei, un t lenka lielums ir £10° robezas. 12 gadijumos
propilgrupa ir pagriezta prom no (A+B+C) plaknes un atrodas viena pusé ar metilpiperazina
fragmentu, un divos gadijumos propilgrupa atrodas pret&ja pusé attieciba pret metilpiperazina
fragmentu.

24 (sil) struktiiru geometriska analize atklaja (sil) molekulas/katjona konformacionalo
konservativismu, kas neattiecas uz propilgrupu. Konformacijas rigidumu nodroSina

iekSmolekulara idenraza saite, kas atrasta visas kristaliskajas struktiiras.
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Daudzos gadijumos nepietickama daudzkomponentu savienojumu kristalu kvalitate un
l1dz ar to ar nepietickama rentgenstrukttranalizes eksperimenta precizitate nelauj noteikt, vai
savienojums ir kokristals vai molekularais sals. Pretstata publikacijai,®® kur izskirsanas starp
kokristalu un molekularo sali ir veikta, balstoties uz ATR-IR un N CP-MAS KMR
spektroskopijas datiem, miisu pétijuma protona pareja pieradita ar diferencialo elektronu
blivuma aprékinasanu un protona novietojuma precizéSanu.

(sil) bazes trisdimensionalas struktiras aprékinasana lauj parbaudit pulvera difrakcijas
indeksacijas pareizibu, ko publicgjusi®® Melnikovs un lidzautori. Teorétiska difraktogramma,
kas aprékinata, izmantojot atomu koordinates, sakrit ar eksperimentalo difraktogrammu, kas
dota publikacija.®® Diemzel (sil) kristaliska rezga parametri, kas aprékinati darba  (a = 8,66,
b =3427 ¢ =893 A, f = 96.63°, V = 2632.5 A%), ir nepareizi. Sie parametri dod ari

nepareizu kristala blivumu 1,18 g/cm?, kad reala blivuma vértiba ir 1,30 g/cm?.

Propranolola molekularie sali

Skabenskabe ir vienkarsaka organiska dikarbonskabe. Molekularais sals veidojas, ja
(pro) un (oxa) ir stehiometrija 1:1 (skabais sals) vai 2:1. 16. att. paraditas (pro)*(oxa)” 1:1 un
(pro)*(oxa)  2:1 kristaliskas struktiiras.

(pro)*(oxa) 1:1 (pro)*(oxa) 2:1
16. att. Mercury CSD 31.1% (pro)*(oxa)~1:1 un (pro)*(oxa)~ 2:1 kristaliskas struktiiras

(pro)*(oxa)” 1:1 kristalisko struktiru stabilizé starpmolekularas tdenraza saites.
Struktiira ir tris skabie tidenrazi un viens hidroksilgrupas tidenradis; visi Sie tidenrazi piedalas
stipro Gidenraza saiSu veidoSana. Hidroksilgrupa veido tidenraza saites ar hidrog€noksalata
joniem. Karboksilgrupas veido loti stipras O—H:--O tidenraza saites ar citu anjonu skabekla
atomiem. Sis saites raksturo grafu kopa® C(5), un tas veido kédes monoklinas ass virziena.

(pro) katjona aminogrupa veido N-H---O tipa Gdenraza saites ar hidrogénoksalatu skabekla
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atomiem. Otrais aminogrupas tudenradis iesaistits N-H---O tipa dakSveida tdenraza saites
veidoSana.

Jaatzimé, ka kristaliska struktura (pro)*(oxa)  1:1 ir hirala (telpiska grupa P21),
neskatoties uz to, ka (pro)*(oxa) 1:1 iegiits no racémiska (pro) un ahiralas skabenskabes. Tas
nozimég, ka (pro)*(oxa)” 1:1 savienojums ir racémisks maisijums, ko veido enantiomorfie
kristali. Tas dod iesp&ju, sadalot kristalus manuali, iegiit enantiotiros salus.

(pro)*(oxa) 2:1 sals pret&ji (pro)*(oxa) 1:1 kristaliz&jas ahirala telpiska grupa P21/c.
18. att. redzama (pro)*(oxa)  2:1 kristaliska struktiira. Saja struktiira skabenskabe ir pilniba
deprotonéta un atrodas speciala pozicija (inversijas centrd), bet (pro) katjoni — vispargja
pozicija. Katjona konformacija atSkiras no tas, kada ir (pro)*(oxa)” 1:1, jo C-H:--O saite nav
pietickami stipra, lai saglabatu katjona konformaciju. (pro)*(oxa)  2:1 kristalos (pro)* O—H
un N—H grupu tidenrazi veido stipras idenraza saites ar oksalatanjoniem.

Skabais (pro)*(fum) 1:1 sals ir (pro) fumarata un fumarskabes kokristals. Kristaliska
strukttra fumarskabes molekulas un fumaratanjoni atrodas specialas pozicijas (17. att.), bet
(pro)* atrodas visparéja pozicija. (pro)* hidroksilgrupas veido stipras Gdenraza saites ar
anjoniem, bet N—H veido saiti ar cita katjona skabekla atomiem. Sie skabek]a atomi veido Joti
stipras O—H:---O tipa saites ar fumarskabes molekulu karboksilgrupam (17. att.). Miné&tas
tudenraza saites kristaliska struktira veido divdimensionalus tiklus, kas ir paraléli
kristalografiskai plaknei (1 0 0).

19. att. paradita (pro)"(fum)  2:1 kristaliska struktira. Struktdra ir novérota
nesakartotiba, jo hidroksilgrupai ir divas pozicijas ar g-faktoru 0,5. Pilniba deprotonétie
fumarskabes anjoni atrodas specialas pozicijas (inversijas centros). Katjona hidroksilgrupas
veido tdenraza saites ar fumaratu skabekla atomiem, bet N—H veido tidenraza saites ar citiem
anjoniem. STs tdenraza saites veido kédes [1 0 0] kristalografiska virziena. Pretgji
(pro)*(oxa)  strukturam (pro)*(fum)  2:1 kristalos novérojama m-m mijiedarbiba starp ar

inversiju saistitiem naftilcikliem; attalums starp naftilgrupu plakném ir 3,541(3) A.

A

“( / ! \/\’/

[\ ' [ 1 ) , O ‘,‘/\'/

(pro)*(fum)- 2:1 (pro)*(fum) 1:1
17. att. Mercury CSD 31.1%° (pro)*(fum)~ 2:1 un (pro)*(fum)~ 1:1 kristaliskas struktiiras
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Atskiriba no skabenskabes un fumarskabes maleinskabe® praktiski ir monoprotiska
skabe (18. att.), tapec ar propranololu ta veido molekularo sali tikai attieciba 1:1. 18. att. ir
paradita (pro)*(male)  kristaliska struktiira. (pro) katjoni un maleata anjoni atrodas vispargjas
pozicijas. Viena (pro) katjona O—H un divas N—H grupas veido stipras tidenraza saites ar tris

maleatanjoniem.

) V'

89

18. att. Mercury CSD 31.1%° (pro)*(male)™ kristaliska struktiira
Molekularo salu fizikalkimiskas ipasibas

Diltiazema molekularie sali
Ka zinams, molekularo salu fizikalkimiskas ipasibas parasti atSkiras no tam, kadas ir
AFV un sals veidotajam. 4. tabula ir apkopotas diltiazema molekularo salu fizikalkimiskas

pasibas. No $iem datiem izriet, ka (dil)"(asa)~ ir zemaka kuSanas temperatiira ka AFV un sals

veidotajam.

4. tabula. (dil) un (dil) molekularo salu fizikalkimiskas Tpasibas

Molekularais ADK Kus$anas punkts, °C Skidiba @ideni, mg/ml

sals P (dil) skabe salt (dil) skabe sals (dil)”
(dil)-HCI — 212-214 — 565% 519
(dil)*(asa)y” | 5.6 134-136 | 86-89 a6 | B9 1282
+ 0,26 +0,17

105~ 0478 3538 | 27,28
(dil)*(nia)- | 6,74 | 107 | 236-237 |109-112 | £0,019 18 2111 | +oss
- _ 128,5- 73,29 55,38
(dih)*(mal)- | 5,33 129.5 152-155 558 1139 | +105

* (dil) koncentracija sals §kiduma

lespgjams, tas ir saistits ar Gidens molekulas klatbiitni kristala, kas nav savienota ar
stipram Udenraza sait€m ar par€jo struktiru; tada gadijuma nesolvatétam salim varétu bu
augstaka Tiw. (dil)*(nia)” Tww ir starp sals izejvielu kuSanas punktiem, bet (dil)*(mal)-

kusanas temperatiira ir augstaka neka AFV un abolskabei. So paradibu var izskaidrot ar to, ka
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(di)*(mal)~ struktora veidojas plass divdimensionals udepraza saiSu tikls, kas ir
perpendikulars kristalografiskajai ¢ asij.

Ka jau minéts, (dil) hidrogénhlorids ir Joti labi Skisto$s savienojums, bet (dil) baze tdeni
praktiski neSkist. Saskana ar 4. tabula apkopotiem datiem, Saja darba iegiito molekularo salu
Skidiba ir daudz augstaka neka (dil) bazei, bet zemaka neka (dil)-HCI. Pie tam, jo augstaka ir

sals veidotaja Skidiba tident, jo labak $kist iegiitais molekularais sals.

Propranolola molekularie sali

Starp visiem (pro) molekularajiem saliem, kas ieguti $aja darba, viszemaka Skidiba
novérota (pro)*(fum) 1:1; kas ir vienada ar 5,2 mg/ml (5. tabula). Ka bija prognozéts,
(pro)*(male)” $kidiba ir augstaka neka oksalatiem vai fumaratiem, jo maleinskabes $kidiba ir

augstaka neka skabenskabei vai fumarskabei.

5. tabula. (pro) un (pro) molekularo salu fizikalkimiskas Tpasibas

Molekularais Kusanas punkts (°C) Skidiba tident, mg/ml
sals (pro) | skabe sals (pro) | skabe sals (pro)”
(pro)-HCl ~ | 163-164 _ 312’;3 * | 2804+54
(pro)*(oxa) 1:1 190 | 175-182 98 91+0,01 | 68+0,01
(pro)(oxa) 2:1 | o, o | 190 | 185-191 | 013 | 98 | 11,7+02 | 10,0401
(pro)*(fum) 1:1 282 | 172-175 | £0,06 7 76+0,2 52+0,1
(pro)*(fum) 2:1 282 | 185-189 7 | 82+02 | 67+01
(pro)*(male)” 144 | 146-149 441 i%a 11,0403

* (pro) koncentracija sals §kiduma

Binaro sisttmu Skidibu ietekmé vairaki faktori, ieskaitot mijiedarbibas kristaliska
strukttira, kuSanas temperatiiru, koforméra (sals veidotaja) Skidibu, dalinu lielumu un
morfologiju. Jaatzimé, ka sals veidotaja koncentracija $kiduma ir divas reizes mazaka, ja sals

stehiometrija ir 2:1 (divi (pro) katjoni uz vienu skabes anjonu).
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19. att. Molekulara sals skidiba ka funkcija no kusSanas punkta

Kopuma (pro) un dikarbonskabju molekularo salu skidiba tident ir 40-85 reizes
liclaka neka (pro) bazei un 25-54 reizes zemaka, neka labi skistoSai (pro)-HCI formai. Starp
Skidibu un kuSanas temperatiiru atrasta relativi zema korelacija, tatu augstaka korelacija
veidojas, ja kusanas punktu izmanto ka funkciju no skidibas S (nevis logS) (19. att.).

Tapat ka diltiazema gadijuma, ar Siem eksperimentiem esam pieradijusi, ka
kristalinZenierijas principi, kas lauj precizi izvéleties sals veidotdaju, nodroSina AFV

molekularo salu iegisanu ar vélamajamam fizikalkimiskajam Tpasibam, ipasi $kidibu tident.
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SECINAJUMI

Eksperimentalais un in silico pentoksifilina skrinings ar farmaceitiski atlautam

aromatisku ciklu saturosam skabém lava atklat seSus jaunus kokristalus. Tiem

raksturigi heteromolekularie H-saiSu diméri, kurus apraksta cikliska R3(7) grafu kopa,
un to vispariga formula ir:

R

‘2

o—H_
R o
N (0]
/N“Kg

Jauno  kokristalu  kristaliska un  molekulara  struktira  pieradita  ar
rentgenstruktiiranalizes metodi.

Eksperimentala skrininga rezultati loti labi sakrit ar teorétiskajiem in silico
aprekiniem. Kristaliskas struktiiras prognozéSana, izmantojot FlexCryst, izskaidroja,
kapeéc neizdevas eksperimentali iegiit kokristalus ar pargjiem koformériem.

Pieredze, kas ieguta kokristalu in silico prognozésanas laika, lava noteikt visparigu
kokristalu veido$anas nosacijumu AG > -3 kJ/mol (AG — starpiba starp brivo rezga
energiju summu kokristala veidotajiem un kokristalam).

Ir sasniegta laba korelacija starp kokristalu un koforméru kusanas temperatiiru. Tacu
legiita pieredze liecina, ka korelacija iesp€ama tikai noteiktai AFV un Ilidzigu
koforméru sérijai.

Izmantojot kristalinZenierijas principus, iegliti jauni sirds un asinsvadu preparatu
(diltiazems, sildenafils un propranolols) molekularie sali. Jauniegitajiem saliem,
salidzinot ar AFV, ir izmainita kuSanas temperatiira un Skidiba Gideni.

Ir ieguti diltiazema farmaceitiskie molekularie sali ar aspirinu, nikotinskabi un L-

abolskabi, kuru vispariga formula ir:

0
S
g %
N
0o
//N+ A
AN



Jauno molekularo salu $kidiba salidzinajuma ar diltiazema bazi ir 27-116 reizes
uzlabojusies un 9-40 reizes samazinajusies salidzinajuma ar labi $kistoSo
hidrogénhloridu. Iegiitos rezultatus var izmantot ilgstoSas darbibas diltiazema
preparatu izstrade.

legiita un raksturota divkomponentu zalu cietviela, kas sastav no sildenafila un
salicilskabes (1:1). AtSkiriba no sildenafila un aspirina kompleksa, kas raksturots ka
kokristals (CrystEngComm 2014, 16, 32), sildenafila un salicilskabes komplekss ir
molekularais sals.

Izmantojot farmaceitiski pielaujamas organiskas dikarbonskabes, iegiiti propranolola

molekularie sali ar visparigo formulu:

oxﬁY

Jauniegiito propranolola molekularo salu $kidiba Gideni salidzinajuma ar propranolola
bazi uzlabota 40-85 reizes, bet, salidzinot ar labi $kisto$o hidrogénhlorida formu, ta
pazeminajusies 25-54 reizes. Darba esam paradijusi, ka, izv€loties atbilstosu AFV
daudzkomponentu  kristalisko  formu, iesp§ams iegiit savienojumus  ar
nepiecieSamajam fizikalkimiskajam Tipasibam, seviski — $kidibu tdeni. Jauno
molekularo  salu  kristaliskas  struktiras ir pieraditas un izpétitas ar

rentgenstruktiiranalizes metodi.
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