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Abstract: Pravastatin is a popular statin agent with applications in the treatment of cardiovascular
diseases for patients with an abnormal lipid panel. The starting form of pravastatin is amorphous
and following recrystallization, it becomes a crystalline solid with tert-butylamine salt molecules
embedded within the lattice. Its molecular and crystal structure were elucidated based on single-
crystal X-ray diffraction and characterized by ss-NMR.

Keywords: pravastatin; statin; crystal structure; salt

1. Introduction

Statins represent a family of agents with applications in the treatment of cardio-
vascular diseases, which work via the cholesterol-lowering pathway [1,2]. Pravas-
tatin [(3R,5R)-7-[(15,25,65,85,8aR)-6-hydroxy-2-methyl-8-[(25)-2-methylbutanoyl]oxy-
1,2,6,7,8,8a-hexahydronaphthalen-1-yl]-3,5-dihydroxyheptanoic acid] (Figure 1a) is a medi-
cation included in this class that is medically used in the treatment of dyslipidemia [3,4].
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Figure 1. Molecular structure of pravastatin (a); pravastatin tert-butylamine salt (b).

In the investigation of active pharmaceutical ingredients from a pharmaceutical point
of view, certain parameters such as bioavailability, pharmacokinetics, dissolution rate
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and solubility are frequently studied [5]. Improving one of these aspects can be achieved
using various methods including the formation of salts [6], preparation of nano emul-
sions [7], complexation with cyclodextrins [8-11], lipid formulations [12] and preparation
of cocrystals and polymorphs [13]. Solid forms of pharmaceutical compounds are found
in crystalline and amorphous forms and crystalline forms are thermodynamically more
stable than amorphous forms. In general, it has been observed that the amorphous forms
of pharmaceutics exhibit higher solubility in comparison with crystalline solids [14].

The aim of this study was to achieve the preparation of pravastatin in a crystalline form,
which was successfully prepared as a tert-butylamine salt (denoted Prav-tbua, Figure 1b),
the elucidation of its crystal structure via X-ray crystallography and its characterization
from a structural point of view.

2. Results
2.1. X-ray Structure Analysis of Prav-tbua

The analysis of Prav-tbua by single-crystal X-ray diffraction revealed that the structure
belongs to the orthorhombic P2;2;2; space group (Table 1). The asymmetric unit is depicted
in Figure 2a and the compound crystallizes in a stoichiometric ratio of 1:1 pravastatin to
solvent molecules. It should be noted that the carboxyl group of pravastatin is deprotonated
and the amino group of the solvent molecule gains the hydrogen. The crystal packing and
formation of supramolecular self-arrangements are driven by trifurcated N-H---O hydrogen
bonds (1.864 A, 1.874 A and 1.941 A) between the protonated amino of solvent molecules
with the deprotonated carboxyl group, which are arranged in layers (Figure 2b) and adopt
a R3; (10) graph set motif. O5-H5---O4 interactions (2.068 A) also take place between
hydroxyl groups that connect the neighboring layers. The overall packing perspective
along the a-axis is illustrated in Figure 2c.

Table 1. Crystallographic details related to the investigated compound.

Identification Code Prav-tbua
Empirical formula CyyHy7NO7
Formula weight 497.65
Temperature/K 293(2)
Crystal system orthorhombic
Space group P2:2:2¢
a/A 5.98809(13)
b/A 17.4955(3)
c/A 28.0358(6)
«/° 90
B/° 90
v/° 90
Volume/ A3 2937.17(10)
Z 4
pcalc g/cm3 1.125
p/mm! 0.648
F(000) 1088.0
Radiation CuKax (A = 1.54184)
2@ range/° 6.306 to 143.05
Index ranges —-7<h<7 -19<k<21,-25<1<33
Reflections collected 12,408
Independent reflections 5198 [Rint = 0.0350, Rsigma = 0.0643]

Data/restraints/parameters 5198/1/329
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Table 1. Cont.

Identification Code Prav-tbua
Goodness-of-fit on F2 1.061
Final R indexes [I > 20 (T)] Ry =0.0646, wR; = 0.1716
Final R indexes [all data] Ry =0.1060, wR; = 0.1890
Largest diff. peak/hole/e A~3 0.29/-0.18
Flack parameter 0.12(11)

Figure 2. Asymmetric unit illustrating the atoms as thermal ellipsoids at a 50% probability level (a);
intermolecular interactions in the crystal (b); unit cell packing along the a-axis (c).
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Recent studies have focused on the crystal structure of tert-octylamine salt of pravas-
tatin, which monoclinically crystallizes in the P2; space group where the migration of
protons from carboxylic acid is similar to the migration in the title crystal [15].

2.2. Solid-State NMR Analysis

The 'H MAS NMR spectrum (Figure 3) showed strongly overlapped lines in the
downfield region (0-9 ppm) and one deshielded signal for the protons involved in strong
hydrogen bonds. This hydrogen is gained by the amino group of the tert-butylamine
molecule as indicated by the single-crystal X-ray structural model and confirmed by the
fact that C1-O1 and C1-O2 bond lengths have similar values, i.e., 1.246 and 1.260 A.
Geometrical features of neutral carboxylic groups (C-O bonds are longer than C=0) are
different from those of a carboxylate anion, where depending on the extent of delocalization
of negative charge between the oxygen atoms, there can be practically no difference between
the C-O and C=0 distances [16].

2 15 10 5 0 -5
Figure 3. 'H MAS NMR spectrum of pravastatin tert-butylamine salt.

The 13C spectrum shown in Figure 4 presents very narrow spectral lines specific to a
highly crystalline solid.
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Figure 4. 13C CP-MAS NMR spectrum of pravastatin tert-butylamine salt. The spinning side-bands
are shown by asterisks. The 22-25 labels correspond to tert-butyl-amine molecules.
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3. Materials and Methods
3.1. General and Sample Preparations

Pravastatin found as amorphous white powder was purchased from AHH Chemical
Co., Ltd., Changzhou, China. The solvents (tert-butylamine, ethanol and hexane) were
received from Sigma Aldrich and were used without further purification.

Suitable single crystals of Prav-tbua for X-ray analysis were successfully grown as
transparent crystals using vapor diffusion of solids. First, 50 mg (0.12 mmol) of pravastatin
was weighed in a 4 mL vial, which was placed in a 20 mL beaker containing 5 mL of ethanol
and tert-butylamine mixture in a 1:1 ratio. The beaker was covered with parafilm and held
at room temperature for 7 days. The crystals obtained were filtrated and washed with
2 x 1 mL hexane.

3.2. X-ray Diffraction and Structure Refinement

The diffraction data were collected at room temperature using a SuperNova diffrac-
tometer equipped with dual X-ray sources (Mo and Cu) (Rigaku, Tokyo, Japan), an Eos
CCD detector and an operating tube at 50 kV and 0.08 mA. The crystallographic data were
collected and corrected for Lorentz, adsorption and polarization effects using the CrysAlis
PRO program [17]. Using Olex2 software, version 1.2.10 [18], the crystal structure was
solved with the Superflip solution program [19] using Charge Flipping and refined with
ShelXL [20] via least squares minimization.

Crystal Data: Empirical formula: Cy;H4yNO7 (M = 497.65 g/mol): orthorhombic,
space group P2;212; (no. 19), a = 5.98809(13) A, b = 17.4955(3) A, ¢ = 28.0358(6) A,
V =2937.17(10) A3, Z =4, T = 293(2) K, w(CuK«) = 0.648 mm !, Dealc = 1.125 g/cm?, 12,408
reflections measured (6.306° < 20 < 143.05°); 5198 unique (Rint = 0.0350, Rsigma = 0.0643),
which were used in all calculations. The final R; was 0.0646 (I > 20(I)) and wR, was 0.1890
(all data). The data are available as Supplementary Materials (CIF file).

3.3. 13C Solid-State NMR

The 'H and 13C solid-state NMR spectra were acquired with a Bruker Avance III 500
wide-bore spectrometer (Bruker Biospin, Ettlingen, Germany) operating at 499.98 MHz Lar-
mor frequency for 'H and 125.73 MHz for '*C at room temperature. For the 'H spectrum, a
1.3 mm double resonance MAS probe head was used with a sample spinning frequency
of 60 kHz and no homonuclear decoupling. This spectrum was referenced to a single
resonance observed in adamantane for protons at 1.8 ppm with respect to neat tetramethyl-
silane (TMS). For the 13C spectrum, a 4 mm double resonance (1H/X) MAS probe was used
with 14 kHz frequency, and a standard '*C CP-MAS pulse sequence with a contact pulse
time of 2 ms. The spectrum was recorded under high-power proton decoupling (100 kHz)
with a TPPM (Two-Pulse Phase Modulation) sequence by averaging 100 transients, with
a recycle delay of 5 s. The recorded '3C NMR spectrum is calibrated with respect to the
CHj3 line in TMS (tetramethylsilane) through an indirect procedure that uses x-Glycine
(176.5 ppm for the 3COOH line) as an external reference.

4. Conclusions

Starting from amorphous pravastatin, we successfully prepared a crystalline form of
pravastatin tert-butylamine salt whose crystal structure was determined by single-crystal
X-ray diffraction and further analyzed by ss-NMR.

Supplementary Materials: The data can be seen in the Supplementary Materials.
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