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ABSTRACT: Molecular understanding of the drug nicardipine
hydrochloride (NHc) is provided within this study. For this
reason, the polymorphism and crystal structures, including ster-
eochemistry, of the known and the new discovered polymorphs of
NHc are discussed. Three new crystalline forms of the nicardipine
hydrochloride drug have been isolated: (i) a bishydrated phase,
(i) a chloroform solvate and (iii) a toluene hemisolvate. The
crystal structures of these new solvated phases and those of
the previously known o and 3 polymorphs have been deter-
mined from conventional single-crystal X-ray diffraction analysis

Disordered CH;
R, S

(ot phase and chloroform solvate) or from high quality powder X-ray diffraction data using direct-space methods (/3 phase, bishydrate and
toluene hemisolvate). The analysis of the crystal structures revealed that nicardipine hydrochloride crystallizes, in all studied phases, as a
racemate with the organic moiety adopting different diastereoisomeric configurations (addressed by the presence of two stereocenters, the
C1 and N3 atoms) depending on the actual solvent or polymorph. The chirality of the protonated nicardipine molecules is driven, in the
solids, by the strong electrostatic interactions between chloride ions and the protonated nitrogen atoms, which result, in the o phase and in
the chloroform solvate, in centrosymmetric dimers built by R,R and S,S molecules. At variance, the 3 polymorph contains R,S and S,R
molecules, still arranged in dimers, but possessing a markedly different molecular shape. Interestingly, in the bishydrated and toluene
hemisolvate phases, a slightly disordered crystal structure about the positively charged ammonium group is formed, and both
diasteroisomeric couples are present (although with different site occupation factors).

KEYWORDS: nicardipine hydrochloride, polymorphism, racemates, crystals of diastereoisomeric molecules, structure determination

from powder diffraction data

B INTRODUCTION

Nicardipine hydrochloride (Scheme 1), hereafter referred to
as NHg, is a polysubstituted 1,4-dihydropyridine-based drug with
extended therapeutic properties. It is known to act as a calcium
antagonist widely employed in the treatment of some cardiovas-
cular and cerebrovascular disorders and also for the treatment of
esophageal cancer in animals.' ~® Presently, NHc is commercially
available in injectable solutions as well as pellets and powders, in
which it is found in the 3 form.” However, the use of NHc is
actually limited by its poor solubility in body fluids and its almost
complete (up to 80%) degradation in the liver.' * Since poly-
morphism™—the ability of a compound to give at least two different
arrangement of the molecules in the solid state—affects the physi-
cochemical properties of a given compound, its study is crucial in
the development of drugs and drug delivery systems.*” Thus, one
strategy of overcoming the limitations of the actual formulation of
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NHc drug could be the obtaining of new polymorphs with lower
packing coherence and stability.

Nicardipine hydrochloride was first isolated by Iwatani et al.
(1979)" and later characterized by Yan and Guiunchedi
(1990)."" From the structural point of view, NHc is a polysub-
stituted 1,4-dihydropyridine with two chiral centers, one located at
the asymmetric carbon of the dihydropyridine ring (1) and the
second located at the protonated tertiary amine (2). The presence in
the molecule of two chemically uncorrelated stereocenters generates
diastereoisomeric molecules (R,R, R,S and their enantiomers: all
likely copresent, although in different amounts, in solution), which
could be isolated by thermodynamically or kinetically controlled
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Scheme 1. Molecular Formula of the N-Protonated Nicar-
dipine Molecule (the Nicardipinium Ion) with Atomic
Numbering Scheme”
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“The two stereocenters (C; and N;) have been marked with an asterisk.

crystallization processes.'* As such, precipitation of one phase over
the other, i.e. selective separation of one diastereoisomeric couple, is
per se a purification process, driven, in this case, by subtle, but
reproducible, changes (temperature, stirring, solvent polarity, etc).
The preferential (low temperature) formation of racemates over
conglomerates of enantiomeric crystals for Pasteur’s tartaric acid is a
paradigmatic example of this kind of selectivity." In the present case,
chiral phases have not been detected, but the separation of
diasteroisomers (rather than enantiomeric ones) follows the same
logical path.

The molecular structure of NHc reveals that this molecule
possesses several internal rotational degrees of freedom. It is there-
fore of no surprise that NHc exhibits both a glassy phase and a
variety of polymorphs and solvated forms.*” However, in the
scientific literature only one amorphous and two crystalline forms
of NHc (ot and [, melting at 453 and 440 K, respectively) of
unknown crystal structures were reported.'’ Coherently with its
lower melting point and higher solubility, the form 3 was claimed to
be metastable with respect to form @ Rationalization of the crystal
structures of the different polymorphs and solvates of NHc and their
polymorphic transformation on the basis of the intermolecular
interactions constitute the main subject of this paper.

The serendipitous discovery of a new crystalline phase
(CHCl;-solvated NHc) when this calcium entry blocker was
crystallized from carbon dioxide expanded chloroform using the Gas
Antisolvent'*”'® (GAS) and the Depressurization of an Expanded
Liquid Organic Solution'*™"® (DELOS) methodologies encour-
aged us to study in more depth the polymorphism of this drug."*
Moreover, the lack of structural information and newly discovered
(pseudo)polymorphism of the NHc drug motivated us to investi-
gate the crystal structures of the so-called o and 3 polymorphs and
the newly isolated NHc solvated, aiming at a deeper understanding
of the structure-driven macroscopic effects, among which are
stability and solubility.

This paper focuses on two different aspects: on one hand, new
crystalline phases of NHc have been prepared from standard
crystallization methodologies and fully characterized, their crystal
structures have been determined and their solid state stereochem-
istry has been rationalized. On the other hand, the extensive use of
X-ray powder diffraction (XRPD) methods as a structural tool in
modern chemists’ hands witnesses the power of this unconventional
technique also when using well-conditioned laboratory equipment

on materials not affording single crystals of suitable size and
quality."

B MATERIALS AND METHODS

Materials. Raw nicardipine hydrochloride (purity 98%, /3
phase) was purchased from Roig Pharma (Barcelona, Spain).
All organic solvents used were purchase from Romil Chemicals
(Cambridge, U.K.) and used without further purification. Car-
bon dioxide (purity >99%) was kindly supplied by S.E. Carburos
Metalicos (Barcelona, Spain).

Crystallization Experiments. Single crystals of the o phase,
suitable for conventional X-ray diffraction structural analysis, were pre-
pared by evaporation of a nitromethane saturated solution (20 mL)
during two weeks at room temperature and in the absence of light.
Single crystals of the chloroform solvate were prepared by slow
diffusion of diethyl ether over a NHc chloroform solution at 255 K. A
polycrystalline sample of the /3 phase, suitable for structure determi-
nation from XRPD data, was obtained by cooling an unstirred
saturated solution (S mL) of NHc in methanol from 308 to 253 K. A
polycrystalline sample of the hydrated phase of NHc was prepared by
exchanging the chloroform present in the CHCI; solvate prepared as
reported previously with water by suspending the chloroform phase in
humid ethyl ether (500 L to 1 mL) at 281 K during one week. A
polycrystalline sample of the toluene hemisolvate of NHc was pre-
pared by dissolving NHc (1 g) in a toluene/methanol (ratio 3:1)
solvent mixture (40 mL), at 313 K; next, methanol was eliminated by
moderate heating at 333 K until the formation of a precipitated was
observed; this suspension was then cooled down to 273—278 K
under vigorous stirring, the toluene hemisolvate being quantitatively
recovered after some hours.

Supercritical Drying. The chloroform solvate (100 mg) of
NHc was dried during 8 h with supercritical CO, at P = 13 MPa
and T =313 K.

Thermal Analysis. Differential scanning calorimetric mea-
surements were performed with the aid of a Perkin-Elmer DSC-7
calorimeter. Samples (2.5—3.0 mg) were loaded in aluminum pans
and heated at a constant rate of 5 K min_ ", under argon (30 mL/
min), from 313 K beyond melting. The instrument was calibrated
using indium and zinc as external standards. The systematic un-
certainties of temperatures and heat flow calibration coefficients for
the DSC were evaluated as £0.2 K and 2%, respectively.

Thermogravimetric analyses were recorded with a STA 449 F1
Jupiter (Netzsch) instrument. Samples of approximately 3 mg
were loaded into 40 4L aluminum pans and heated at S K min™—
from 313 to 650 K, under a nitrogen purge (80 mL/min).

Crystal Structure Determination. X-ray Powder Diffraction
Analysis. Strictly monophasic samples of NHc in its 3 phase and
bishydrated and toluene hemisolvates were gently ground in an agate
mortar, and then deposited in the hollow of a 0.2 mm deep aluminum
sample holder, equipped with a quartz monocrystal zero background
plate (supplied by The Gem Dugout, State College, PA). Diffraction
data were collected in the S—105° 26 range, sampling at 0.02°, on a
0:0 vertical scan Bruker AXS D8 Advance diffractometer, equipped
with a linear Lynxeye position sensitive detector, set at 300 mm from
the sample; Ni-filtered Cu Ka, , radiation, A = 1.5418 A. Standard
peak search methods, followed by indexing by TOPAS-R,*° allowed
the determination of approximate cell parameters [M(20) values are
reported in Table 1]. Systematic absences, where pertinent, and den-
sity considerations clearly indicated the corresponding space group,
later confirmed by successful structure solution and refinement.
Structure solution was initiated by employing a semirigid molecular
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Table 1. Crystal Data and Refinement Details for the Nicardipine Hydrochloride, in Its & and f# Phases and in the Three

Solvated Phases

o-NHc B-NHc
empirical formula C,6H30CIN;O¢ C,6H30CIN;O¢
fw, g mol ! 515.99 515.99
method single-crystal powder diffraction
LA Mo Ka, 0.71073 Cu Ko, 1.5418
cryst syst triclinic triclinic
SPGR, Z P1,2 P, 2
a A 82152(5) 10.4248(5)
b A 11.2043(6) 11.0795(6)
oA 14.574(9) 13.5127(6)
o, deg 102.999(4) 107.361(3)
B, deg 90.879(4) 111.510(3)
7, deg 94.720(4) 100.980(3)
v, A3 1301.87(13) 1304.5(1)
Pealor g €M > 1.316 1.314
U, cm” 1.92 16.8
T,K 233(2) 298(2)
20 range, deg 3—45 6—105
indexing M(20) na’ 139
Nyaa (F, or yio) 3389 4951
Ny (B, >20(E,)) 2596 na
R1, wR2 0.046, 0.115 na
R,y (Le Bail)® na 0.058
Ry Rop' na 0.090, 0.124
Rarags” na 0.066
v/z, A’ 651 652
stereochemistry C,N RR+SS RS+ SR

bishydrated toluene hemisolvate chloroform solvate
C,6H34CIN; O C19sH34CIN306 Cy7H;,CLyN;3 06
551.99 562.02 635.31
powder diffraction powder diffraction single-crystal
Cu Ko, 1.5418 Cu Ko, 1.5418 Mo Ka, 0.71073
monoclinic monoclinic triclinic
P2,/c, 4 P2,/c, 4 P12
11.3146(5) 11.5816(7) 11.3469(8)
10.6872(7) 10.6978(9) 11.8907(8)
20.008(1) 23.799(2) 12.0830(4)
90 90 86.389(4)
99.128(4) 100.372(5) 67.744(4)
90 90 85.361(4)
2866.3(3) 2900.4(4) 1502.95(16)
1.279 1.289 1.404
16.2 15.6 4.39
298(2) 298(2) 233(2)
6—105 7—105 3.5—44
29.5 27.6 na
4951 4901 3673
na na 2756
na na 0.0583, 0.119
0.053 0.066 na
0.089, 0.126 0.097, 0.126 na
0.062 0.067 na
716 725 751
(mostly) RR + S,S 4 diastereoisomers RR+S,S

“Not applicable. b Weighted profile R-factor for powder diffraction analysis after Le Bail refinement. © Profile, weighted profile and Bragg R-factor for

powder diffraction analysis after Rietveld refinement.

fragment, flexible about the acyclic torsion angles (taken from the
known single-crystal structure of the o phase), a free chloride ion,
and if required, the corresponding additional solvent molecules.
Simulated annealing allowed the location and orientation of the used
fragments, later refined by the Rietveld method.*"** The quality of
the final model can be assessed numerically and graphically by
comparing the agreement factors and the residuals of the Le Bail vs
Rietveld plots, supplied in the Supporting Information. The Le Bail
fitting procedure establishes an upper limit to the quality of fit that
could be obtained in a Rietveld refinement calculation for the same
experimental powder X-ray diffraction pattern at the same 26 range.
Thus, the aim of the Rietveld refinement should be to obtain a quality
of fit (assessed from the difference profile) as close as possible to that
obtained in the profile-fitting calculation.”*** In this case, it was
proved that the minor discrepancies still present after full refinement
are due not to poor line shape definition but, likely, to “imperfect”
definition of the structural model. In the rigid body taken from the
single-crystal analysis of the O phase, only torsional angles were freed,
together with position and orientation of the molecule(s) within the
asymmetric unit. Of course, the definition of the rigid body may not
be fully consistent with the “exact” geometry within each polymorph
(separately), but this is the fee one must pay to the powder diffraction
method when dealing with moderately complex materials, which
cannot be treated by the independent atom model commonly
adopted in single-crystal diftraction.

According to a very important contribution to the field of
structural studies of polymorphic drugs by powder diffraction
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methods,”® the relative importance (impact) to the y” value of the
different geometrical parameters was estimated: position, 250;
orientation, 300; torsion, 250; angle, 50; length, 10; chloride
counterion, 100. This numerical analysis performed on proma-
zine—an organic molecule of similar complexity than nicardipine
hydrochloride—tells that changes in angles and lengths (here fixed)
may have a definite impact to the overall agreement factor Ry,
(mathematically related to y*), but to a much lesser extent than the
four classes of parameters here refined (position, orientation, tor-
sion and Cl ion location). In order to reach a better match (if any),
we have tried to find different minima by the (nonexhaustive)
real space approach, running over and over the Monte Carlo
procedure, and we have also relaxed some structural constraints.
Further improvements in the fit to the diffraction data can indeed be
obtained by the introduction of additional parameters to the model:
for example, by employing a traditional Rietveld refinement in
which the atomic positions are refined individually, or a restrained
Rietveld refinement in which atomic positions are refined individu-
ally subject to a series of restraints that help to maintain chemical
sense. The complexity of our system did not allow the first choice,
and, if more freedom (in the less sensitive bond lengths and angles)
was added, instability of the refinements was observed also in the
second one. After all, the series of restraints suggested in Shankland’s
words (ref 13) is nothing else then the definition of a flexible rigid
body with high restrain weights.

In the structure of the bishydrated and toluene hemisolvate
phases, the stereochemistry at the tetraconnected ammonium
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Figure 1. (left) DSC traces of NHc crystalline forms measured at $ K min ™ ': (a) o phase, (b) S phase, (c) bishydrate, (d) toluene hemisolvate and (e)
chloroform solvate. (right) TG analysis of NHc crystalline solvates measured at S K min

residue was checked by adding two methyl residues, instead of a
methyl and a proton one, and restraining their site occupancy factors,
which eventually refined to 0.74:0.26 and 0.53:0.48, respectively,
indicating that these two crystal phases are slightly disordered; the
same test was adopted for the stereochemical assignment of the f3-
NHc phase, but, in this case, the nicardipinium molecules were found
ordered, with the RS (and S,R) configuration discussed below. The
fundamental parameter approach in describing the peak shapes was
employed, the background contribution was modeled by a poly-
nomial fit, and preferred orientation effects were described by
spherical harmonics approximation (4th order) in the bishydrate
NHc phase, and by the March—Dollase model*® (001 pole) in the
toluene hemisolvate. A single isotropic thermal parameter was
adopted for all atoms and, as such, represents an unavoidable
simplification of the true thermal motion, normally modeled by
approximating dynamic effects by anisotropic displacement para-
meters. Crystal data and details of the structural analysis, including
those for the two phases characterized by single-crystal X-ray
diffraction, are reported in Table 1.

X-ray Single-Crystal Analysis. Data collection of the o phase
and the chloroform solvate were performed at a temperature of
233 K on a Nonius Kappa CCD equipped with graphite-
monochromatized Mo Ko radiation (A = 0.71073 A) and a
nominal crystal to area detector distance of 36 mm. Intensities
were integrated using DENZO and scaled with SCALEPACK.
The structures were solved with direct methods SHELXS86>
and refined against F* SHELXL97.”” Because of a small size of
the plates with thickness between 0.02 and 0.03 mm, both
crystals had low diffraction at higher 2@ values and only
reflections until 45° were used for the refinement.

All non-hydrogen atoms were refined with anisotropic dis-
placement parameters, except on disordered minor part of the
chloroform molecule. Hydrogen atoms attached to carbon atoms
were calculated and refined with isotropic displacement parameters
1.2 or 1.5 times higher than the value of their carbon atoms. Hydro-
gen atoms at nitrogen atoms were found and refined isotropically.
Bond restraints (dyy; = 0.85 A) were used for the chloroform solvate.
The chloroform molecule shows a slight position disorder in a ratio
of 9:1, whereas the non-hydrogen atoms of the minor part were
refined with isotropic displacement parameters.

B RESULTS AND DISCUSSION

Thermal Analysis. The DSC analysis obtained for the five
crystalline solids of NHc were, in each case, indicative of the
occurrence of a new crystal form (Figure 1). The measured

temperatures and melting enthalpies are displayed in Table 2,
together with those reported in the literature. TG analysis of the
three new discovered crystalline phases are also displayed in
Figure 1; the weight losses observed are listed in Table 3.

The total weight losses reported in Table 3 correspond to the
elimination of 2 water molecules from the bishydrated phase, 1/2
toluene molecule from the toluene hemisolvate and 1 chloroform
molecule from the choloroform solvate, which is consistent with
the ratio solvent:NHc molecules observed in the crystal structure
analysis. The loss of one chloroform molecule in the TGA occurs
in three successive steps, and the loss of 1/2 toluene molecule
occurs in two steps. The latter is in agreement with the double
peak observed in the DSC analysis. DSC analyses at different
heating rates were performed (Figure 2) to confirm the existence
of two endothermic peaks for the toluene solvate. These multi-
step weight losses are attributed to different interactions between
the solvent and the NHc molecules in the crystal structures as
discussed in the following sections. Decomposition of NHc is
observed by a pronounced weight loss starting at 498 K.

On the basis of the Burger and Rabemberg®® rules and the
performed DSC analyses, the a and 3 forms may be considered
as monotropically related since no phase interconversion upon
heating is observed. This will be discussed, using the detailed
knowledge of the crystal structures, in a following section. Also,
according to the temperature of fusion and the heat of fusion
rules, the form /3 should be claimed as metastable, at the absolute
zero, with respect to the form a. This hypothesis also matches
the experlmental observation of the higher solubility (in water)
of B-NHc.!

Samples of the chloroform solvate aged for three years at room
temperature (protected from light) undergo a solid-state trans-
formation to the thermodynamically stable 0. form as checked by
XRPD (Figure 3). Also, supercritical drying of the chloroform
solvate under supercritical CO, at a pressure of 13 MPa at 313 K
during 8 h induces the transformation into the o polymorph,
which is not surprising in view of their similar crystal packing. At
variance, the toluene hemisolvate transforms into amorphous
NHc on losing the solvent by drying it at 403 K under vacuum
(Figure 3, right).

Crystal Structures of a and ff Phases. The crystal structure
of the a form of NHc was determined from single-crystal data
while the crystal structure of the 3 form of NHc was determined
from high quality XRPD data (see above). The cell parameters
and other relevant crystallographic data of both crystalline forms
of NHc are listed in Table 1. The Rietveld plot for the final fully
refined model presented for 3-NHc is shown in Figure 4.

dx.doi.org/10.1021/mp100251s |Mol. Pharmaceutics 2011, 8, 395-404
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Table 2. Temperatures (T in K) and Enthalpies (AH in kJ mol ') of the Melting and Solvent Elimination Processes Experimented

by NHc Crystalline Phases on Heating in the DSC at § K min

o B bishydrate
T/K 457(2) 438(2) 410(1)
453.1 440.6
4612 4442
AH/KJ mol ! 41(4) 39(4) 11(3)
43(1)

toluene hemisolvate chloroform solvate ref
387(2) 383(1) this work
11
2
56(5) 27(4) this work
2

Table 3. Temperatures (T in K) and Weight Loss Percentage
(in %) Observed in the TG Analysis of the NHc Solvates on
Heating at $ K min_ '*

bishydrate  toluene hemisolvate  chloroform solvate
T/K % T/K % T/K %
Ist wt loss 399 6.5 389 3.1 386 8.7
2nd wt loss 424 42 418 2.9
3rd wt loss 424 7.3
total wt loss 6.5 7.3 18.9
decomposition 498 498 499

“One water molecule corresponds to a 3.2% weight in a bishydrated
solvate. One toluene molecule corresponds to a 16.3% weight in a
hemitoluene solvate. One chloroform molecule corresponds to a 18.7%
weight in a mono chloroform solvate.

(c)

(b)

Heat Flow Endo up =

O
T T T T T T T T T T
360 380 400 420 440 460

Temperature / K

Figure 2. DSC traces of toluene hemisolvate crystalline form measured
at (a) 2K min %, (b) S Kmin ' and (c) 20 Kmin .

The two unsolvated crystal forms of NHc crystallize into the
centrosymmetric P1 space group with two molecular cations and
two (H-bonded) chlorides per unit cell, related by an inversion
center, and are racemic salts of intrinsically chiral molecules. The
most significant difference between the two phases is the
presence, in 0-NHc, of enantiomeric molecules of R,R and §,S
configuration at the C and N stereocenters, while only the R,S
and S,R couple is present in the 5 phase (Figure S). Strictly
speaking, therefore, @-NHc and -NHc forms contain different
molecules, or, more precisely, they are salts of different diaster-
eoisomeric cations. If migration of the “labile” proton on N3 is
not occurring, the melts of 0-NHc and 3-NHc are not equiva-
lent, implying that these two solids are not polymorphs of the
same chemical species. Not surprisingly, the absence of any
interconversion promoted by heating (discussed above) cannot
be attributed to the purported monotropic nature of the phase
diagram of solid NHc, but, instead, to the high activation energy

required for inversion of the ammonium ion, likely occurring (if
occurring at all) only at temperatures higher than the melting
point. This said, the term polymorph is improperly, but usefully,
employed in this paper, with the caveat set above.

As a consequence of this relevant stereochemical property,
many conformational parameters show significant differences,
particularly when the flexible 2-(benzyl-methyl-amino)ethyl
branch is considered (see Table 4), with torsional angles
clustering about the 120 and 180° values. Despite these differ-
ences, a certain degree of similarity between 0-NHc and 5-NHc
can be devised. As shown in Figure 6, in both phases the NHc
molecules give rise to dimers in which two centrosymmetrically
related organic cations, and two Cl ions, embrace each other
generating, through NH- - -ClI- - -HN interaction, cyclic moi-
eties, which constitute the repeating unit of the whole crystals.
Worthy of note, in both cases these supramolecular synthons
show chloride ions simultaneously interacting with the chiral
ammonium residue of one molecule and the NH portion of 1,4-
dihydropyridine ring of the other one.

Crystal Structures of the Hydrate, the Chloroform and the
Toluene Hemisolvate. Three new crystalline phases of NHc
were prepared using the standard crystallization methods described in
Materials and Methods. In addition, the chloroform solvate was also
prepared in the form of a crystalline powder from GAS and DELOS
methodologies."”"* ' These two environmentally friendly techni-
ques use compressed CO, either as antisolvent (GAS method) or as
cosolvent (DELOS method) for the production of nano or micro
particulated solids with controlled structural parameters, such as
morphology, size and narrow size distribution.”” >

Suitable single crystals for structure determination from
single-crystal X-ray diffraction of the chloroform solvate were
successfully prepared, while, in the other two cases, the crystal
structure was determined from XRPD data since all the attempts
to prepare single crystals of enough quality for single-crystal
X-ray diffraction were not successful.'” The cell parameters and
other relevant crystallographic data of the three new solvated
phases of NHc are listed in Table 1. The Rietveld plots for the
final fully refined models are shown in Figure 7.

The chloroform solvate form of NHc crystallizes in the triclinic
Plspace group and contains two enantiomeric protonated ni-
cardipine molecules, two chloride ions and two CHCI; mole-
cules. The stereochemical description of the organic moieties is
R,R (and §,S), and, as expected, the chloride ions interact with the
protonated amine and the heterocyclic NH moiety, giving rise to
cyclic dimers similar, but not equal, to those found in the o form.
The most striking difference, as shown in Figure 8, is the presence
of two ancillary CI- - +HC contacts with the chloroform mole-
cules, making the chloride ions tris, and not only bis, “coordi-
nated”. The solvent molecules show a 90:10 disorder of the
rotational type, maintaining the CHCI; moiety hinged about the
CH- - - Cl vector.

399 dx.doi.org/10.1021/mp100251s [Mol. Pharmaceutics 2011, 8, 395-404
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Figure 3. (left) XRPD pattern of an aged sample—three years at room temperature—of the chloroform solvate showing the mixture of 0-NHc and the
chloroform solvate. The reflections used to identify the o polymorph are marked with an arrow. (right) XRPD pattern of a sample of the toluene

hemisolvate measured after drying at 403 K under vacuum.
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Figure 4. Rietveld refinement plot for -NHc. The difference plot and peak markers are represented at the bottom. The inset shows the high angle

portion at a magnified scale (5x).

Figure 5. Representation of a molecule of NHc in 0-NHc (left) and 3-NHc (right) showing the configuration of the two stereocenters. The unit cell of
each polymorph contains the represented molecule and its enantiomer, which is generated by symmetry. Only the hydrogen atoms united to the
asymmetric carbon and nitrogen are represented. R1, R2, and R3 represent the priorities attributed to each substituent according to the

Cahn—Ingold—Prelog rules followed to assign R or S configuration.

Due to the identity of stereoisomers in this solvated phase and
in the a-NHc phase and thanks to their similar molecular
arrangement (and despite a non-easily recognizable similarity
of the crystal packing), it is not surprising that the a form is
recovered from the chloroform solvate after spontaneous solvent
loss upon aging for three years or after CHCI; extraction via
supercritical drying.

The remaining phases, ie. the toluene hemisolvate and the
bishydrated form of NHc, are isomorphous compounds, crystal-
lizing in the centrosymmetric P2;/c space group. Each unit cell
contains four molecules of NHc and eight water or two toluene
molecules, respectively. The crystal packing of the toluene
hemisolvate and the bishydrate forms is depicted in Figure 9,
with toluene molecules, located on inversion centers, showing a
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Table 4. Relevant Structural Data of Crystal Forms o.- and 3-NHc”

distance [A]

torsion angles [deg]

phase cl---N3° cl---N1° C5—C1—C6—C7" C2—C12—04—C13"
a 3.03 3.18 111.7(2) 174.2(2)
p 2.88 349 118.8(2) —1222(2)

“Esd’s in parentheses. ” Refer to Scheme 1 for the numbering assignment.

C12—04—C13—C14"

—174.0(2)
—118.3(1)

02—N2—C8—C9”

179.1(2)
23.7(8)

Figure 6. Centrosymmetric synthons (discussed in the text) for 0-NHc (left) and 5-NHc (right), similarly oriented, in order to highlight the structural

similarities.
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Figure 7. Rietveld refinement plots for the bishydrated phase of NHc (top) and the toluene hemisolvate phase (bottom) with difference plot and peak

markers at the bottom. The inset shows the high angle portion at a magnified scale (5x).
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crystallographically imposed 50:50 disorder. In these crystals, the
stereochemistry is, again, R,R and §,S, although a minor compo-
nent of the RS and S,R configurations is present (with the
necessary caveat set by the quality of structural results from
XRPD data alone, which do not allow the definition of high

Figure 8. Schematic drawing of the centrosymmetric molecular dimer
present in the chloroformate form of NHc, with the solvent molecules
hydrogen-bonded to the chloride anions. Only the major components of
the disordered CHCIl; molecules are shown here.

quality models as in conventional single-crystal analyses). This
molecular disorder can be easily understood if the location of the
chloride anions is addressed: these ions are deeply buried within
an all-H cavity, with only one NH- - - Cl interaction (that with
the heterocyclic N atom). Indeed, the configuration of the
protonated nitrogen atom of the ammonium residue, in both
crystal structures, is not fixed by any evident hydrogen bond to
the Cl ions, thus allowing the formation of a solid solution of
two different diastereoisomeric pairs, occupying the same crystal-
lographic sites, although with different populations.®

The remaining fragments, like the water molecules of the
bishydrated form of NHc, are hosted in lattice cavities, clustering
in tetrameric moieties about inversion centers, and only weakly
interacting with the remaining portions of the crystal. Similarly,
toluene molecules fall in identical cavities, as shown in Figure 9.

In the three solvated phases of NHc discussed in this paper, the
solvent molecules are accommodated in the space generated
between layers of adjacent NHc molecules packed with the
centrosymmetrically related nitrobenzene groups, pointing in
opposite directions (see Figure 10).

The toluene molecule in the crystal structure of the toluene
hemisolvate is located between two nitrobenzene groups of
adjacent layers separated by 7.4 A. These aromatic rings are
stacked in a nearly parallel manner and, therefore, stabilize the
crystal by the presence of 71— interactions of the graphitic type.
We have experimentally observed that removal of the toluene

| @ | @ |
\\ \\ \\
S
S
~ D \\ \\

Figure 9. Crystal packing of the toluene (left) and the bishydrated (right) phases of NHc projected in the (a,c) plane. The cavity hosting the solvent is
highlighted in gray. Hydrogen atoms not involved in hydrogen bonds or water molecules are omitted for clarity.

Nk

Figure 10. Scheme showing the packing relation between the solvent and the nitrobenzene fragment of the NHc molecule in the crystal structure of
(a) the chloroform solvate, (b) the bishydrate and (c) the toluene hemisolvate. Note that the methyl group of the toluene molecule in the toluene solvate
occupies the two positions with a 50% probability due to the disorder imposed by symmetry. The solvent molecules and the nitrobenzene fragment are
highlighted for clarity. The cavities hosting the solvent molecules can be defined by the length of the N2—N2' (d1) and N2—C11’ (d2) vectors; d1 and

d2 values (left to right) 9.97 and 8.85 A; 7.85 and 8.37 A; 7.48 and 8.27 A.
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Table 5. Relevant Molecular Structural Data of the Three NHc Solvates”

distance [A]

torsion angle [deg]

phase cl---N3" cl---N1”
chloroform solvate 3.13 3.30
bishydrate (4.33) 3.26
toluene hemisolvate (4.27) 323

“Esd’s in parentheses. ” Refer to Scheme 1 for the numbering assignment.

C5—C1—C6—C7"

105.2(4)

C2—Cl12—04—C13" C12—04—C13—C14"

175.3(3) —166.0(3)
156.7(3) 168(1) —125(1)
160.5(3) 169(1) —112(1)

molecules by moderate heating generates an amorphous phase;
on the contrary, the chloroform phase can eliminate the guest mole-
cules and regenerate the thermodynamically stable 0. phase. More-
over, the larger space available between the different nicardipinium
ions in the crystals of the chloroform phase can also easily accom-
modate (two) water molecules. Accordingly it is not surprising that
the bishydrated phase can be quantitatively recovered upon exposing
the chloroform solvate to humidity in the presence of diethyl ether
which has high miscibility with chloroform. As presented above for
the unsolvated species, the relevant structural parameters of the three
new solvates of NHc are listed in Table S.

Bl CONCLUSIONS

In this study three new solvated forms of NHc, namely, a
bishydrate, a toluene hemisolvated and a chloroform solvate
phase, have been isolated. The crystal structures of these newly
discovered solvates and those of the already known a and 3
phases of NHc have been determined. Conventional structural
analysis by single-crystal X-ray diffraction methods was possible
only for the a-NHc polymorph and the chloroform solvate,
demonstrating that, in these two crystal phases, racemates of the
RRand §,S diastereoisomers are present. For the three remaining
crystal phases (-NHc, the bishydrate and the toluene hemi-
solvate phases), in the absence of suitable specimens of decent
quality and size, we resorted to XRPD analysis; using direct-space
Monte Carlo simulated annealing methods and (semiflexible)
rigid body description of the large organic fragment, their crystal
structures were solved, and eventually refined, by the Rietveld
whole pattern modeling technique. The derived structures
allowed the interpretation of the stereochemical preferences in
the different phases, such as the existence of different racemates,
or of different diastereoisomers within the same crystal phase.

The results presented here have largely benefited from the
recent development of powder X-ray diffraction methodologies to
determine crystal structures of molecular compounds with a high
degree of complexity (in terms of high molecular flexibility and unit
cell content) even from well-conditioned, and easily accessible,
laboratory data; it goes without telling, the quality of the structural
models that a structure determination from powder X-ray diffraction
can provide is much lower than that obtainable from single-crystal
X-ray diffraction experiments. Nevertheless, if the accurate evaluation
of intramolecular geometrical parameters (bond distances and
angles) is neglected, knowledge on crystal packing and intermole-
cular interactions can be easily accumulated. After all, while the
connectivity pattern and the overall (flexible) geometry could be
taken from the fortuitous occurrence of single-crystal structures of
NHc polymorphs, the determination of the relative stereochemistry
of the different stereogenic centers and of the most relevant packing
interactions (including hydrogen bonds and interionic interactions)
could be well characterized, allowing a sensible interpretation of the
rich (pseudo)polymorphism of NHc. With the example of the

(pseudo)polymorphs of nicardipine it is shown how powder X-ray
diffraction is a powerful technique to determine the crystal structure,
including the stereochemistry, of highly flexible drugs or drug
delivery systems that are difficult or even impossible to crystallize
in a reasonable time scale as suitable single crystals in terms of size
and quality for single-crystal X-ray structure determination.

Galenic characterization of these new crystalline phases is now
of utmost importance in order to evaluate its potential use as a
drug. Further work is in due course to evaluate the availability of
NHec bishydrate in new formulations.

CIF files are available at CCDC deposition numbers 785472,
785473, 785474, 785475, and 785476.
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