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The crystal structure of hydroxyzine dihydrochloride has been solved and refined using synchrotron
X-ray powder diffraction data, and optimized using density functional techniques. Hydroxyzine dihy-
drochloride crystallizes in space group P2, (#4) with a =11.48735(10), b =7.41792(7), c = 14.99234
(15) A, B=110.4383(10)°, V=1197.107(13) A*, and Z = 2. The hydroxyl-containing side chain of the
cation is disordered over two conformations, with ~70/30% occupancy. The crystal structure consists
of alternating polar (which includes the cation-anion interactions and hydrogen bonds) and nonpolar
layers parallel to the ab-plane. The crystal structure is dominated by hydrogen bonds. Each of the pro-
tonated nitrogen atoms forms a very strong hydrogen bond to one of the chloride anions. The hydroxyl
group forms a strong hydrogen bond to one of the chloride anions in both conformations, and there are
subtle differences in the hydrogen bonding patterns between the conformations. The powder pattern is
included in the Powder Diffraction File™ as entry 00-066-1603. © 2018 International Centre for
Diffraction Data. [doi:10.1017/S0885715618000799]
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I. INTRODUCTION

Hydroxyzine dihydrochloride (brand names Atarax®,
Vistaril®, and others) is a piperazine histamine H-1 receptor
antagonist that blocks the binding of histamine in capillaries,
bronchial smooth muscle, and gastrointestinal smooth muscle
(NIH, 2018). For this reason, it can be used to treat bronchial
asthma and can be used as a sedative (Martindale and
Reynolds, 1993). It can also be used to treat anxiety (Ferreri
and Hantouche, 1998). Hydroxyzine has been ranked in
the top 200 US prescriptions the past several years. The
IUPAC name (CAS Registry number 2192-20-3) is 2-[2-[4-
[(4-chlorophenyl)-phenylmethyl]piperazin- 1-yl]ethoxy]ethanol
dihydrochloride. A two-dimensional molecular diagram is
shown in Figure 1.

A low—precision experimental powder pattern is contained
in the Powder Diffraction File™ as entry 00-031-1731 (Tsau
and DeAngelis, 1981) as a private communication from
Wyeth Laboratories. Powder data is also reported in Tsau and
DeAngelis (1978).

This work was carried out as part of a project (Kaduk
et al., 2014) to determine the crystal structures of large-
volume commercial pharmaceuticals, and include high-quality
powder diffraction data for these pharmaceuticals in the
Powder Diffraction File (Fawcett et al., 2017).

Il. EXPERIMENTAL

Hydroxyzine dihydrochloride was a commercial reagent,
purchased from U.S. Pharmacopeial Convention (Lot #
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K2L503), and was used as-received. The white powder
was packed into a 1.5 mm diameter Kapton capillary, and
rotated during the measurement at ~50 Hz. The powder
pattern was measured at 295 K at beam line 11-BM (Lee
et al., 2008; Wang et al., 2008) of the Advanced Photon
Source at Argonne National Laboratory using a wavelength
of 0.414157 A from 0.5-50° 26 with a step size of 0.001°
and a counting time of 0.1 s/step. The beamline staff indicated
that some peaks of the sample showed slight loss of inten-
sity with exposure, suggesting beam damage during the
measurement.

The pattern was indexed on a primitive monoclinic unit
cell with a=11.490, b=7.425, c=14.995 A, p=110.48°, V
=1198.4 A3, and Z=2 using DICVOL as incorporated into
FOX (Favre-Nicolin and Cerny, 2002) and N-TREOR
(Altomare et al., 2013). A reduced cell search in the
Cambridge Structural Database (Groom et al., 2016) com-
bined with the chemistry C, H, N, O, and Cl only yielded
no hits. A connectivity search on hydroxyzine yielded a
1,3-dihydroxy-2-(hydroxymethyl)propan-2-aminium  hemi-
pentahydrate salt (Majumder et al., 2015), a 1-naphthylmetha-
naminium dihydrate salt (Majumder et al., 2015), and a picrate
salt (Jasinski et al., 2010). Analysis of the systematic absences
suggested the space group P2; (#4), which was confirmed by
successful solution and refinement of the structure. The struc-
ture was solved with FOX (Favre-Nicolin and éemy, 2002)
and DASH (David et al., 2006) using a hydroxyzine molecule
and two chlorine atoms as fragments. In FOX, one solution
out of 25 runs had a much lower cost function than the others.
The best solutions from DASH had different conformations of
the side chain, but were otherwise similar.

Rietveld refinement was carried out using GSAS (Toby,
2001; Larson and Von Dreele, 2004). Only the 1.5-20.0°
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Figure 1. The molecular structure of the hydroxyzine dication in
hydroxyzine dihydrochloride.

portion of the pattern was included in the refinement (d,,,;, =
1.192 A). All non-H bond distances and angles were subjected
to restraints, based on a Mercury/Mogul Geometry Check
(Bruno et al., 2004; Sykes et al., 2011) of the molecule. The
Mogul average and standard deviation for each quantity
were used as the restraint parameters. The two aromatic
rings were restrained to be planar within 0.02 A. The restraints
contributed 5.3% to the final y*. The hydrogen atoms were
included in calculated positions, which were recalculated dur-
ing the refinement using Materials Studio (Dassault, 2016).
Positions of the active hydrogens were derived by analysis
of potential hydrogen bonding patterns. A common Uy, was
refined for the carbon atoms of the two aromatic rings, another
U, for the C4N, saturated ring, and another for the non-
hydrogen atoms of the side chain. The three chlorine atoms
were refined anisotropically. The U, for each hydrogen
atom was constrained to be 1.3 x that of the heavy atom to
which it is attached. The peak profiles were described using
profile function #4 (Thompson et al., 1987; Finger et al.,
1994), which includes the Stephens (1999) anisotropic strain
broadening model. The background was modeled using a
1-term shifted Chebyshev polynomial, with a 6-term diffuse
scattering function to model the Kapton capillary and any
amorphous component.

In the initial refinement, the Uy, for the non-hydrogen
atoms of the side chain refined to a very large value of
0.26 A%, A density functional geometry optimization
(fixed experimental unit cell) was carried out using VASP
(Kresse and Furthmiiller, 1996). The calculation used the
GGA-PBE functional, a plane wave cutoff energy of
400.0 eV, and a k-point spacing of 0.5 A~' leading to a
2x2x1 mesh. The calculation used 16 processors on a
HP Proliant server and took 6.7 h. A density functional
geometry optimization was also carried out using
CRYSTAL14 (Dovesi et al., 2014). The basis sets for the
H, C, N, and O atoms were those of Gatti er al. (1994),
and the basis set for chlorine was that of Peintinger et al.
(2013). The calculation was run on eight 2.1 GHz Xeon
cores (each with 6 Gb RAM) of a 304-core Dell Linux clus-
ter at IIT, using 8 k-points and the B3LYP functional, and
took ~77 h.

The agreement of the Rietveld refinement and the VASP
optimized structure was acceptable (RMS Cartesian
Displacement=0.17 A, maximum = 0.464 /0\), but agree-
ment with the CRYSTAL14 calculation was much poorer.
The two DFT calculations optimized with different confor-
mations of the side chain. The Rietveld refinement was
restarted with equal populations of both side chains and
the occupancy of the conformations was refined with a con-
strained total occupancy of unity.

The final refinement of 146 variables using 18581 ob-
servations (18500 data points and 81 restraints) yielded the
residuals R,,, =0.0689, R,=0.0549, and )(2 =1.978. The
refinement was much better than a single conformation
model and yielded much more reasonable Uj,. Rietveld
refinements of the (fixed) DFT-optimized comformations
1 and 2 yielded ng,=0.215 and 0.170 respectively. The
largest peak (0.74 A from C49) and hole (0.06 A from
Cl54) in the difference Fourier map were 0.44 and —0.56
eA™3, respectively. The Rietveld plot is included as
Figure 2. The largest errors in the fit are in the shapes and
intensities of some of the strong, low angle peaks, consistent
with beam damage.
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Figure 3. (Color online) Comparison of the synchrotron
powder diffraction pattern to the laboratory X-ray powder
diffraction patterns of hydroxyzine dihydrochloride (Tsau
and DeAngelis, 1978, 1981). The literature pattern
(hydroxyzine_Figure_5, measured using Cu K, radiation)
was digitized using UN-SCAN-IT (Silk Scientific, 2013),
and re-scaled to the synchrotron wavelength of 0.414157 A
using Jade 9.8 (MDI, 2017).

00-031-1731> C24H 5 CIN 205 2HCI - Hydroxyzine dihydrochloride
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lll. RESULTS AND DISCUSSION

The experimental powder pattern of hydroxyzine dihydro-
chloride matches those of PDF entry 00-031-1731 and Tsau
and DeAngelis (1978) well enough to conclude that the
materials are the same (Figure 3).

The refined atom coordinates of hydroxyzine dihydro-
chloride and the coordinates from the DFT optimizations are
reported in the CIFs attached as Supplementary Material.
(DFT codes cannot currently handle disordered structures,
so each conformation was optimized separately.) The major
(conformation 1; 70% occupancy) and minor (conformation
2; 30% occupancy) cation conformations optimized in
CRYSTALI14 are compared in Figure 4. The RMSD is
0.3866 A and the maximum displacement is 1.0614 A.
Several of the atoms in the side chain differ by comparable
values. The CRYSTALI14 (conformation 2) and VASP (con-
formation 1) results differ significantly (Figure 5). The
RMSD is 0.4431 A and the maximum displacement is
1.2637 A at C32. The conformation of the saturated ring
differs between the two calculations, but the side chains are
similar. The orientation of the phenyl rings differ by more
than what might be expected. The presence of side chain-
phenyl close contacts means that different side chain confor-
mations may affect the ring orientations. The RMSD between
the non-side chain atoms of the refined and optimized mole-
cule vary from 0.06 to 0.22 A, depending on the optimization
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(CRYSTAL14 or VASP, conformation 1 or conformation 2).
The good agreement of the non-disordered part of the mole-
cule provides evidence that the refined structure is correct
(van de Streek and Neumann, 2014). The asymmetric unit
(with atom numbering) is illustrated in Figure 6, and the crys-
tal structure is presented in Figure 7.

The crystal structure consists of alternating polar (which
includes the cation-anion interactions and hydrogen bonds)
and nonpolar layers parallel to the ab-plane. The C¢Hs and
chlorinated phenyl rings lie adjacent to each other. Parallel
stacking of the phenyl rings is prominent. Population analysis
provides evidence of inter-ring C-H interactions, so the stack-
ing has both electronic and geometrical components.

All of the bond distances and bond angles, and most of the
torsion angles fall within the normal ranges indicated by a
Mercury Mogul Geometry check (Macrae et al., 2008). In con-
formation 1, the C42-C39-N38-C32 torsion angle is unusual
[Figure 8(a)]. In conformation 2, the 045-C42-C39-N38 tor-
sion angle is flagged as unusual [Figure 8(b)], reflecting the
boat conformation of this ring. Since the protonated nitrogen
atoms of this ring form strong hydrogen bonds to the chloride
anions, the unusual ring conformations are not unreasonable.
Conformation 1 is less unusual than conformation 2, consistent
with it being the major conformation.

The energies of the optimized structures of conformation
1 and 2, using CRYSTALI14, are within 1 kcal mol~! of each

Figure 4. (Color online) Comparison of the CRYSTAL14-
optimized structures of cation conformation 1(blue) and
conformation 2 (purple) in hydroxyzine dihydrochloride.
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Figure 5. (Color online) Comparison of the CRYSTALI14-
(blue) and VASP-optimized (green) structures of cation
conformation 1 in hydroxyzine dihydrochloride.

Figure 6. (Color online) The asymmetric unit of
hydroxyzine dihydrochloride, with the atom numbering.
The atoms are represented by 50% probability ellipsoids.

Figure 7. (Color online) The crystal packing of hydroxyzine dihydrochloride, viewed down the b-axis.
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Figure 8.

(Color online) (a) The unusual C42-C39-N38-C32 torsion angle in conformation 1, compared to the Mogul distribution of similar torsion angles. The

x-axis is the torsion angle, and the y-axis is the number of hits. The green bars represent the hits in Version 5.39 of the CSD, and the red and yellow bars are entries
in successive updates. The vertical red line indicates the observed torsion angle, and the fact that it does not lie in a peak of the distribution marks this angle as
unusual. (b) The unusual 045-C42-C39-N38 torsion angle in conformation 2, compared to the Mogul distribution of similar torsion angles. The x-axis is the
torsion angle, and the y-axis is the number of hits. The green bars represent the hits in Version 5.39 of the CSD, and the red and yellow bars are entries in
successive updates. The vertical red line indicates the observed torsion angle, and the fact that it does not lie in a peak of the distribution marks this angle as unusual.

other. The VASP energies of the two conformations are within
2 keal mol ™! of each other. Both of these values are comparable
to the expected uncertainty in the energy of such calculations.

Quantum chemical geometry optimizations (DFT/
B3LYP/6-31G*/water) using Spartan’16 (Wavefunction Inc.,
2017) indicated that conformation 1 of the hydroxyzine cation
in hydroxyzine dihydrochloride is 249.3 kcal mol ™" higher in
energy than the local minimum energy conformation and con-
formation 2 of the hydroxyzine cation in hydroxyzine dihy-
drochloride is 166.2 kcal mole™" higher in energy than its
local minimum energy conformation. The differences occur
primarily in the side chains and the saturated ring, but also
include differences in the orientations of the aromatic rings.
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The local minimum of conformation 1 is 2.6 kcal mol ™'
lower in energy than the local minimum of conformation
2. Molecular mechanics conformational analysis indicated
that the global minimum energy conformation has a more
compact conformation, with the hydroxyl end of the molecule
curled towards the rest of the molecule to accept a hydrogen
bond, and thus that intermolecular interactions are important
in determining the solid state conformation.”

Analysis of the contributions to the total crystal energy
using the Forcite module of Materials Studio (Dassault,
2016) suggests that angle, bond, and torsion distortion terms
are significant in the intramolecular deformation energy. The
intermolecular energy contains significant contributions
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TABLE I. Hydrogen bonds (CRYSTALI14) in hydroxyzine_1.

H-Bond D-A, A H---A, A D--A, A D-H.--A, Overlap, e E, kcal m™'
N25-H56---CI55 1.065 1.931 2.980 167.2 0.117
N38-H57---Cl54 1.051 2.171 3.106 147.2 0.081
052-H53---CI54 0.983 2.190 3.143 163.0 0.066 36.2
C16-H20---C155 1.088 2.526 3.564 159.3 0.042
C17-H21---CI55 1.088 2.521 3.538 155.3 0.041
C4-H8---CI55 1.087 2.581 3.584 153.1 0.036
C12-H13---CI55 1.094 2.552 3.569 154.4 0.032
C3-Hl11---CI55 1.086 2.596 3.582 150.5 0.032
C18-H22---CI24 1.084 3.013 3.939 143.7 0.010
C35-H36---Cl54 1.091 2411 3.370 145.7 0.043
C26-H28---Cl54 1.094 2.608 3.628 154.7 0.038
C39-H40---Cl54 1.088 2.465 3.265 129.3 0.031
C39-H40---052 2.557 3.378 131.5 0.014
C29-H30---Cl54 1.088 2.768 3.389 116.0 0.019
C35-H37---Cl54 1.092 3.000 3.723 124.0 0.015
C26-H27---052 1.088 2.452 3.198 124.6 0.014
C26-H27---CT* 2.616 3.045 102.6 0.012
H44..-H4T* 2.323 0.013
e =intramolecular.

TABLE II. Hydrogen bonds (CRYSTAL14) in hydroxyzine_2.

H-Bond D-A, A H--A, A D--A, A D-H---A, Overlap, e E, kcal m™'
N25-H56---CI55 1.061 1.978 2.993 159.0 0.109
N38-H57---C154 1.039 2.445 3.314 140.7 0.057
N38-H57---CI55 1.039 2763 3.439 122.9 0.026
052-H53---CI54 0.983 2.116 3.098 176.8 0.074 383
C16-H20---CI55 1.087 2.757 3.757 152.9 0.029
C17-H21---CI55 1.087 2.565 3.578 154.6 0.038
C4-H8---CI55 1.087 2.741 3.731 151.3 0.029
C12-H13.--CI55 1.094 2.501 3.552 160.7 0.038
C3-Hl11---CI55 1.087 2.792 3.774 150.4 0.023
C18-H22---CI24 1.083 2.706 3.376 119.7 0.010
C19-H23.--CI24 1.083 2.883 3.849 148.5 0.013
C35-H36---Cl54 1.092 2.343 3.370 156.1 0.053
C26-H28---Cl54 1.096 2.749 3.775 155.7 0.035
C39-H40---Cl54 1.089 2.770 3.368 114.3 0.010
C39-H40---052

C29-H30---Cl54

C35-H37---Cl54

C26-H27---052 1.089 2.648 3.335 120.6 0.014
C26-H27---CT* 1.089 2.537 2.998 104.4 0.012
C29-H31---Cl54 1.088 2.734 3.476 125.1 0.024
C32-H33---CI55 1.088 2.675 3.361 120.5 0.022
H44...-H4T* 2.264 0.015

e =intramolecular.

from van der Waals repulsion and electrostatic attractions,
which in this force-field-based analysis include hydrogen
bonds. The hydrogen bonds are better analyzed using the
results of the DFT calculation.

The crystal structure is dominated by hydrogen bonds.
Since the DFT calculations require ordered crystal structures,
separate calculations were carried out for conformations 1 and
2 (Tables I and II). As expected, each of the protonated nitro-
gen atoms forms a very strong hydrogen bond to one of the
chloride anions. In conformation 2, N38-H57 forms a bifur-
cated hydrogen bond to both Cl154 and C155. The hydroxyl
group 052-H53 forms a strong hydrogen bond to CI54 in
both conformations. In both conformations, there are four
C-H---Cl hydrogen bonds to CI55. In conformation 1, there
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isone C-H* * * Cl hydrogen bond to C124, while in conforma-
tion 2 there are two such hydrogen bonds to C124. The central
carbon C12-H13 also forms a C-H-:-Cl hydrogen bond to
CI55 in both conformations. In both conformations, there
are several C-H---Cl hydrogen bonds between the side chain
and Cl154. In conformation 2, there is an additional such
hydrogen bond to CI55. In both conformations, the hydroxyl
oxygen, 052, acts as an acceptor from C26-H27. In conforma-
tion 1, O52 is also an acceptor from C39-H40. In both confor-
mations, there is an intramolecular C26-H27---C7 hydrogen
bond, which may help to determine the conformation of the
saturated ring. In both conformations, there is a small overlap
population between H44 and H47, because they are methylene
groups on either side of the ether oxygen, 0O46.
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The volume enclosed by the Hirshfeld surface of confor-
mation 1 (Figure 9; Hirshfeld, 1977; Turner, et al., 2017) is
589.79 A3, 98.54% of 1/2 the unit cell volume. The molecules
are thus not tightly packed. All of the significant close contacts
(red in Figure 9) involve the hydrogen bonds.

The Bravais-Friedel-Donnay-Harker (Bravais, 1866;
Friedel, 1907; Donnay and Harker, 1937) morphology sug-
gests that we might expect elongated morphology for
hydroxyzine dihydrochloride, with {010} as the principal
axis. A 6™-order spherical harmonic preferred orientation
model was included in the Rietveld refinement; the texture
index was 1.044, indicating that preferred orientation was pre-
sent in this rotated capillary specimen. The powder pattern of
hydroxyzine dihydrochloride derived from this synchrotron
data set is included in the Powder Diffraction File  as entry
00-066-1603.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
https:/doi.org/10.1017/S0885715618000799.
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Figure 9. (Color online) The Hirshfeld surface of
hydroxyzine dihydrochloride. Intermolecular contacts longer
than the sums of the van der Waals radii are colored blue,
and contacts shorter than the sums of the radii are colored
red. Contacts equal to the sums of radii are white.
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