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Investigation of an Unusual Crystal Habit of Hydrochlorothiazide
Reveals Large Polar Enantiopure Domains and a Possible Crystal

Nucleation Mechanism

Sajesh P. Thomas,* Arnaud Grosjean, Gavin R. Flematti, Amir Karton, Alexandre N. Sobolev,
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Mark A. Spackman*

Abstract: The observation of an unusual crystal habit in the
common diuretic drug hydrochlorothiazide (HCT), and
identification of its subtle conformational chirality, has stimu-
lated a detailed investigation of its crystalline forms. Enantio-
meric conformers of HCT resolve into an unusual structure of
conjoined enantiomorphic twin crystals comprising enantio-
pure domains of opposite chirality. The purity of the domains
and the chiral molecular conformation are confirmed by
spatially revolved synchrotron micro-XRD experiments and
neutron diffraction, respectively. Macroscopic inversion twin
symmetry observed between the crystal wings suggests a pseu-
doracemic structure that is not a solid solution or a layered
crystal structure, but an unusual structural variant of conglom-
erates and racemic twins. Computed interaction energies for
molecular pairs in the racemic and enantiopure polymorphs of
HCT, and the observation of large opposing unit-cell dipole
moments for the enantiopure domains in these twin crystals,
suggest a plausible crystal nucleation mechanism for this
unusual crystal habit.

M anifestations of molecular chirality in nucleation and
growth mechanisms leading to chiral or polar crystal forms
are of special interest due to their solid-state optical'l and
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physical properties.’! Attempts to control chiral nucleation
phenomena via selective seeding, attrition by grinding®
(Viedma ripening™), and irradiation by circularly polarized
light®™ have led to efficient techniques for enantioseparation!®
and deracemization.”*”! Understanding the nucleation and
solid-state chirality of pharmaceutical compounds is crucial in
developing crystal-engineering strategies for separating euto-
mers (pharmacologically active enantiomers) of chiral drugs.
Enantiomerically pure substances crystallize in any of the 65
Sohncke space groups (those devoid of mirror and inversion
symmetry, containing only symmetry operations of the first
kind).*! On the contrary, and according to commonly cited
monographs,'”) a racemic mixture of enantiomeric molecules
usually crystallizes as an ordered racemic crystal structure
(most commonly with a 1:1 composition), rarely as a con-
glomerate of enantiomorphs, and even more rarely as
a disordered solid solution of variable composition (referred
to as a pseudoracemate!”). However, other crystalline prod-
ucts of racemic mixtures are known, including kryptorace-
mates!"!! and enantiomorphous twins.”’? Enantiomorphic
twinning is a relatively rare phenomenon, often manifested by
a layered structure formed by alternating (+)- and (—)-
enantiomeric domains, resulting in a pseudoracemic crystal
composition. Also referred to as lamellar twinning, many
examples of this have been reported!™® in the space groups P2,
and P2,2,2,, for which it has been observed that this form of
twinning occurs frequently;™ a well-known example is
hexahelicene.!™ A more unusual case of enantiomorphic
twinning has been reported in 1,8-dihydroxyanthraquinone,*!
where square-plate crystals exhibit intergrown mirror-image
domains in space groups P4, and P4;.

In this Communication, we report an unusual solid-state
enantiomorphic growth observed in crystals of the antihy-
pertensive drug hydrochlorothiazide (HCT, Figure1).
Detailed investigation combining laboratory X-ray diffrac-
tion (XRD), synchrotron micro-XRD, neutron diffraction,
and circular dichroism (CD) spectroscopy has revealed
intriguing structural features and an unusual domain structure
of these enantiomorphic twin crystals, showing how they
differ structurally from the known cases of pseudoracemates,
racemic twins and lamellar twin crystals. Complementary
computational approaches help to rationalize this unusual
structure and suggest a plausible mechanism for the growth of
these enantiomorphic twins.

Solid forms of HCT have been characterized in consid-
erable detail since it became commercially available in 1959,
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Figure 1. Conjoined two-winged habit observed for the enantiomorphic
pairs of form-I HCT crystals.

and two crystalline forms are known. A preliminary crystallo-
graphic study of the commercially available form I (P2,, Z' =
1) was reported in 1970, and a full crystal-structure
determination appeared two years later.'! The centrosym-
metric form 1T (P2,/c, Z' = 1) was not observed until 2005.1""
The enantiomorphs of HCT discussed in this report corre-
spond to the P2, polymorph, form I. Single-crystal structures
of both forms have since been re-determined."*! One of those
studies"™ has suggested that form II is metastable with
respect to form I on the basis that crystallizations from a large
number of solvent combinations yielded exclusively form I in
91 % of the attempts and form II in only 6 % (the remainder
yielded either a mixture of forms or no crystalline sample),
and also because form II has almost twice the solubility of
form Iin ethanol. Solvated forms and co-crystals of HCT have
also been synthesized via numerous crystal engineering
approaches, typically aimed at improving its water solubil-
ity.1)

While observing under an optical microscope, we found
that crystals of HCT exhibited a two-winged twin-crystal
morphology (akin to a butterfly, but with characteristic
flattened triangular wings; Figure 1).”” To understand the
persistent occurrence of this twin-crystal habit in crystalliza-
tion experiments from methanol (Supporting Information,
Section S.1), we set out to investigate the crystal structures of
both the intact twin and the separated wings of a twin-crystal.
X-ray diffraction data (100 K, CuKa radiation) measured for
an intact twin crystal resulted in a diffraction pattern with
sharp spots, and the structure refinement indicated the
presence of inversion twinning (Table S1 and Figure S2).

The crystal pair was separated under an optical micro-
scope (Figure S1) and X-ray diffraction data for the separate
wings yielded essentially the same cell parameters and space
group as form I (Supporting Information, Section S.2,
Table S1). Indexing of the faces of the separated form-I
crystals (Figure S1) revealed the junction face between the
crystal wings to be (010). Near-zero Flack and Hooft
parameter?! values obtained in these refinements also
indicated enantiopurity of each of the individual wings
(Table S1). Further evidence for the enantiopurity of the
wings came from solid-state CD spectra, obtained by sepa-
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rating the wings of a twin-crystal (size ~5x8x2 mm) and
grinding them into powder samples. Mirror symmetry
observed in the CD spectral features from opposite crystal
wings again indicated their opposing chirality (Figure 2 and
Supporting Information, Section S.3).
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Figure 2. Solid-state CD spectra for separated wings of a conjoined
HCT twin crystal, along with corresponding structures for the R and S
enantiomers present in the two enantiomorphs.

The conformational flexibility of HCT with respect to the
sulfonamide functional group (—SO,NH,) has been exten-
sively studied using computational methods.'"® However,
HCT also incorporates a subtle chiral center and, rather
surprisingly, this seems to have eluded observation or com-
ment in the literature to date. Close inspection of the
molecule reveals that flipping of the saturated ring, coupled
with inversion of the sultam N adjacent to the sulfone group
and appropriate rotation of the sulfonamide moeity, results in
a molecular conformation with the opposite absolute config-
uration (Figure 2). This inversion is only possible if the sultam
nitrogen atom is significantly nonplanar and pyramidal, and
this was unambiguously established by a neutron-diffraction
experiment on a form-I crystal; the sum of the bond angles at
the sultam N atom is only 335.1° (Supporting Information,
Section S.2). Together with the evidence from the other
experiments described above, this indicates that the individ-
ual wings of the twin-pair are homochiral crystals, with
opposite enantiomers dominant in the separate wings.
Assigning the non-bonding electron pair on the sultam N
the lowest priority, the molecular structures belonging to the
enantiomorphs were designated R and S (Figure 2).

Crystallization and seeding experiments in methanol
(Supporting Information, Section S.1) suggested reasonably
rapid racemization in the solutions, and hence a racemic
solution at all times. This was confirmed by solution-state CD
spectroscopy of separated wings of HCT, which upon
dissolution gave no CD spectral peaks, but a flat spectrum
indicating racemization in solution. To explore this further,
we probed the molecular conformation of HCT via computa-
tional analysis using the G4(MP2) method. Here, the
transition states and energy barriers associated with confor-
mational inversion between the R and S enantiomers in the
gas phase were computed (Supporting Information, Sec-
tion S.4). Analysis of the intrinsic reaction coordinates
showed that i) the envelope flipping of the six-membered
ring around S—(NH)—C bonds and ii) pyramidal inversion
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about the sultam N atom are not concerted in the conversion
pathway. The free-energy barrier obtained for (i) is
47.3 kJmol ™, while that for (ii) is 18.6 kJmol ' (Figure S7).
The modest upper barrier estimate of ~47 kJmol ' is in
accord with the observation of racemization in methanol
solution, since interactions with the polar protic solvent are
likely to lower this barrier considerably.*!

The outcomes from the X-ray, neutron, and solid-state CD
experiments are consistent with a picture of enantiopure
domains of the wings of each twin component, and certainly
inconsistent with a lamellar domain structure, where alternate
layers of enantiomers lead to a near-racemic macroscopic
composition. However, they do not exclude the possibility
that each wing may incorporate localized domains of opposite
chirality. To investigate this further, we undertook micro-
domain mapping studies using a micro-collimated synchro-
tron beam (FWHM cross-section of 7.5 x 11.25 pm), focusing
on micron-sized regions within each of the crystal wings
(Figure 3 and Supporting Information, Section S.2). Flack
parameters obtained for each of these regions (Table S2)
clearly showed that all domains comprising S-enantiomers are
in one wing, while the domains comprising R-enantiomers are
in the opposite wing.

R

R

Figure 3. The twin crystal mounted for micro-XRD measurements. The
small red dots represent regions where the synchrotron X-ray beam is
focused. a)—c) highlight regions in the top crystal wing which show S-
configuration and d)—f) show regions in the bottom wing which show
R-configuration.

In an attempt to rationalize this unusual enantiomorphic
growth as conjoined crystal twins, and to gain insight into the
significance of the (010) twin plane, we examined the strength
and directionality of the nearest-neighbor intermolecular
interactions in the P2, and P2,/c forms of HCT.'*'
Intermolecular interaction energies for the strongest molec-
ular pairs in forms I and IT (Figure S8) and energy framework
analyses (Figure S9) revealed that the nature and topology of
intermolecular interactions in form I are strikingly different
from those in form II. Most notably, the strongest pairwise
interaction in form II is a centrosymmetric -7t stacking
interaction (—93 kJmol '), and it is considerably stronger
than any pairwise interaction in form I. A closer look at these
two crystal structures reveals that this centrosymmetric -7
stacking interaction may form the junction between the
enantiomorphic wings (Figure 4), and is likely to be important
in the early nucleation steps that lead to the twin boundary.”!
This observation is supported by recent research on substi-
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Figure 4. llustration of the possible boundary between S and R
enantiomorphs of form-I HCT. Unit cells for the two enantiomorphs
have parallel axes and the view is along c. The magenta region
includes a portion of the S enantiomorph and the yellow region

a portion of the R enantiomorph. The strong centrosymmetric pairs
found in form Il are located in the orange overlap region, with a single
pair highlighted by a ball-and-stick model. Green dashed lines indicate
close C--Cl contacts of 3.66 A in the central dimer.

tuted benzoic acids, which demonstrated that aromatic
stacking—not hydrogen bonding—is a key step in nucleation
and cluster growth in solution.*"

Because P2, is a polar space group, we also explored the
relationship between the unit-cell dipole moment (u..;) of
HCT form I and the observed twin crystal habit. The
calculated molecular dipole moment of HCT in form I is
11.1 D (B3LYP/6-31G(d,p)), and the vector sum of these
molecular dipoles gives u.;=16.8 D along the b axis. The
formation of polar domains in crystals is a fundamental
problem in current crystal-nucleation research.”! Polar
crystals formed by dipolar molecules can build up substantial
electric polarity, leading to instability during crystal growth.
Monte-Carlo simulations suggest that the formation of
monodomain polar crystals is unfeasible, while the growth
of opposite polar domains within polar single crystals is very
likely during crystal nucleation in order to reduce the net
electric polarity of the growing crystals.” Figure 5 illustrates
two different orientations of unit-cell dipole moments in polar
crystals that exhibit conjoined twin growth and where the

(@) ﬁE (b) i!

Figure 5. Different orientations of unit-cell dipole moments in twinned
polar crystals that exhibit conjoined growth and where the dipole
moments of opposite twin domains mutually cancel: a) Opposite
polarity orientation in R and S wings of HCT twin crystal determined in

this study; b) Observed antiparallel orientation of electric polarity in
a ZNPPA twin crystal *2
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dipole moments of opposite domains mutually cancel. The
enantiomorphs of HCT demonstrate one way of circum-
venting this polarity problem, with opposite polar domains
growing into physically separable wings of enantiopure
crystals. The twin arrangement suggested by Figure 4 implies
that crystal growth occurs such that the cell dipole-moment
vectors along the b axes of both enantiomorphs are oriented
in opposite directions and effectively cancel the net electric
polarity of the macroscopic twin (Figure 5a). A striking
example of the second possibility, antiparallel side-by-side
orientation of unit-cell dipoles, has actually been reported for
(4-pyrrolidinopyridyl)bis(acetylacetonato)zinc(II)
(ZNPPA). Although this molecule is not chiral, it crystal-
lizes in both centrosymmetric (C2/c) and non-centrosymmet-
ric polar (Fdd2) forms. Bipyramidal crystals of the polar form
could be split along the (010) cleavage plane to reveal two
domains of equivalent size but opposite polarity. The
calculated dipole moment of ZNPPA (B3LYP/6-31G(d,p))
is 10.0 D, aligned along the ¢ axis of this space group, resulting
in the net cancellation of crystal polarity in Figure Sb.

As one of the most commonly prescribed antihypertensive
and diuretic drugs, it is surprising that the subtle conforma-
tional chirality and the persistent appearance of symmetric
conjoined twin crystals of HCT form I had escaped notice
until this report. The chirality of HCT molecules arises from
the pyramidal nature of the sultam nitrogen atom adjacent to
the sulfone group, combined with a barrier to flipping of the
saturated ring. Crystallization and dissolution studies have
confirmed that there is a low barrier to interconversion of
enantiomers in solution at room temperature. The individual
wings of the conjoined twin crystals reported here comprise
large polar enantiopure domains and a nucleation mechanism
for their formation is suggested by the most strongly bound
molecular pair in the two HCT forms, a centrosymmetric 57t
stacking interaction in form II. The orientation of the strongly
dipolar HCT molecules in the unit cell of form I results in
substantial unit-cell dipole moments, precisely opposed in the
two wings of the twin crystal. We are aware of only one other
report of a pseudoracemic twin crystal exhibiting a boundary
between two physically separable twin domains, namely that
of hydrobenzoin (1,2-diphenyl-1,2-ethanediol) in its P2,
crystal form. Unlike HCT, hydrobenzoin has three possible
stereoisomers which do not interconvert readily in solution
(The considerable literature on the habit and optical purity of
hydrobenzoin crystals is summarized in the Supporting
Information, Section S.6). However, molecular hydrobenzoin
in its polar crystal form (CSD refcode VABVAV) has
a smaller dipole moment of 1.9 D, giving u.,;=3.0 D along
the b axis. We are therefore unable to speculate on the extent
to which the magnitude of the unit-cell dipole moment (or
perhaps the polarization density) contributes to the creation
of conjoined enantiomorphic twins or determines a limit to
their growth in different solvents. However, the present study
has demonstrated that there is clearly much more to be
learned about macroscopic polar domains in molecular
crystals and that further studies on HCT are clearly desirable.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

CCDC 1568967, 1568968, 1568971 and 1905989 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre. Table S1 (Supporting Information) contains the supplemen-
tary crystallographic data. The Supporting Information also includes
CIF files for the microXRD experiments in Table S2.
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