sidosnuey Ioyiny s1opung DN 2domy g

sidiosnuey Toyiny swepung DN 2domy g

Europe PMC Funders Group
Author Manuscript
Cryst Growth Des. Author manuscript; available in PMC 2017 November 02.

Published in final edited form as:
Cryst Growth Des. 2016 November 2; 16(11): 6405-6418. doi:10.1021/acs.cgd.6b01078.

Why do Hydrates (Solvates) Form in Small Neutral Organic
Molecules? Exploring the Crystal Form Landscapes of the
Alkaloids Brucine and Strychnine

Doris E. Braun” and Ulrich J. Griesser
Institute of Pharmacy, University of Innsbruck, Innrain 52c, 6020 Innsbruck, Austria

Abstract

Computational methods were used to generate and explore the crystal structure landscapes of the
two alkaloids strychnine and brucine. The computed structures were analyzed and rationalized by
correlating the modelling results to a rich pool of available experimental data. Despite their
structural similarity, the two compounds show marked differences in the formation of solid forms.
For strychnine only one anhydrous form is reported in the literature and two new solvates from
1,4-dioxane were detected in the course of this work. In contrast, 22 solid forms are so far known
to exist for brucine, comprising two anhydrates, four hydrates (HyA — HyC and a 5.25-hydrate),
twelve solvates (alcohols and acetone) and four heterosolvates (mixed solvates with water and
alcohols). For strychnine it is hard to produce any solid form other than the stable anhydrate while
the formation of specific solid state forms of brucine is governed by a complex interplay between
temperature and relative humidity/water activity and it is rather a challenging to avoid hydrate
formation. Differences in crystal packing and the high tendency for brucine to form hydrates are
not intuitive from the molecular structure alone, as both molecules have hydrogen bond acceptor
groups but lack hydrogen bond donor groups. Only the evaluation of the crystal energy landscapes,
in particular the close-packed crystal structures and high-energy open frameworks containing
voids of molecular (water) dimensions, allowed us to unravel the diverse solid state behavior of the
two alkaloids at a molecular level. In this study we demonstrate that expanding the analysis of
anhydrate crystal energy landscapes to higher energy structures and calculating the solvent-
accessible volume can be used to estimate non-stoichiometric or channel hydrate (solvate)
formation, without explicitly computing the hydrate/solvate crystal energy landscapes.
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Introduction

The solid form, referring to an anhydrate, solvate, hydrate or co-crystal, has a distinct impact
on many physical and chemical properties of a chemical and, thus, influences
manufacturing, long-term stability and performance of the product.1-7 Therefore,
multidisciplinary solid form screening4,8 is routinely performed in specialty chemical
industries to ensure that forms with the best compromise of physical and chemical properties
are developed. The study of all possible solvates (including hydrates) is important, as these
solvent adducts can play a crucial role in which desolvation can generate new forms.
Specific forms may only be accessible via the preliminary formation of the solvate.9—11 The
investigation of hydrates is of particular importance, because water inevitably appears in the
manufacturing and storage process of (drug) compounds and hydrate formation is known for
at least one third of organic (drug) molecules.12—-14 Therefore, generating knowledge of
how water (vapor) is associated with a specific material and how it affects the stability of a
product is a crucial task in preformulation studies.

A frequently applied hydrate classification system was proposed by Morris and Rodriguez-
Hornedo, 15,16 which groups hydrates based on their structures into three categories that are
discernible by common analytical techniques: isolated site hydrates (water molecules are
isolated from direct contact with each other), channel hydrates (chains of water molecules)
and 7on associated hydrates (metal ions are coordinated with water). Another, likewise often
applied, hydrate classification is based on the moisture sorption/desorption behavior and
divides the hydrates into two main classes, a) stoichiometric and b) non-stoichiometric
hydrates. Stoichiometric hydrates have a well-defined water content. The water molecules
are essential for the preservation of the hydrate structure and significant changes in the
water/compound ratio entail a phase transition to a different crystal structure (anhydrous or
other hydrate) or a non-crystalline product. In contrast, non-stoichiometric hydrates exhibit a
distinct variability in composition within a certain range, which is not associated with a
phase transition. Even significant changes in water content result only in weak changes of
the crystal structure, mostly some anisotropic distortions of the network to accommodate
water (expansion) or to reduce free volume resulting from water release (contraction).17
Non-stoichiometric hydrates/solvates can be classified as a type of inclusion compounds18
and in general, are more frequently observed for bulky molecules, with close-packing
frustration.19 Non-stoichiometric hydrate formation is regarded an undesirable property in
pharmaceutical development.20,21

Over the last decades crystal structure prediction (CSP) has evolved tremendously and is
now used as a complement to experimental (industrial) solid form screening.22,23 The
computationally generated crystal energy landscapes have rationalized and unified
experimental observations on polymorphs,10,24-31 solvates and hydrates.32-35 Yet,
predicting solvates/inclusion compounds per se would be very complex and computationally
(time) demanding, as host and different guest molecules in different stoichiometric ratios
would have to be considered. Another approach is predicting the guest-free higher-energy
structures and identifying the free accessible volume in the crystal structures.19,35 This
approach is applied for the first time in the present work for a hydrate system (brucine36)
forming both stoichiometric and non-stoichiometric hydrates. By choosing two chemically
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related systems (Figure 1) namely strychnine, forming no hydrate, and brucine, forming at
least four different hydrate phases,37 it was possible to identify the range of structures on
the computed brucine anhydrate crystal energy landscape, which might indicate non-
stoichiometric or channel (like) hydrate/solvate formation.

Strychnine (strychnidin-10-one) and brucine (1,3-dimethoxystrychnidin-10-one) are well
known alkaloids occurring in the seeds of the Stychnos nux-vomica tree.38 The compounds
show therapeutic effects,39-44 albeit the narrow therapeutic window and high toxicity
prohibit their use. The free bases of the two compounds are badly water soluble why a series
of salts such as the HCI, sulfate, etc. are known.38 Brucine may be used for stereospecific
chemical syntheses and has been also used as an enantioselective recognition agent in chiral
resolution.45,46 Famous names associated with strychnine are Sir Robert Robinson, for the
determination of the chemical structure of strychnine (cation), and Robert B. Woodward, for
the strychnine synthesis. Both chemists won the Nobel prize.47

Only one solid form (an anhydrate) can be found in literature for strychnine. Optical
crystallographic data of this anhydrous form have already been reported in the compilation
of Groth in 1919.48 Lattice parameters and space group of the same phase were reported in
1930 by Marwick (CSD-Refcode: ZZZUEE),49 followed by full structure determinations
performed by Golver (ZZZUEEO1),50 Mostad (ZZZUEEQ2),51 Messerschmidt
(ZZZUEEQ3- ZZZUEE06),52 and Zharylgasina (ZZZUEQ7).53 In contrast, brucine shows a
rich solid form landscape: two anhydrates (MAJRIZ54 — a low temperature anhydrate AHj
and MAJRIZ0155- the commercially available AH), twelve solvates with organic solvents
(JIFWEB,56 JIFWIF, 56 JIFWOL,56 JIFWUR,56 PIGNUP,56 PIGPAX,56 PIGPEB,56
PIGPIF,56 PIGPOL,56 PIGPUR,56 PIGQAY56 and MAJROF54), four heterosolvates
(‘mixed’ solvates) with water and organic solvent molecules (DAFFUL,50 MAJRUL,54
HIDGOSS57 and HIDGUY57), and four hydrates (HyA: dihydrate, CIKDOQS58; HyB:
tetrahydrate, ZZZPRWO01;59 HyC: 3.86-hydrate, YOYZIXS5S5 ; a 5.25-hydrate: UCOJIG59).
The HyC structure was published after we finished our experimental and computational
work on this brucine phase.

This work expands our recent work37 on the three hydrates HyA, HyB and HyC and neat
brucine forms. The 5.25-hydrate was only obtained as a minor component in a mixture of
brucine hydrates and was identified as a metastable hydrate phase under the investigated
temperature and relative humidity (RH) conditions. Therefore, we focus in this study only
on the three stable hydrates of brucine (HyA — HyC). In our previous study we showed that
only a careful adjustment of RH/water activity (ay) and temperature allows to control the
formation of phase pure solid phases of brucine and to preserve these forms on storage.
Furthermore, it could be shown that brucine shows a high tendency to hydrate formation,
both in aqueous solutions as well as on exposure to moisture.37 The present report now
complements the pervious investigations by calculating the Z’= 1 & 2 crystal energy
landscapes of anhydrous brucine and strychnine. We aim to unravel the underlying reasons
for (non-stoichiometric) hydrate formation and to answer the question why strychnine does
not form a variety of crystal forms like brucine. Furthermore, by predicting the guest-free
higher-energy structures and identifying the free accessible volume in the crystal structures
we aim to unravel the HyC (framework) structure. More general, the goal is to incorporate
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CSP in solid state characterization and to extend our previous studies on stoichiometric
hydrates,32,60—62 by predicting isomorphic desolvate structure(s).

2 Materials and Methods

2.1 Materials

Strychnine anhydrate (Lot. # 30046) was purchased from Merck and used without further
purification. A solvate screening programme was performed for strychnine. Suspensions of
the anhydrate were prepared in 24 different solvents (Table S5 of the Supporting
Information) and stirred in between 10 and 20 °C (cycling) for 48 hours.

2.2 Powder X-ray Diffraction

PXRD patterns were obtained using an X’Pert PRO diffractometer (PANalytical, Almelo,
NL) equipped with a 8/ 6 coupled goniometer in transmission geometry, programmable XYZ
stage with a well plate holder, a Cu-Ka | 5 radiation source with a focusing mirror, a 0.5°
divergence slit and a 0.02° Soller slit collimator on the incident beam side, a 2 mm
antiscattering slit and a 0.02° Soller slit collimator on the diffracted beam side and a solid
state PIXcel detector. The patterns were recorded at a tube voltage of 40 kV and tube current
of 40 mA, applying a step size of 26=0.013° with 80 s or 200 s per step in the 26 range
between 2° and 40°. A VGI stage (VGI 2000M, Middlesex, UK) was used for non-ambient
RH measurements.

2.3 Computational Generation of the Crystal Energy Landscapes and Lattice Energy
Calculations

Conformational analysis was performed to restrict the search space to energetically
meaningful regions for brucine. This was done by quantum mechanical (B3LYP/6-31G(d,p))
scans, using GAUSSIANO09,63 allowing torsions ¢; and ¢ (—OCHj groups, Figure S1 of the
Supporting Information) to rotate by 240° in 30° steps.

Hypothetical crystal structures of strychnine and brucine anhydrates (Z* = 1 & 2), were
generated with the program CrystalPredictor.64-66 For strychnine 200,000 Z'=1 and
500,000 Z’=2 structures were generated randomly in seven space groups (P, P2, P212,2,
P22,2, 2, (222, P222,), using the optimized molecular geometry (GAUSSIANO9,
PBE(/6-31G(d,p)) and keeping the geometry rigid. The plausible range of conformational
flexibility for brucine needed to be covered in the CrystalPredictor searches, covering the —
120 to +120° torsional range for ¢; and the 60 to 300° range for ¢, (Section 1.1 of the
Supporting Information). For brucine 700,000 Z'=1 and 2.800,000 Z’=2 structures were
generated covering the same seven space groups as for strychnine. The strychnine and
brucine structures were relaxed to a local minimum in the intermolecular lattice energy,
calculated from the FIT67 exp-6 repulsion-dispersion potential and atomic charges which
had been fitted to electrostatic potential around the PBE0/6-31G(d,p) charge density using
the CHELPG scheme.68

The energies of all structures within 40 kJ mol~! of the global anhydrate lattice energy
minima were refined (370 Z'=1 and 1,238 Z'=2 strychnine structures; 14,257 Z’=1 and ca.
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30,000 Z’=2 brucine structures), using DMACRYS69 with a more realistic, distributed
multipole model70 for the electrostatic forces which had been derived using GDMA271 to
analyze the PBE0/6-31G(d,p) charge density.

The ether functional group in strychnine and brucine, as well as the -OCHj dihedral (Figure
S1 of the Supporting Information) in the most stable brucine structures (30 kJ mol~! range
with respect to the global minima structures; strychnine: 101 7Z'=1, 660 Z"=2 structures;
brucine: 1,756 Z'=1, 2,500 Z’=2 structures) were minimized with the program
CrystalOptimizer.72 Conformational energy penalties and isolated molecule charge densities
were computed at the PBE0/6-31G(d,p) level.

DFT-D calculations were carried out with the CASTEP plane wave code73 using the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) exchange-
correlation density functional74 and ultrasoft pseudopotentials,75 with the addition of a
semi-empirical dispersion correction, either the Tkatchenko and Scheffler (TS) model76 or
Grimme06 (D2)77. In a first step, the predicted structures (strychnine: 39 Z'=1 and 153 Z
’=2, 20 kJ mol~! range with respect to the CrystalOptimizer global anhydrate structure;
brucine all structures within the 10 kJ mol~! range with respect to the CrystalOptimizer
global anhydrate structure and all CrystalOptimizer structures having a density <1.320 g
cm™ within the 20 kJ mol~! range: 85 Z'=1 and 191 Z’=2) were geometry optimized using
the TS dispersion correction. Brillouin zone integrations were performed on a symmetrized
Monkhorst—Pack &-point grid with the number of &-points chosen to provide a maximum
spacing of 0.07 A-1 and a basis set cut-off of 560 eV. The self-consistent field convergence
on total energy was set to 1x10~> eV. Energy minimizations were performed using the
Broyden-Fletcher—Goldfarb—Shanno optimization scheme within the space group
constraints. The optimizations were considered complete when energies were converged to
better than 2x1075 eV per atom, atomic displacements converged to 1x10™3 A, maximum
forces to 5x1072 eV A~!, and maximum stresses were converged to 1x10~! GPa. The
energies for all structures were recalculated, without optimization (unless stated otherwise),
with the number of A-points chosen to provide a maximum spacing of 0.04 A~! and a basis
set cut-off of 780 eV, using the D2 dispersion correction, resulting in the final crystal energy
landscapes. Isolated molecule minimizations to compute the isolated strychnine, brucine and
H,O0 energies (Uy,s) were performed by placing a single molecule in a fixed cubic 35x35x35
A3 unit cell and optimized and recalculated with the same settings as used for the crystal
calculations. All calculated structures were run through the ADDSYM function of
PLATONT7S in order to determine the true space group and Z” value.

PIXEL calculations79-81 were performed on the experimental anhydrates (PBE-TS
optimized structures) to estimate the repulsive (£R), dispersion (£p), electrostatic
(Coulombic, E¢) and polarization (Ep) contributions from individual pairs of molecules
within a crystal. An electron density map was calculated on a three-dimensional grid with a
step size of 0.08 A at the MP2/6-31G(d,p) level using GAUSSIANO9 and a PIXEL
condensation factor of 4 was applied.

Structural comparisons were made using the Packing similarity tool in the Solid Form
module of Mercury to determine the root mean square deviation of the non-hydrogen atoms
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in a cluster of 15 molecules (rmsd;5).82 Furthermore, the relationships between crystal
structures were examined using the XPac program.83,84 The results described in this work
were obtained using all non-hydrogen atoms and routine medium cutoff parameters (8,55 =
10°, 8tor and Sdhd =18°).

3 Results and Discussion
3.1 Strychnine Solid Forms

3.1.1 Strychnine Anhydrate—The molecular structure of the strychnine base consists
of seven condensed rings (Figure 1), with only the phenyl ring being planar. The rigid
molecule has four hydrogen bonding acceptor groups, two ternary N atoms, one ether and
one carboxamide oxygen, but no hydrogen bonding donor functional group. Thus, there is
no possibility for strong hydrogen bonding in strychnine. The only solid form, which has
been identified and characterized to date crystallizes in the orthorhombic space group
P2,2,2, with Z’=1 (Figure 2). The semi-classical density sums method was applied
(intermolecular PIXEL energy79-81), which allows the calculation of interaction energies
for molecule—molecule pairs and can be used to investigate the nature and strength of the
intermolecular interactions. The molecule shape of strychnine allows a close packing (see
section 3.3), with van der Waals interactions being the strongest contributor to the
intermolecular PIXEL energy, Uiy (Table 1).

3.1.2 Strychnine 1,4-Dioxane Solvates—Suspensions of strychnine in 24 solvents
were stirred in between 10 and 20 °C (cycling) for 48 hours (Table S5 of the Supporting
Information). The 1,4-dioxane slurry experiment resulted in a new solvate of strychnine
(Spx1)- All other experiments resulted in the known anhydrate phase. Upon storing the
dioxane solvate for weeks at ambient conditions a slow transformation to a second solvate
was observed (Spy2).- TGA and PXRD data are given in Section 6 of the Supporting
Information. The known anhydrate form of strychnine was observed upon desolvation of the
dioxane solvates. Thus, the presence of stoichiometric solvates can be assumed. The two
solvates were not further characterized.

3.2 Brucine Solid Forms

The molecular structure of the brucine base differs from strychnine in that the phenyl ring is
substituted with two —OCHj3 groups (Figure 1), which adds two additional hydrogen bonding
acceptors and two flexible groups compared to strychnine. The carbon atoms of the -OCHj3
groups are nearly in plane with the phenyl ring and point in opposite directions in all
structurally characterized brucine forms (Figure S2 of the Supporting Information). 50,54—
59 The latter conformation corresponds to a local energy minimum on the brucine potential
energy surface and was calculated to be approx. 5 kJ mol~! less stable than the global
conformational energy minimum (see section 1.1 of the Supporting Information). So far, two
anhydrous (AH and AHy ) and 20 solvate structures have been reported: four hydrates
showing a different water:brucine ratio (2:1, 4:1, 3.86:1 and 5.25:1),55,58,59 and 16
solvates, including four mixed solvates.56,58,59,50,57
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Watabe et al.56 classified AHy and solvates (not including AH, the hydrates, mixed
solvates and acetone solvate) into three groups based on packing similarity of the brucine
frameworks, i.e GF (guest free), a-type (dimethanol solvate, JIFWEBS56) and B-type (other
alcohol solvates, Table S6 of the Supporting Information). We extended this classification
with the ten other structures, resulting in eight distinct packing types.83 AH, HyA, HyC,
5.25-hydrate and the acetone solvate have distinct 3D packings, whereas the tetrahydrate
(HyB) and two of the mixed solvates (DAFFULS50 and MAJRULS54) are isostructural with
the dimethanol solvate (Table S6 of the Supporting Information). The other two
heterosolvates (HIDGOS and HIDGUY57) are isostructural with the other alcohol solvates.
The HyA, HyC and 5.25-hydrate are Z' = 2 structures, whereas all other structures are Z” =
1. Packing diagrams of the eight types are given in Figure 3 and the corresponding packing
motifs in Figure 4. Types 1-3 have the same type of helical tapes, with types 1 and 2 only
differing in the packing of left and right handed helical tapes. The 5.25-hydrate (type 3)
forms alternating layers of left-handed helical tapes and a 2-fold motif (Figure 4). The
acetone solvate shows 2; stacks (type 5) and HyA a distinct Z = 2 packing motif (type 4).
Structural features of the two brucine anhydrates and three hydrates (HyA, HyB and HyC)
are discussed in more detail in this section.

3.2.1 Brucine Anhydrates—The anhydrous form, AH, of brucine was identified to be
the thermodynamically most stable form at water activities (ay,) < 0.4 between 25 and 40 °C.
The phase can be observed directly in crystallization experiments or upon dehydration of
HyC.37 The low temperature anhydrate (AHy ) has been reported to be enantiotropically
related to AH. The AH to AHy  transformation occurs upon cooling at —24 °C and the
reversible AHy to AH back transformation at 36 °C upon heating.55 Slurry experiments in
organic solvents showed that the thermodynamic transition point between the polymorphic
pair AH/AHj y is lower than 10 °C.37

In AHyy (21,7’ = 1)54 and AH (P2, Z’ = 1) 55 the brucine molecules are arranged in
corrugated monolayer sheets that run parallel to the (001) plane (Figure 5). The strongest
pair-wise intermolecular interactions (derived from PIXEL energy calculations, Table 2) are
located within these sheets, formed by left-handed helical tapes (Figure 4). The two
anhydrates show a two-dimensional structural similarity and differ only in the three-
dimensional packing arrangement of identical sheets, i.e. shift of adjacent sheets (types la
and 1b in Figure 3).

Similar to strychnine, the van der Waals interactions were identified to be the strongest
contributor to the AHy 1 and AH intermolecular PIXEL energies. The strongest strychnine
pair-wise intermolecular interaction (—36 kJ mol~!, Table 1) is, based on a molecular
packing, comparable with the two strongest brucine interactions (—46.5 or —43.1 and — 33.8
or —36.6 kJ mol~!, Table 2). Apart from that the strychnine anhydrate form adopts a different
packing despite being chemically related. The brucine structures have a lower packing index
compared to the strychnine structure (section 3.3), which can be related to the worse packing
ability due to the additional -OCH3 groups.

3.2.2 Brucine Hydrates—The asymmetric unit of the dihydrate (HyA) structure58
comprises two independent brucine molecules and four water molecules. The water
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molecules are arranged in a tetrameric ring motif (graph-set84 notation: R_j( 8}, Figure 6),
forming four strong O—H:--O hydrogen bonds. The tetrameric units are linked to adjacent
units via a slightly weaker (longer) O—H::-O hydrogen bond and form hydrogen-bonded
chains. The water molecules are located in channels running parallel to the crystallographic
b axis (Figure 6a). The two brucine molecules are linked to the water chains, either with O—
H:-*N or O-H:--O hydrogen bonds. Dehydration of HyA results in an isomorphous
dehydrate structure (HyAgeny)- This dehydrate is unstable and either rehydrates immediately
to HyA if exposed to moisture or, if stored at very dry conditions (over desiccants such as
P,05) at ambient temperatures, a slow transformation to AH takes place.37

The tetrahydrate (HyB, ZZZPRWO0159) crystallizes in the orthorhombic space group
P212121, with Z" = 1. The HyB structure belongs to the type 2a structures (Figure 3) and
shows 1-dimensonal similarity with the two anhydrates, the left-handed helical tape. The
four water molecules are arranged in channels propagating in direction of the
crystallographic a axis (Figure 7a). The water molecules form hexameric ring motifs (graph-

set84 notation: RY(12), Figure 7b), with each of the eight water protons being involved in
strong O—H:--O/N hydrogen bonds. The hexameric units are linked to adjacent units via two
strong O-H:-O hydrogen bonds and form a hydrogen-bonded chain. Three of the water
molecules form H-bond interactions to brucine (O—H:--O/N). Dehydration of HyB results in
amorphous brucine, which crystallizes depending on the external conditions to either AH or
a mixture of hydrates.37

The third hydrate, HyC (YOYZIXS55), crystallizes in the form of thin long needles in the
monoclinic space group C2, with two brucine molecules in the asymmetric unit. HyC and
the two anhydrate forms share sheets of the left-handed helical tapes (Figure 3). The other
hydrates (HyA and HyB) exhibit only 1D packing similarity with AH. This may rationalize
why AH is obtained directly upon dehydration of HyC, whereas AH is only obtained upon
dehydration from HyA or HyB via an intermediate phase, HyA geny or amorphous brucine.
In contrast to the HyA and HyB structures’ water channels the water molecules are arranged
in pockets at isolated sites in HyC and form large 15- and 16-membered water clusters of
cuboidal topology (Figure 8) as discussed in detail by Bialonska et al.55

3.3 Computational Generation of Strychnine and Brucine Anhydrates

3.3.1 Crystal Energy Landscapes—The experimental strychnine structure
corresponds to the global energy minimum structure (Figure 9a) and was calculated to be
9.95 kJ mol~! more stable than the second most stable (hypothetical) structure. The large
energy gap implies that strychnine has one uniquely favorable way of packing into a close
packed and stable 3D structure. Thus, the computed crystal energy landscape suggests, in
agreement with the experiments, a monomorphic behavior for strychnine. The anhydrate
does not show any phase changes upon cooling to 15 K52 or heating before sublimation,
melting or decomposition.

Brucine AHj p corresponds to the global energy minimum structure and the
enantiotropically related room temperature AH to the third lowest energy structure in Figure
9c. The energy gap of AHp with respect to the second most stable calculated brucine
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structure is smaller (3.42 kJ mol™!) than for strychnine. Furthermore, thirteen structure were
calculated to be within 10 kJ mol~! of AHj, which is indicative for a polymorphic system.
The energy difference between the two experimental anhydrates was calculated to be 3.72 kJ
mol~! at the PBE-D2 level of theory. The isostructural dehydrate (HyAgeny) can be found as
a higher energy and lower density structure, albeit 20.15 kJ mol~! less stable than AHpy. All
stages of lattice energy estimations correctly calculate AHy and AH as more stable than
HyA geny (Table S4 of the Supporting Information).

Six out of the 13 lowest energy structures have the left-handed helical tape as a structural
building block (structures: AHy 1, AH, b4, b6, b9 and b12; Table S2 of the Supporting
Information). Five out of the latter six structures (all except b6) have the common brucine
anhydrate building block, sheets of left-handed helical tapes. A comparison of the 13
computed lowest anhydrate structures and all of the brucine solvates (hydrates) revealed that
each solvate structure shares a one-dimensional structural similarity with the selected
computed lowest energy structures, either the helical tape or stacks of brucine molecules.
Only HyC shows two-dimensional structural similarity with lowest energy structures (sheet
of helical tapes), including its dehydration product. Higher structural resemblances between
solvate and computed structures were observed albeit only among higher energy and more
important lower density structures (see section 3.3.3).

The computed crystal energy landscapes are sufficiently realistic to reproduce the
experimental structures (Table S3 of the Supporting Information) and key brucine packing
motifs and thus, make it worthwhile contrasting the crystallization behavior of the two
related compounds. The significant difference of the energy gaps between the lowest and
second most stable calculated structures (9.95 vs. 3.42 kJ mol™!) and the fact that the brucine
crystal energy landscape has 13 structures within an energy range of 10 kJ mol~! with
respect to AHy 1 are suggestive of a more complex solid-state behavior of brucine. Even
though brucine exhibits conformational flexibility (Section 1.1 of the Supporting
Information), all of the 13 lowest energy structures can be related to the same (experimental)
local energy minimum. Alternative crystal packings showing a conformation closely related
to the global energy minimum conformation are possible, although the lattice energy is
distinctively higher.

The two crystal energy landscapes have in common that the molecules are able to form
densely packed structures (Section 1.2.1 of the Supporting Information, Figure 9). (The
packing index of nearly 76% shows that the molecules pack more densely than close-packed
spheres at 74%). The experimental densities derived for the anhydrates from the single
crystal structure determinations at 100 K are 1.389 g cm™3 for strychnine52 and 1.382 g
cm™ for brucine AHpp54. The 0 K AH structure55 of brucine shows a lower density of
1.345 g cm™3 (273 K). On the lower PI range brucine has distinctly more stable (lower
energy) packings than strychnine (Figure 9b,d). The ‘void structures’ may be indicative for
the high tendency of solvate/hydrate10,24 formation of brucine. Thus, the two additional —
OCHj3 groups of brucine influence the favorable ways of packing, and therefore
crystallization, in that not only one unique dense packing motif may be expected but also
framework structures that are sufficiently low in energy and have voids of molecular (water/
solvent) dimensions. To confirm that HyAgeny is sufficiently low in energy to be considered
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as an experimental framework structure we estimated the energy differences between HyA,
HyA geny and AH. This should give us the range of structures that have to be considered as
putative channel or non-stoichiometric hydrates, provided solvent-accessible volume is
present.

3.3.2 Enthalpy of HyA to HyAgeny and AH transformation—The easiest way to
define the energy range to consider for putative hydrate framework structures would be if
experimental values for energy differences between isomorphic dehydrate and anhydrate
structures were known. As this is not the case, transformation energies of hydrate to
anhydrate phases/polymorphic transformation energies plus an uncertainty range may be
used.

In a previous study37 we used isothermal RH-perfusion calorimetry to estimate the brucine
HyA to HyAgeny transition enthalpy to be 5.3 + 0.9 kJ mol~! (Table 3). On the other hand,
measured transformation energies for stoichiometric dihydrates to anhydrates were
determined to be higher (e.g.: phloroglucinol: 19.1 kJ mol~!,85 barbituric acid: 17.0 kJ
mol~!,86 DB7(): 16.9 + 0.5 kJ mol~!,20 codeine HCI: 28.7 + 0.5 kJ mol~!,87 etc.).
Polymorphic transformation enthalpies may be expected within 10 kJ mol~! or 10% of their
lattice energy, however, higher values have been reported (e.g. DB7, AqgHyp_y of —13.3

+ 0.2 kJ mol~1).10 Higher transformations energies can be expected for isomorphic
desolvate to stable anhydrate transformations. The reason therefore can be seen in the fact
that isomorphic desolvate (dehydrate) structures are higher energy forms.

Computationally, an estimate for the dihydrate to anhydrate transition can be made by
calculating the potential energy differences (AU) from the lattice energies of the hydrate,
anhydrate and ice (ICE XI88) according to equ. (1).

ﬂi-rs Ir —-28

Hyd—x ‘birrr.'.:'H'ij- - (_bmu.:_\": wareeys (1)

With X corresponding to HyAgeny or AH. Table 3 lists the AU values of brucine HyA,
HyA geny and AH calculated using different methods to estimate Fyy, based on ab initio
electronic calculations on either the crystal (¥;y) or single molecule (¥ ). Using the
lattice energies of the experimental structures and ICE XI (Table S4 of the Supporting
Information) gives Ay UnyA-HyA(dehy) Values ranging from 5.15 to 16.33 kJ mol~! for the
HyA to HyAgeny transition enthalpy. The values derived by calculations on the single
molecule, using a better wave function (PBEO vs. PBE), are quantitatively in better
agreement with the experimental value of 5.3 + 0.9 kJ mol~!. The PBE-D2 energy estimate
is also in good agreement with the experimental value, however, the PBE-TS method
overestimates the energy. (The uncertainty of the modelling is dominated by the
brucine-:-water interactions.89)

Differential scanning calorimetry (DSC) experiments in closed and open pans resulted in
transition enthalpies of 3.0 + 0.9 kJ mol~! and 2.4 + 1.0 kJ mol~!, respectively for the HyA
to AH transformation.37 As expected, the heat of transformation from a hydrate to a stable
anhydrate phase is smaller than the transformation enthalpy to an unstable, higher energy
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(e.g. dehydrate) phase. For the HyA to AH transition, enthalpy energy values ranging from —
0.16 to —8.44 kJ mol~! were derived using lattice energy calculations. Thus, the calculations
wrongly suggest that AH is (slightly) more stable than HyA. The value derived by PBE-TS
calculations is closest to the experimental value of 2.4 to 3.0 kJ mol~!, i.e. deviates by less
than 3.2 kJ mol~! (approx. 1.5% of the HyA lattice energy). PBE-D2 and the calculations on
the single molecule underestimate the stability of HyA significantly. The overall trend of the
HyA lattice energy being underestimated may be related to the fact that entropy (water
mobility37) contributes to the finite temperature energy. This term is neglected in the static 0
K lattice energy estimations used in this study.

Using the highest measured hydrate/anhydrate transition energy for the respective hydrate
stoichiometry, i.e. the codeine HCI dihydrate to anhydrate dehydration energy of ca. 30 kJ
mol~! 87, may be appropriate for identifying the energy range (AE,) for putative dehydrate
structures whose max. water content is 2 mol of water per mol compound. This energy range
has to be increased if higher hydrate stoichiometries or bigger guest molecules are targeted,
e.g. brucine HyB, HyC or 5.25-hydrate.

3.3.3 Hydrate C Framework Structure Derived from Anhydrate Crystal
Energy Landscape—The HyC structure was chosen to test whether guest-free higher-
energy structure predictions and free accessible volume analysis of the predicted structures,
can be used to derive structural information of hydrates (solvates). By combining
experimental analytical techniques and CSP the hydrate framework structure was derived
and later the framework structure was compared to the experimental HyC structure, which
was solved independently by another group.55

Infrared spectroscopy (Section 7 of the Supporting Information) and indexation of the HyC
powder X-ray diffraction pattern suggest the presence of a monoclinic unit cell with Z" =2
(a=25.018 (1) A, b=12.381(<1) A, c=17.459 (<1) A, B = 122.20(<1)°, V = 4576.11(31)
A3).37 With brucine being a chiral molecule, only three monoclinic space groups are
possible, P2 (Z=2), P2 (Z=2) and C2 (Z =4). Based on the volume of the indexed cell
and the multiplicity of the possible space groups, C2 (withZ' =2 and Z = 8) could be
identified as the space group for HyC.

The isomorphic dehydrate structure of HyA was found on the computed brucine anhydrate
crystal energy landscape (Figure 9c). Therefore, we tested whether it is possible to find
hypothetical HyBgeny and HyCgeny (isomorphic HyB and HyC dehydrate) structures among
the higher energy and low density structures. None of the computed structures on Figure 9¢
gave a realistic match with the experimental HyB and HyC cells. Therefore, all generated
higher energy structures (CrystalPredictor structures, see section 2.3) whose lattice
parameters matched the HyB and HyC cells with an error of + 20% were chosen and
minimized as described in section 2.3. The computational HyBgepy structure was
successfully identified, albeit 35 kJ mol~! higher in energy than AH (PBE-D2). The same
approach resulted in two possible HyCgepy framework structures (Figure 10a&b), that show
2-dimensional packing similarity. The common structural fragment includes the helical left-
handed tapes (Figure 4). HyCgenyl (Figure 102) and HyCgenylI (Figure 10b) may be
classified as polytypes, i.e. the two packings differ in the location of every 4™ brucine layer,
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which is slightly shifted with respect to the common building block (three layers,
highlighted in yellow in Figure 10 a,b) in the two structures. The two structures were
calculated to be approx. 40 kJ mol~! (HyCgenyD) and 36 kJ mol ! (HyCqenylD) less stable
than AH. Each of the two HyCgepy structures shows 2D packing similarity with AH.

The Hydrate Analyzer tool in Mercury was applied to identify water space in the two
framework structures. The HyCgepyl framework shows channel-like void space (17.3% of
the unit cell volume, Figure 10c) and HyCgepyll isolated-site void space (18.6% of the unit
cell volume, Figure 10d). The reason for the different shape of the voice space arises from
the small packing differences of brucine layers in the two structures (slight shift of every 4t
layer), as indicated with green arrows in Figures 10 ¢ and d.

Powder patterns simulated from the computationally generated HyCgepy structures show a
close match with the experimental HyC diffraction pattern. Based on the powder diffraction
data comparisons it was not possible to conclude which of the two related framework
structures may correspond to the HyC structure of brucine. Void space analysis in
dependence of AEjy suggests that HyCgenylIl is more likely (Figure 9d). The isolated-site
void space would also rationalize the destructive dehydration mechanism to AH. A structure
comparison of HyCgepyl and HyCgenyII with HyC finally revealed that Hy Cgepyll
corresponds to the experimental HyC framework structure.

3.4 BReasons for the Differences in the Solid State Behavior of Strychnine and Brucine

3.4.1 Different Crystallization Behavior—Despite being chemically related,
strychnine and brucine differ significantly in the ability to form multiple solid forms, in
particular the formation of solvates (hydrates). Strychnine can form solvates, two 1,4-
dioxane solvates, however, the solvates do not form readily and require the right
experimental conditions with the first solvate being a transient solvate leading to a second
1,2-dioxane solvate polymorph. Brucine on the other hand is prone to solvate (hydrate)
formation, in particular with solvent molecules providing hydrogen bond donor groups. All
brucine solvates, with the exception of the acetone solvate, were obtained from alcohols or
water. Preventing hydration of brucine requires adjusting the crystallization or storage
conditions carefully, complicating handling and storing of the compound. Both compounds
have in common that the most stable room temperature anhydrous forms are observed
directly or via metastable intermediate phases (amorphous brucine or HyAgeny) upon
desolvating the solvates (hydrates). An isomorphic dehydrate can be produced for brucine
(HyAgeny), however, at room temperature this dehydrate exists only for a limited time at 0%
RH, making processing of this phase as a water free form practically impossible.

The strychnine and brucine anhydrate crystal energy landscapes confirm that the
experimental anhydrates are amongst the most stable forms. For strychnine the energy gap
between the lowest and second most stable calculated structure was found to be 10 kJ mol™1,
which assures that the anhydrate is the only relevant neat form. Thus, only one 3D packing
arrangement of the rigid molecule seems to be favorable. Furthermore, only two of the
calculated structures in Figure 9a have a higher PI (packing index) than the experimental
form, with the two structures being high in energy and approx. 17 and 24 kJ mol~! less
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stable than the experimental phase. The stability of the experimental strychnine anhydrate
can be attributed to the dense packing of the molecules. The anhydrate nucleates and grows
rapidly, in agreement with the single favorable packing arrangement as shown in Figure 9a.

In contrast, the brucine crystal energy landscape (Figure 9c) suggests that there could be
other (metastable) anhydrates, as there are several computed structures within the energy
range expected for polymorphs (ignoring thermal effects).94 The hypothetical polymorphs
can be classified as “packing polymorphs’. Despite the flexibility of the -OCHj3 groups only
the experimental conformation leads to stable packings. It cannot be excluded that other
packing arrangements exist (e.g., second lowest energy structure on Figure 9) and it may
also be possible that the right experiment just has not been performed yet.60,95,96 Or, it
may not be possible to isolate the computed metastable structure(s) because the formation of
AH/AHy 1 may be favored by the fact that no conformational change is required to
transform from a metastable to the stable form (i.e. short-lived intermediate phase,
rearrangement during nucleation and growth). Finally, some of the predicted structures may
not be energy minima at finite temperatures.98 In the case of brucine the crystallization of
the anhydrate is complicated by the fact that (1) crystallization from numerous solvents
leads to solvate formation, which subsequently desolvate to AH (either directly or via a high
energy phase37) and (2) that the hydrates are the thermodynamically most stable forms at
water activities >0.4 and ambient temperature. Thus, the crystallization conditions for
generating other structures of anhydrous brucine are limited and require dry solvents.

The fact that crystallization experiments known to favor the formation of kinetic forms
(desolvation process, crystallization form the amorphous state) resulted in AH,37 indicates
that the latter phase, which is enantiotropically related to AHy (global OK energy
minimum) is not only a thermodynamic but also a kinetic crystallization product and might
suggest that AH is the only observable anhydrate using conventional screening99 conditions
(> 10 °C, above the AH/AHy  transition point).

3.4.2 Predicting Hydrate/Solvate Formation—At present, the computational
generation of solvate (hydrate) crystal energy landscapes is extremely time consuming as
both different guest molecules and different stoichiometric ratios have to be considered.
Another approach is predicting the guest-free higher-energy structures and identifying
framework structures that show free (accessible) volume.19,35

In Figures 9b & 8d the lattice energy differences in dependence of the void space (free
volume) of computed structures, with respect to the stable anhydrous forms, of two systems
showing contrasting tendencies towards solvate/hydrate formation, are compared. The two
crystal energy landscapes clearly indicate, at the molecular level, the differences in packing
possibilities of the two chemically related compounds, which may be related to (non-
stoichiometric or channel) solvate formation. The lack of predicted higher-energy low
density structures for strychnine, in contrast to the same region on the brucine crystal energy
landscape (Figure 9d), may be indicative for the fact that strychnine does not form channel
or non-stoichiometric solvates. Thus, analyses of the higher-energy channel-like void
structures on an anhydrate crystal energy landscape should be able to indicate solvate
formation.
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It should be noted that the presence of coherent voids (channels) in a hydrate does not
automatically imply, as often wrongly assumed, that a hydrate shows non-stoichiometric
behavior. Examples for hydrates with channel-like voids but stoichiometric behavior are
pyrogallol 0.25-hydrate100 or thymine 0.8-hydrate.11 The hydrate framework structures of
these two hydrates were found as higher-energy structures on the anhydrate crystal energy
landscapes, albeit the pyrogallol computational dehydrate structure was found among the
more dense structures. On the other hand hydrates of DB7 (HyA),20 topotecan HCI,101
paroxetine HCI Form 11102 or GSK’s ApoA-1 up-regulator103 do not show coherent
channels but their moisture sorption isotherms indicate clearly a non-stoichiometric
behavior. Thus, not only void structures having continuous free accessible volume (in the
form of channels), but also void space at isolated sites (in particular when the molecules
show flexibility) have to be considered as putative solvate (hydrate) framework structures.
Thererfore, the anhydrate crystal energy landscape may indicate solvate/hydrate formation,
but the lack of structures with higher free (accessible) volume, within a certain energy range,
does not automatically exclude the potential of solvate formation.

Defining a cut-off energy for putative computational desolvate structures has also been
shown to be problematic. Table 4 lists AEj, of the (hypothetical) isomorphic desolvate
structures of brucine HyA — HyC relative to AH. Based on these data it can be deduced that
(1) a higher water content correlates well with a higher void space (in % of unit cell) and (2)
a higher AF, value with respect to the stable AHyp . The high values for AFj, indicate,
and warn us (!), that if one aims at predicting guest-free structures of higher stoichiometric
solvates the energy range for generating the anhydrate crystal energy landscape must be
expanded considerably compared to specific searches for anhydrate structures. The cut-off
energies chosen for the generation of Figure 9c were not high enough for identifying the
computational HyB and HyC dehydrate structures which demonstrates that a larger energy
range is needed to include such structures in the analysis. Computational time can be
reduced significantly by identifying channel-like structures showing sufficient void space to
accommodate water (solvent) molecules at an early stage of CSP searches and not using
density as a cut-off parameter. This will also reduce the number of structures used as starting
points for (more) accurate lattice energy minimizations.

3.4.3 Why does Brucine Show a High Tendency to Form Solvates
(Hydrates)?—Solvate (hydrate) formation is often related to (i) either an unfavorable
shape and larger size of molecules incapable of forming closely packed structures (ii) and/or
well-connected hydrogen bond networks. In the case of brucine the molecules can pack
reasonably well, as seen in AH and AHy . However, the direct comparison of the packing
indices of the experimental and computed lowest energy structures of brucine with
strychnine shows that the brucine structures have a lower packing index compared to the
strychnine structures (Figure 9). Brucine features six hydrogen bonding acceptor groups but
no hydrogen bonding donor group. Only by adding a second component with a hydrogen
bond donor group the formation of strong O/N-H:--O/N intermolecular interactions is
possible at all, as seen in the hydrate, alcohol and mixed solvate structures.50,54-59 A
compassion of the strength of the strongest non-hydrogen bonded AH/AHj 1 intermolecular
interactions reveals that the brucine::-brucine van der Waals interactions (pair wise PIXEL
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energies of —46.5 kJ mol~1, Table 2) are in the energy rage of O—H::-O hydrogen bonds. The
high strength of the strongest non-hydrogen bonded brucine---brucine interactions
rationalizes why anhydrous brucine is still highly competitive in stability with the hydrogen
bonded solvate/hydrate structures. The fact that brucine shows a mismatch of hydrogen bond
donor and acceptor groups does not necessarily account for the high tendency for solvate
(hydrate) formation. The acceptor groups involved in the majority of the hydrogen bond
interactions in the brucine solvate structures are also present in strychnine. However,
strychnine, does not show a high tendency towards hydrate/solvate formation. The only
strychnine solvates identified so far are 1,4-dioxane solvates, with strychnine and 1,4-
dioxane not being able to form strong hydrogen bonds. Thus, the different hydrate/solvate
formation propensity for the two chemically related alkaloids may be related to the packing
efficiency (and stability) of the neat forms. The latter can be derived from the computed
anhydrate crystal energy landscapes.

4 Conclusions

The two chemically related alkaloids strychnine and brucine differ markedly in their
tendency to form solvates/hydrates, as seen experimentally and derived from the evaluation
of the low and higher-energy structures on their crystal energy landscapes. The comparison
of the sets of predicted low energy structures can help to anticipate likely packing modes and
whether changes in packing can be induced by chemically modifying the molecular building
block. In the case of the studied compounds the differences in the substitution of the phenyl
ring (strychnine: —H; brucine:~OCHj3 groups) significantly influences the molecule packing
propensities. Strychnine forms one favorable packing arrangement (experimental anhydrate),
with alternative hypothetical structures being distinctly higher in energy (10 kJ mol~1), but
still densely packed. The most stable neat brucine packing arrangement (AHy ) is also a
close packed structure, but energetically competitive hypothetical structures already show
packing frustration. The latter can be compensated for by the formation of hydrates/alcohol
solvates, i.e. the formation of multi-component crystals with guest molecules featuring
hydrogen bond donor groups.

Crystal structure prediction calculations on the host molecule alone, combined with an
analysis of relative lattice energies in dependence of (free) accessible channel-like volume,
can be used to propose framework candidates, as shown for the HyC, for which the guest-
free structure model was one the two suggested candidate structures. The guest-free
modelling approach overcomes the huge cost of calculating the crystal energy landscapes in
multicomponent systems. In general, the (free) accessible volume analysis of the (guest-free)
crystal energy landscape has the potential to indicate non-stoichiometric or channel solvate
(hydrate) formation. However, the absence of (free) accessible volume structures does not
necessarily imply that a compound won’t be able to form solvates (hydrates), which is
demonstrated by the discovered strychnine 1,4-dioxane solvates.

Further developments and approaches for successfully calculating the relative stability of
crystal structures at finite temperature rather than using static 0 K lattice energy
estimation104,105 are required. This is in particular true for hydrate (solvate)/anhydrate
system, where water/solvent mobility significantly contributes to the crystal energy, as
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shown for brucine HyA. Nevertheless, this study is another demonstration22,23 that CSP
methods have considerably advanced in recent years to a stage of complementing and
elucidating experimental findings, which permits access to a better fundamental
understanding of the potential of small organic molecules forming different supramolecular
assemblies.
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Refer to Web version on PubMed Central for supplementary material.
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H
strychnine (s) brucine (b)

Figure 1.
Molecular diagrams of the two alkaloids being studied, strychnine and brucine.
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“central molecule”

Figure 2.
Packing diagram of strychnine anhydrate52 viewed along the crystallographic a axis.

Hydrogen atoms are omitted for clarity. Numbers (green) are the pair-wise intermolecular
PIXEL energies (Table 1).
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type 1a - GF type 1b

(AH,) (AH)%

type 2a - « type 2b - 3
(HyB, solvates) (solvates)

T T A =

type 3
(5.25 hydrate)

type 5
(acetone solvate)

Ze i
EP R

Figure 3.
Packing diagrams of the eigth types of brucine (guest-free) structures. Note that type 1a

corresponds to GF (Watabe et al.56), type 2a to the a-type and type 2b to the B-type. “+”
and “—* symbols denote the right and left handedness of the helical tapes and empty circles
2-fold axes (Figure 4).
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Figure 4.
Brucine (guest-free) packing motifs found in structure types 1 — 5 (Figure 3).
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Figure 5.
Packing diagram of brucine (a) AHy 154 and (b) AH viewed along the crystallographic a

axes. Hydrogen atoms are omitted for clarity. Numbers (green) are the pair-wise
intermolecular PIXEL energies (Table 2).
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water channel

(a)

water channel

Figure 6.
(a) Free accessible volume analysis of HyA (CIKDOQ58), excluding the water molecules,

showing the water channels along the crystallographic b axis. Water space was calculated
using the Hydrate Analyzer tool in Mercury and a probe radius and approx. grid spacing of
1.2and 0.15 A, respectively. (b) Hydrogen bonded chain of water molecules viewed along
ac.
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water channel

(b)

water channel

Figure 7.
(a) Free accessible volume analysis of HyB (ZZZPRWO0159), excluding the water molecules,

showing the water channels along the crystallographic a axis. Water space was calculated
using the Hydrate Analyzer tool in Mercury and a probe radius and approx. grid spacing of
1.2 and 0.15 A, respectively. (b) Hydrogen bonded chain of water molecules viewed along b.
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Figure 8.
(a) Free accessible volume analysis of HyC (YOYZIXS55), excluding the water molecules,

showing the water pockets. Water space was calculated using the Hydrate Analyzer tool in

Mercury and a probe radius and approx. grid spacing of 1.2 and 0.15 A, respectively. (b)
HyC water cluster viewed along b.
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Figure 9.

Lowest energy crystal structures for (a,b) strychnine and (c,d) brucine generated in CSP
searches (PBE-D2). In (a,c) the packing index (PI) and in (b,d) the void space calculated
using a 1.2 A probe radius and approx. grid spacing of 0.15 A are plotted against lattice
energy differences (AF,y), respectively. Light grey area in (c) marks the region of
“excluded” structures (see section 2.3.). Grey areas on (b,d) correspond to the same void
space and AE, range. The inset in (d) shows the extended void space — AE, range,
including the computational HyBgepy and HyCgeny dehydrate structures. The structures
in .res format are available from the authors on request.
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Figure 10.
Packing diagrams of (a) HyCgenyl and (b) HyCgenylI viewed along the crystallographic b

axis (left figures). Brucine molecules colored in green (and yellow background) indicate the
common packing motif in (a) and (b). Void space analysis of (¢c) HyCgenyl and (d)
HyCgenyll. Water space was calculated using the Hydrate Analyzer tool in Mercury and a
probe radius and approx. grid spacing of 1.2 and 0.15 A, respectively. Arrows indicate the
structural difference, shifted brucine layers, between the two structures. (¢) Comparison of
experimental and computed, simulated from HyCgepyl and HyCgenyll structures, powder
X-ray diffraction patterns. Structure minimizations were performed either by optimizing
lattice parameters and atomic positions (opt) using CASTEP or keeping the lattice
parameters fixed to the experimental values and optimizing the atomic positons only (fix).
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Table 1

PIXEL energy calculations on strychnine anhydrate (PBE-TS optimized structure, see section 3.3). Only the
most relevant intermolecular interactions for pairs of molecules are listed.

1 - m? Symmetry Ecb Ep° E[)d Er® Uinterf

kJ mol!

2;3 0.5+x, 0.5-y, 1-2,-0.5+x, 0.5-y, 1-z =202 -11.3 =559 51.5 -36.0
4;5 1-x, 0.5+y, 1.5-z 1-x, -0.5+y, 1.5-z -25.0 -145 -585 622 -35.8
6;7 0.5-x,—y, 0.5+z; 0.5-x,—y, —0.5+z -11.0 -53 -27.6 206 -232

PIXEL energies are for a pair of molecules (m). The pairs of molecules are defined by symmetry relation

b
electrostatic (Coulombic) energy

Polarization energy
dispersion energy
e .
repulsion energy

£ . - . .
total intermolecular energy: Uinter = £C + EP + ED + ER. The non-additivity of Ep is not included.
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PIXEL energy calculations for brucine anhydrates (PBE-TS optimized structure, see section 3.3). Only the

most relevant intermolecular interactions for pairs of molecules are listed.

1--m@ Solid Form Symmetry Ecb EpC EDd Er® Uinterf
kJ mol~!

2:3 AH;p 1-x,05+y, 1-z 1-x, —-0.5+y, 1-z 264 -13.6 -672 60.7 -46.5
AH 1-x,0.5+y, -z 1-x, -0.5+y, -z =240 -11.6 -59.9 525 -43.1

4;5 AHpr =X, 0.5+y, 1-7z,—x, -0.5+y, 1-z  -27.6 -124 -548 61.0 -33.8
AH 2—x, 0.5+y, -z, 2—x, —0.5+y, -z =255 -125 -57.6 589 -36.6

6;7 AHpr X,y 1+z x, y, —-1+z -14.1 -9.6 -349 358 -228
AH 1+x, y, 1+z —1+x, y, —1+z -4.8 =27 =157 176 -15.6

8;9 AHpr -x, 0.5+y,-z; —x, —0.5+y,—z —-6.1 -47 -28.8 230 -16.6
AH 2-x,0.5+y, 1-z 2-x,-0.5+y, 1-z -143 -82 -26.6 371 -21.7

PIXEL energies are for a pair of molecules (m). The pairs of molecules are defined by symmetry relation;

b . .
electrostatic (Coulombic) energy;

c N
polarization energy;

d.. .
dispersion energy;

e .
repulsion energy;

f
total intermolecular energy: Uinter = EC + EP + ED + ER. The non-additivity of Ep is not included.
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Table 3

Calculated O K potential energy differences (A U) between brucine solid forms (HyA — hydrate A, HyAgeny
—isomorphous HyA dehydrate, AH — anhydrate).

Method? AtrsUHyA-HyAdehy)  AusUHya-aH
kJ mol!
¥ moi: PBE0/6-31G(d,p)® 6.10 643
¥t PBEO/6-31G(d,p), PCM (£=3)€ 5.15 —8.44
¥ y: PBE-TS? 16.33 ~0.16
¥,: PBE-D29 7.86 -8.03
RH-Perfusione€,37 53+09 -
DSC (closed)€,37 - 3.0+0.9
DSC (open)©,37 - 24+1.0

HAb initio electronic calculations on either the single molecule (¥'mo]) or crystal (¥cry).

b
Relaxed structures using the CrystalOptimizer methodology;

crelaxed structures with average polarization from the PCM model. The effect of simulating the average polarization of the molecule within the
crystal structure was tested by calculating the distributed multipoles and relative conformational energies using the polarizable continuum model
(PCM)90-92 implemented in GAUSSIANOQ9 with e = 3, a value typical of organic crystals93;

CASTERP density functional theory relaxations with dispersion correction (&points: 0.07 A-1
positions optimized).

, cut-off: 780 eV, lattice parameters and atomic

°RH-Perfusion — isothermal calorimetry, DSC — differential scanning calorimetry.
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Table 4

Lattice energy comparison (expressed as A, with respect to AH) of HyA — HyC computational dehydrates.

Dehydrate structure? HyAdgeny HyBaeny HYCaeny
water:brucine ratio 2:1 4:1 3.85:1
AE / kJ mol™! 20.15 35.53 36.18
(PBE-D2)?
void space / % of unit cell volume® 8.9 21.8 18.6
void space / form channel  channel  pockets

a . . .
Solvent molecules were removed from the structures and the solvent stripped structures optimized using the same methodology as used for
generating Figure 9a.

b
PBE-D?2 single point energies using the PBE-TS optimized structures.

“Void space was calculated using the Hydrate Analyzer tool in Mercury and a probe radius and approx. grid spacing of 1.2 and 0.15 A, respectively.
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