Heinrich Heine
Universitat
Dusseldorf .

Crystal Engineering of y-Amino Butanoic Acid
and its Pharmaceutically Active Derivatives

Dissertation
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Heinrich-Heine-Universitat Dusseldorf
vorgelegt von
Daniel Komisarek

aus Bochum

Dusseldorf, Februar 2023



Aus dem Institut fir Anorganische Chemie und Strukturchemie |

Der Heinrich-Heine-Universitat Dusseldorf
Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat der

Heinrich-Heine-Universitat Dusseldorf

1. Gutachter: Univ. Prof. Dr. Christoph Janiak
2. Gutachter: Univ. Prof. Dr. Christian Ganter

Tag der mundlichen Prifung:



Eidesstattliche Versicherung

Ich, Herr Daniel Komisarek, versichere an Eides statt, dass die
vorliegende Dissertation von mir selbststandig und ohne unzulassige
fremde Hilfe unter Beachtung der ,Grundsatze zur Sicherung guter
wissenschaftlicher Praxis an der Heinrich-Heine-Universitat Dusseldorf*
erstellt worden ist. Diese Arbeit wurde bisher keiner anderen Fakultat
vorgelegt und keine vorherigen erfolglosen Promotionsversuche

unternommen.

Ort, Datum Unterschrift



Danksagung
Ich mdchte diese Stelle nutzen, um meinen Dank an Personen auszusprechen, die

meine Promotion ermdglicht und unterstutzt haben.

Zunachst mdchte ich meiner Betreuerin Vera Vasylyeva-Shor danken. Du warst immer
ansprechbar, hast mit Rat und Tat zur Seite gestanden und mir sehr viel Freiheit bei
meiner Arbeit gelassen. Ich hoffe, dass ich diese Freiheit gut genutzt habe und du mit
den Ergebnissen genauso zufrieden bist, wie ich am Ende auch. Danke, dass du so

eine groRRartige Betreuerin warst.

Weiterhin méchte ich Prof. Dr. Christoph Janiak und Prof. Dr. Christian Ganter daflr
danken, dass sie die offiziellen Gutachterpositionen der Promotion Gbernommen
haben. Insbesondere Herrn Janiak mdchte ich auch daflr danken, dass er mir einen
Arbeits- und Laborplatz zur Verfligung gestellt und mich an seinem Lehrstuhl

aufgenommen hat.

Auch modchte ich den Festangestellten des Lehrstuhls Birgit Tommes, Marcell
Demandt, Annette Ricken und Linda Kronenbarg danken. Danke daflr, dass ihr den
Laden am Laufen haltet und bei technischen Fragen immer flir mich ansprechbar wart.
Birgit, es war immer schon mit dir das Biochemiker Praktikum zu betreuen. Ich hoffe

du wirst da zuklnftig weiter nette Leute haben.

Ich moéchte auch allen weiteren Postdocs, Doktoranden, Master- und
Bachelorstudenten danken, die wahrend meiner Promotion dabei waren. Es war
angenehm fur mich, mit euch zusammenzuarbeiten und ich bin immer gerne zur Arbeit
gekommen. Insbesondere mdchte ich meine beiden Co-Crystal-Engineers Tobias
Heinen und Takin Haj Hassani Sohi hervorheben. Tobi, bei dir ist es bald auch so weit
und ich wiinsche dir viel Erfolg, freue mich auf deine Promotion. Takin, denk dran:

Komisarek & Sohi Partnerschaftsgesellschaft mbH. Haha.

Zuletzt mochte ich Familie und Freunden danken. Mama, Papa, Kira, Onkel Anton,
Tante Liliane, Vanessa, danke dass ihr fir mich da seid. Alex, Daniel, Fabian, Julian,
Kevin, Marvin, Philipp, Simon, Séren, danke euch, dass ihr so gute Freunde seid. Ich
sollte mich wieder 6fter melden. Anni ich liebe dich und du bist auch sehr bald fertig
mit deiner Promotion. Auf ein gemeinsames Leben und eine gemeinsame Zukunft. Du

bist der wichtigste Mensch fir mich, dir widme ich meine Arbeit.



Table of Contents

FPUDBIICAtiONS.........eiiiiii e 1
Il KurzzusammenfasSung...............uuiiiiiiiiiiiiiiii e 2
HESROIt SUMMANY ... e e e e e e eeaeees 3
IV List of Abbreviations ... 4
T INtrodUCTION ... 5

1.1 Basics of (pharmaceutical) crystal engineering ..........ccccoeeeeeiiiiiiiiiicceneeeennn, 5

1.1.1 Crystal Engineering: A brief introduction on history and challenges in a

developing fIEld ....... .. 5
1.1.2  The crystallization ProCessS ........coooeiiiiiiiiiieeeeee e 8
1.1.3 Classification and properties of (crystalline) solids ..................cceoc. 12

1.1.4 Intermolecular interactions: ionic bond and hydrogen bond, TI-

interactions and diSpersive fOrCes..........oiiiiiiiiiiiiiiiicc e, 16
1.1.5 Interim Summary | ... 20
1.2 Experimental, analytical, and computational approaches......................... 21

1.2.1 Experimental approaches to (pharmaceutical) crystal engineering ... 21
1.2.2 Analytical approaches to (pharmaceutical) crystal engineering.......... 23

1.2.3 Computational approaches to (pharmaceutical) crystal engineering . 27

1.2.4  Interim Summary Il ... 30
1.3 y-amino butanoic acid and its pharmaceutically active derivatives........... 31
1.3.1  y-amino butanoic acid (GABA) ... 31
1.3.2 2-(1-(aminomethyl)-cyclohexyl)acetic acid (Gabapentin)................... 31
1.3.3 3-(aminomethyl)-5-methylhexanoic acid (Pregabalin)........................ 32
1.3.4 y-Amino-3-phenylbutanoic acid (Phenibut) .............ccccoooee 33
1.3.5 y-Amino-3-(4-chlorophenyl)butanoic acid (Baclofen)......................... 33
1.3.6  CO-fOMMEIS. .. e e e 34
1.3.7 Interim Summary ll ... 34

2 MOt VA ON ..o e e e 36



S PUDBLISNEA WOTKS ... e e e 38

3.1 Crystal Structure and Thermal Properties of Phenibut, Phenibut H20 and
Phenibut HCI: a Case for Phase Stability Based on Structural Considerations . 39

3.2 A Lection in Humbleness: Crystallization of Chiral and Zwitterionic APIs
Baclofen and Phenibut ..., 62

3.3 Co-crystals of zwitterionic GABA API's pregabalin and phenibut: properties
F= 0o B=Y o] o] {71 1 o] o KPS 112

3.4 Maleic Acid as a Co-former for Pharmaceutically Active GABA Derivatives:

Mechanochemistry or Solvent Crystallization? ...........cccooooiiiiiiiiiie 182

3.5 Understanding Polymorphism and Multicomponent Crystal Formation of
GABA and Gabapentin...........ooo oo 229

4 Summary and OUtIOOK................ooooiiiii 314

D REICICINCES . ... oo e e e e 318



| Publications

First-Author Publications:

Komisarek, D.; Pallaske, M.; Vasylyeva, V. Crystal Structure and Thermal Properties
of Phenibut, Phenibut H20 and Phenibut HCI: a Case for Phase Stability Based on
Structural Considerations, Z. Anorg. Allg. Chem., 2021, 647, 984—-991.

Herbst, M. & Komisarek, D.; Strothmann, T.; Vasylyeva, V. A Lection in Humbleness:
Crystallization of Chiral and Zwitterionic APls Baclofen and Phenibut, Crystals, 2022,
12, 1393.

Komisarek, D.; Haj Hassani Sohi, T.; Vasylyeva, V. Co-crystals of zwitterionic GABA
API's pregabalin and phenibut: properties and application, CrystEngComm, 2022, 24,
8390-8398.

Komisarek, D.; Taskiran, E.; Vasylyeva, V. Maleic Acid as a Co-former for
Pharmaceutically Active GABA Derivatives: Mechanochemistry or Solvent
Crystallization?, Submitted to Materials, Jan. 2023

Komisarek, D.; Demirbas, F.; Merz, K.; Schauerte, C.; Vasylyeva, V. Understanding
Polymorphism and Multicomponent Crystal Formation of GABA and Gabapentin,
Submitted to Cryst. Growth Des., Feb. 2023

Co-Author Publications:

Nieland, E.; Komisarek, D.; Hohloch, S.; Wurst, K.; Vasylyeva, V.; Weingart, O.;
Schmidt, B. M. Supramolecular networks by imine halogen bonding, ChemComm,
2022, 58, 5233-5236

Lamkwoski, L.; Komisarek, D.; Merz, K. GABA-Controlled Synthesis of the Metastable
Polymorphic Form and Crystallization Behavior with a Chiral Malic Acid, Cryst. Growth
Des., 2022, 22, 356-362.




Il Kurzzusammenfassung

Crystal Engineering hat sich spatestens seit den neunziger Jahren des vergangenen
Jahrhunderts als eigenstandige Subdisziplin der supramolekularen Chemie etabliert.
Allerdings sind viele Vorgange, die das supramolekulare Aggregationsverhalten
betreffen, auch Uber dreillig Jahre spater noch nicht vollkommen aufgeklart. Daraus
ergeben sich zahlreiche Probleme fur das Feld, welche vor Allem die Vorhersagbarkeit
von Struktur und Eigenschaften kristalliner Festkorper betreffen. In der Pharmazie
gipfelt diese geminderte Kontrollfahigkeit Uber die Festphase im Phanomen der
sogenannten Disappearing Polymorphs. In so bezeichneten Fallen ist es im
industriellen Maldstab plétzlich nicht mehr mdglich ein zuvor Uber lange Zeit
wohldefiniertes Produkt unter den scheinbar gleichen Bedingungen wie in der
Vergangenheit zu erhalten. Ein unerkannter Einfluss beglnstigt dabei einen
unerwarteten Phasenwechsel des Zielproduktes zu einer anderen polymorphen
Modifikation. Dieses Problem ist beispielhaft fir die Herausforderungen des modernen
Crystal Engineerings: der Komplexitat des Kristallisationsvorgangs mit Mitteln Herr zu
werden, die kaum die Vielzahl an moéglichen Einflissen auf diesen Prozess erfassen
konnen. In den vorliegenden Arbeiten wurde die Kristallisation der y-Aminobuttersaure
(GABA) und ihren Derivaten Gabapentin, Pregabalin, Phenibut und Baclofen im
Vergleich miteinander untersucht. Dabei wurden zahlreiche Kristallstrukturen sowohl
von Einzel- als auch Multikomponentenphasen wie Salzen und Co-Kristallen dieser
Stoffe mit einer Auswahl an Carbonsauren aufgeklart und ihre physikochemischen
Eigenschaften bestimmt. Dazu wurden sowohl analytische Methoden wie auch
Computer basierte Rechnungsmodelle verwendet. Es konnte gezeigt werden, dass in
vielerlei Hinsicht ein ahnliches Verhalten in den Bindungsmodi der supramolekularen
Aggregation der untersuchten Substanzen besteht. Solche Gemeinsamkeiten bleiben
jedoch oberflachlich. So wurde beispielsweise festgestellt, dass die Bildung von
Multikomponentensystemen mit der selben Carbonsdure oftmals mit mehr als einem
GABA-Derivat moglich ist. Allerdings unterscheiden sich die erhaltenen Produkte in
vielerlei Fallen sowohl strukturell als auch in ihren Eigenschaften. Ein
kristallisationsbasiertes Verfahren zur Deracemisierung von Pregabalin ist nicht in
gleicher Weise auf Phenibut Ubertragbar. Die Arbeit zeigt auf, dass sogar zwischen
molekular  nah  verwandten Spezies  gravierende Unterschiede im

Kristallisationsverhalten bestehen kdnnen, denen nicht einfach Herr zu werden ist.




lll Short Summary

Crystal engineering has been established as an independent subdiscipline of
supramolecular chemistry since the 1990s of the previous century at the latest.
However, many processes affecting supramolecular aggregation behaviour have not
been fully elucidated even more than thirty years later. This poses numerous problems
for the field, mainly concerning the predictability of structure and properties of
crystalline solids. In pharmaceutics, this diminished ability to control the solid phase
culminates in the phenomenon known as disappearing polymorphs. In such cases, it
is suddenly no longer possible on an industrial scale to obtain a product that has
previously been well-defined over a long period of time under what appear to be the
same synthesis conditions as in the past. In this case, an unrecognized influence
favours an unexpected phase change of the target product to a different polymorphic
modification. This problem is exemplary for the challenges of modern crystal
engineering: to cope with the complexity of the crystallization process by means that
can hardly capture the multitude of possible influences on this process. In the present
work, the crystallization of y-amino butanoic acid (GABA) and its derivatives
Gabapentin, Pregabalin, Phenibut, and Baclofen were studied in comparison with each
other. Numerous crystal structures of both single and multicomponent phases such as
salts and co-crystals of these substances with a selection of carboxylic acids were
elucidated and their physicochemical properties were determined. Both analytical and
computational models were used for this purpose. It was shown that in many respects
there is similar behaviour in the binding modes of supramolecular aggregation of the
studied substances. However, such similarities remain superficial. For example, it was
found that the formation of multicomponent systems with the same carboxylic acid is
often possible with more than one GABA-derivative. However, in many cases the
products obtained differ both structurally and in their properties. A crystallization-based
procedure for the deracemization of Pregabalin is not equally applicable to Phenibut.
The work demonstrates that even between molecularly closely related species there
can be serious differences in crystallization behaviour that are not easy to master.
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1 Introduction

1.1 Basics of (pharmaceutical) crystal engineering

1.1.1 Crystal Engineering: A brief introduction on history and challenges in a
developing field
Crystal Engineering is a comparatively new research field that has developed from a
concept regarding solid state matrices of specific purposes to a strongly diversified
topic over several decades. In 1955 Raymond Pepinsky was the first to introduce the
term crystal engineering in his Physical Review contribution Crystal Engineering — New
Concept in Crystallography.l However, filling this term with meaning is most
commonly attributed to Gerhard Schmidt's Photodimerization in the solid state
published in 1971.[21 Schmidt viewed crystal engineering as the use of a crystalline
matrix to influence the outcome of photochemical reactions. His particular interest was
the targeted formation of a photo reaction product without impurities. By using a solid
crystalline template to limit unwanted molecular configurations, he was able to reduce
by-products that occur in solvent-based reactions. Many published works from the
1970s and 1980s refer to this early established relation to photochemistry.2-81 Parallel
to this a more general view on the topic has developed that focuses on the crystalline
solid state as a whole rather than just its applicability in photochemistry.[>-'1l This
process has been remarkably impacted by Gautam Desiraju who published many of
the early works on crystal engineering and established concepts such as noncovalent

attractive interactions without the involvement of hydrogen.['?-23l

In the 1990s, crystal engineering research topics continued to diversify, and
pharmaceutical crystal engineering emerged as one of the most commonly addressed
subject matters, which remains important to this day.[?*-36l In 1992, Peter York was the
first to review crystal engineering in a pharmaceutical context and used the term crystal
engineering, even though earlier works had already established connections between
crystal structure and pharmaceutical properties.?”l Just three years later in 1995
Bernstein and Dunitz described an interesting phenomenon that highlighted what
would prove to be a major challenge to overcome for crystal engineering in general
and pharmaceutical crystal engineering in particular. Their contribution Disappearing

Polymorphs showcases the unpredictability and unreliableness of the crystal phase. 38




The article described how previously obtainable crystalline modifications of
pharmaceutical substances become unavailable in industrial production settings for
seemingly no discernible reason. Over the years this topic has been brought up time
and again in differing contexts,®%-%0 and sometimes ways have been found to make a
disappeared polymorph reappear. In 2015, Bernstein, Bu€ar, and Lancaster revisited
the issue 20 years after the first publication, but their contribution did not end on a
positive note. They essentially concluded that while methods have improved, a

definitive solution cannot be proposed.®

In the 1980s and 1990s, research interests began to focus on developing ways to
control crystallization outcomes, and this led to the generation of numerous
perspectives that address this problem.52-%81 Maybe one the most accessible solutions
regarding the question of crystal phase predictability was proposed by Desiraju. His
concept of the supramolecular synthon explains how subunits in organic molecules
can serve as building blocks for supramolecular assembly, for example, by enabling
hydrogen bonds (HBs) (Figure 1).[59-621

a) b) c)
0
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OH | i
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Figure 1. Examples for supramolecular synthons. Single hydrogen bond between two carboxylic acid subunits and
a heterodimer between an amide and a carboxylic acid synthon a), halogen bond between two iodine residues as
well as a bromine residue and trimethylamine b), and an edge-to-face m-interaction with benzene rings c).

The supramolecular synthon might be deemed as a first attempt to identify obvious
regularities in crystallization, and to generate an accessible, visible understanding of
crystallization behaviour. Despite being a staple in the field for close to thirty years after
its introduction,!%3-%7] it has been subject to critique. Predicting whether a desired
supramolecular synthon will form upon crystallization is not always easy, as expected
interaction motifs based on the strongest synthon do not always occur reliably.[68.6°]

This model simply overlooks too many other factors that play a role in the crystallization
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process, such as the crystallization medium or method, temperature, saturation level,
pH-value, additives, choice of antisolvent, and their manifold influences on modes of
prenucleation, nucleation and crystal growth.’%-731 Thus, the effectiveness of
identifying a supramolecular synthon for crystal structure prediction should not be

overestimated.

Although the supramolecular synthon offers a simple method to predict possible
interaction motifs, more quantifiable methods have become prevalent in crystal
engineering around the same time as well. Computational approaches, initially used
as a tool for crystal structure solutions, were enhanced during this time. Applications
to analyse connections between structure and physical properties, find ways to
quantify intermolecular interactions, attempt crystal structure predictions or understand
the steps of the crystallization process were developed.[’#-83 These methods were
continuously advanced during the following years.[’384-1021 Concomitant to the
increasing computerization was and is the emergence and growing importance of
databases for recorded crystal data, such as the Cambridge Structural Database
(CSD).[0%] Established in 1965, the CSD is one of the most important collections of
single crystal data of organic and metal-organic compounds, enabling analysis of large
file sets. As more dedicated artificial intelligence-based tools become available, their
capability to connect non-obvious and complex correlations in huge datasets could

solve the problem of making crystallization actually predictable.['04-107]

This short introduction highlights how crystal engineering has developed from a very
specified niche to a diversified and broad field over the years of its existence
(Figure 2). Crystal engineering still faces key problems that already occurred during
its infancy. The unpredictability of crystal structures and the complex interplay of
factors that influence their formation continue to pose challenges for researchers. This
is especially problematic for pharmaceutical crystal engineering, where high standards
of phase purity and product effectiveness are applied that all depend on reliable
production processes. Experimental trial and error approaches, computational
modelling to various degrees, or mixtures of both remain the methodology of choice to
overcome these challenges. While artificial intelligence may be able to find order in the
complexity of the supramolecular field in the future, at this point each system of interest
must be investigated thoroughly and understood on its own, with only limited
applicability of generalizations concerning other systems. The crystallization process,

solid-phase classification, intermolecular interactions, experimental crystallization
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approaches, analytical methods in characterization, computational models to identify
phase properties and a specific set of herein investigated compounds shall be
discussed to understand the framework upon which the published works concerning

this thesis were prepared.
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Figure 2. Scifinder-n searches conducted in Jan. 2023 using the terms: a) Crystal Engineering, b) Pharmaceutical
Crystal Engineering, ¢) Supramolecular Synthon, and d) Computational Crystal Engineering. The search results
highlight how interest in the presented topics has developed over the last years.

1.1.2 The crystallization process

More than 125 years ago, Wilhelm Ostwald proposed that during crystallization, the
most stable product is not always formed first. Instead, multiple stages must be passed
before the thermodynamically most beneficial entity is reached.l'%8.199 |n modern times,
crystallization is categorized into three possible steps, two of which must necessarily
occur: nucleation (classical or non-classical nucleation theory), crystal growth, and
potential solid phase transformations.[’".119-1121 Each system must undergo some form
of nucleation and crystal growth steps to form a visible crystalline entity. Various

mechanisms for the formation of early-stage clusters, nuclei, or seeds have been




proposed, the mechanism that takes action depends on the system being

crystallized.l'"3]

In the classical sense, nucleation can be summarized as the one-step formation of
larger molecular or ion clusters from smaller particles in the crystallization environment.
If the energy barrier for coagulation is breached, cluster formation is induced,
depending on various thermodynamic factors such as temperature, saturation level,
pressure, mechanical stress, or the presence of impurities (heterogeneous nucleation).
These formed clusters or seeds either dissolve again or start to undergo crystal
growth.[73.114-122] Thjs |evel of understanding for the nucleation process is sufficient in
many cases, but recent research results concerning nano structures contradict this
simple model. Classically, a spherical form for early-stage clusters is assumed, which
is not always the case.l” Non-classical nucleation theory offers various possible
mechanisms for the nucleation stage, taking into consideration non-spherical cluster
formations as well. For example, the spontaneous separation of phases from solution
without actual nucleation occurs for metals in the so-called spinodal region and leads
to a crystalline product if the phases are sufficiently separated.l''91211 Other described
mechanisms include the formation of phase intermediates prior to nucleation. These
intermediates can be seen as dense solution droplets or surface ordered droplets and
be of crystalline, amorphous, or mixed nature.[''l Phase intermediates do not
necessarily nucleate in one step, and multistep nucleation can undergo all various
intermediate stages before forming a seed. An interesting specific mechanism that was
discovered for protein crystal growth on a MoS:2 surface is called direct nucleation. This
nucleation mode occurs for systems that can crystallize one array at a time, forming
monolayers on a given surface. As such the energy barrier necessary to form three
dimensional clusters is circumvented, thus contradicting classical nucleation

theory.l'23]

The complexity of the crystal growth stage is not reduced compared to nucleation.
Again, there is a classical and a non-classical understanding of the growth
mechanisms. In the classical understanding, monomers from the crystallization
environment are adsorbed onto the surface of a formed nucleus that is of a sufficient
size to remain stable. Subsequently, these monomers diffuse over to the
thermodynamically most favourable surface and cause its growth, layer by
layer.[117.119,122,124,125] However, observations contrary to the classical understanding

have been conducted in the past. For example, nuclei of varying sizes can be present
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that are converted into either larger or smaller sizes, the nuclei morphology can
undergo drastic changes, and nuclei of different sizes can aggregate. Modes of growth
can also depend on a previously present substrate. Ostwald ripening and digestive
ripening are examples for the first mentioned category.['26.127] |n the former, smaller
nuclei dissolve in favour of larger ones, minimizing surface energy and thus facilitating
the crystal growth. In the latter the reverse takes place, which occurs in cases of
charged colloidal solutions. The contribution of the chemical potential to the modified
Gibbs-Thomson equation proposed by Park et al. leads to an equilibrium state for
smaller sized particles as opposed to bulk material. Intraparticle growth, which is an
example for morphology changing nuclei, is dependent on shifts in diffusion dynamics
near the crystallite.['?8 If the growth facet’s surface energy becomes approximately
equal to that of the bulk solution, previously unfavourable surface facets turn
energetically beneficial.l''”:119 In coalescence and oriented attachment already formed
larger crystallites fuse.l'>®-1321 Both modes are distinctive for how that occurs: in a
coalescence lattice orientation does not influence the aggregation of the crystallites
impactfully, while in an oriented attachment a crystallographic alignment of the
particles takes place. Lastly, crystal growth can be affected by a substrate or template
on which a new phase is deployed. Li et al. have shown that gold deposited on MgO

shows different growth properties from gold deposited on amorphous carbon.['33]

Even if nucleation and growth processes lead to a desired crystalline entity in the first
place, solid phase transitions can occur long after the initial crystallization. In many
cases such transitions require some form of energetic input, for example in form of
high temperatures,['¥ high pressures,!'® mechanical stress,['3¢ or environmental
changes that benefit recrystallization.['3”! Especially the last-mentioned example can
become problematic when the energetic barrier for phase transitions happens to be
low. The literature mentions various cases where a target product undergoes a
polymorphic phase transition or formation of a hydrate even from the solid-state during
storage or processing. Krishnan et al. have reported a case of single crystal to single
crystal transition which is apparently temperature controlled but can also occur at
ambient temperature given enough time.!"38 Much more common are phase transitions
induced through atmospheric humidity. These can include transitions between
anhydrous forms as well as the formation of a hydrate.['3%-1421 Maybe the most

inconvenient cases of phase transitions concern processing induced changes, for
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example by tableting.l'*3l Inability to bring a pharmaceutical product into a marketable

form can turn into a costly endeavour.

The stated insights regarding the crystallization process highlight its complexity as well

as how vulnerable for disturbance each stage of this event might be (Figure 3).
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Figure 3. Visual representation of the different crystallization stages with classical and non-classical routes
including a choice of examples. The classical nucleation is depicted in a), classical monomer layer growth in b).
The non-classical route is highlighted with roman numerals. A schematic depiction of a phase intermediate is shown
in 1), spinodal decomposition in ), direct nucleation in Ill). Non-classical growth routes are presented in IV) for
Ostwald ripening, V) for coalescence, and VI) for substrate growth. The influence of atmospheric humidity on
possible phase transitions is illustrated by a portrayal of lose water molecules. This figure is based on similar
representations in recent literature [73110.117,119-122]

Numerous factors can potentially influence crystallization at every stage. In 2009,
Kitamura proposed a categorization of such influences regarding the control of
polymorphism into primary and secondary factors.!”" Primary factors include items that
directly concern the crystallization reactants, such as saturation, temperature, stirring
rate, mixing rate of reactants or solution, antisolvent, and seed crystals. Secondary
factors include items that are connected to the crystallization environment, such as the
solvent, presence of additives, a crystallization interface, the pH-value, or host-guest
composition. While this list may not be complete, there are various examples in recent
literature that show how control on one or more of the proposed factors lead to a

desired crystallization product.[73.114.144-151]
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Understanding the complexity of the crystallization process and the different factors
which can change its outcome is a key to comprehend how the historically established
challenges in crystal engineering are not yet overcome. The next section shall
elucidate on possible product outcomes, and how their complicated interrelationships

further impede simple solutions in generalization of the crystallization process.

1.1.3 Classification and properties of (crystalline) solids

The structure of a crystalline solid is linked to its thermodynamic properties such as
solubility and thermal stability, but also mechanical properties such as the tabletability
or pharmaceutical properties such as the bioavailability upon consumption.[152-158]
Categorization of phases is thus an attempt to understand links between structure and
these properties but also to form a legal basis for potential marketability.l159-163]
Different disciplines may have different interpretations of what constitutes a specific
solid-phase, and even within a given field, there may be differences in the use of
terminology. For example, a pharmaceutical crystal engineer might deem a crystalline
system composed of two different molecular species that is devoid of long-range order
a solid solution, or a mixed crystal.l'64-1661 A metallurgist on the other hand might rather
view a similar entity composed of distinctive metals as an alloy.!'6-1%% However, this
does not necessarily mean that these terms are not interchangeable,!'”%-1721 or that
they are not also used in entirely different contexts altogether,['’3174 at least
historically. Henceforth the pharmaceutical crystal engineering point of view will be
used as the focus for further explanations, to keep the scope of this discussion in a

reasonable range.

In pharmaceutical crystal engineering, the classification of the crystalline solid depends
on several factors, including the charge status of the crystallized molecules, whether
one of the crystallized species could be deemed a solvent or water, whether all species
are organic, inorganic, or a mix of both, and whether a crystalline system is composed
stoichiometrically or statistically. It furthermore plays a role whether the crystal
structure is formed by a single or multiple molecular species (Figure 4).1159-163,175-177]
The figure illustrates the complexity of crystalline systems: they may involve iterations
of multiple chemical entities that could be organic, inorganic, a metal, or a solvent and
each system has the potential to form polymorphs. Polymorphism refers to the ability

of a substance to crystallize in more than one lattice modification.
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Figure 4. Depiction of choice crystalline solids, ordered by the number of singular compounds that participate in a
lattice and how many possible iterations of organic, inorganic or metallic species could be present. Polymorphs of
single species crystallized in two different lattices a), hydrate of a single species b), from left to right: co-crystal
composed of neutral species, salt composed of charged species, mixed crystal composed of neutral species but
distributed stochastically c), from left to right: hydrate of salt and hydrate of co-crystal d), and from bottom to top:
ionic co-crystal or co-crystal salt composed of charged as well as neutral species, and ionic co-crystal hydrate e).
This figure is based on similar representations in recent literature.[159-161.163,175]

This is shown in a) of Figure 4 for a single-component crystal. The incorporation of
water or a solvent into a crystal lattice is called a hydrate (b)) or solvate (d)), sometimes
pseudopolymorph,l'78-180 glthough the use of this term was discouraged in the past.['81]
The distinction between hydrates and solvates especially in comparison to co-crystals
may seem arbitrary, but it is historically grown and widely accepted. Multicomponent
entities of stoichiometric composition formed by uncharged species are called
co-crystals, and the different singular compounds co-formers. For charged forms, such
entities are deemed salts, with the positively charged part referred to as a cation and
the negatively charged part as an anion. A multicomponent system with stochastically
distributed co-formers is the previously mentioned solid solution. These bi-component
forms are shown in ¢). lonic co-crystals or co-crystal salts form a crystal lattice

composed of anions, cations, and a further co-former, depiction in e). Polymorphs,
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hydrates and solvates, as well as co-crystals, salts and ionic co-crystals will be

discussed in more detail in the upcoming paragraphs.

The formation of an undesired polymorphic phase after prior crystallization of the
desired one is the original crystallographic problem for pharmaceutical crystal
engineering described by Dunitz and Bernstein.!3851 Similarly, pseudopolymorphs can
be unreliable because they can either decompose to an undesired anhydrous form or
form from a different desired species during storage or processing.l'®2-"88] Transition
events like these can cause severe changes in targeted properties of an active
pharmaceutical ingredient (API). In case of true polymorphs, past studies have shown
that energetic relations between polymorphs are often closely related, facilitating
phase transitioning.['8-1°1] For hydrates or solvates, on the other hand, formation is
linked to molecular structure, especially molecular size, and the ability to form solvent
accessible voids, as well as capability to form a strong intermolecular interaction with
a solvent molecule that exceeds solvent-solvent interaction energies.l'9-194 The
possible fragility of these examples of relative crystallographic simplicity has given rise

to more complex formulations to circumvent their propensity to change phases.

The production of multicomponent crystalline entities, such as salts and co-crystals, is
a long established process.['®51%] While they still have the potential to undergo
unwanted transitions,['8%-188] they can be the solution to phase changes of unreliable
single phase compounds, or enable targeted properties on their own.[50.197-200] The first
question that might arise in context of these crystallographically more complex
multicomponent entities is how the co-former or counterion should be chosen.
Chemically, this question is answered for example through Desiraju’s supramolecular
synthon concept.l®% This involves identifying supramolecular synthons that enable
intermolecular interactions between target molecule and co-former or counterion.
These could for example involve HB sites or 11-systems. For salt formations it might be
the potential to be ionized on the target APl and chosen counterion. When considering
potential co-formers or counterions, it is important to ensure that they are harmless
upon human consumption. The generally recognized as safe (GRAS) list, evaluated
and updated by the US-based food and drug administration (FDA), is a useful resource
for identifying such compounds.?'-2031 The second emerging question on the
background of the discussed relationships between structure and properties may be
how valid the classification of crystallographically complex solids actually is, and

whether there are specific properties that are inherent to one or the other category. To
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answer this question, ionic co-crystals should be considered. In 2010 Braga et al.
published their work on new crystalline forms of barbituric acid with inorganic acid/base
pairs of alkali halogenides coining the term ionic co-crystal.l'’®l Ever since these
compounds were established, numerous other examples of similar nature were
described, also involving completely organic formulations.l?93-29°1 The mere existence
of these species might be deemed as emphasizing of an understanding about
crystalline solids first established by Childs et al. in 2007: crystal species are best
recognized on a spectrum, on the salt-cocrystal continuum.?'% In their early work they
link crystallization environment as well as pKa-values inherent to the single component
species and specifically the deviation of pKa-values in two or more co-formers to rather
form charged salts or neutral co-crystals upon multicomponent crystallization.
Empirically recorded, the salt-cocrystal continuum predicts salt formation to rather
occur if ApKa = 3 or co-crystal formation if ApKa < 0. Especially in between those
ranges, multicomponent entity formation can become hardly reliable. Subsequently,
various techniques for the identification of the proton position were established over
the years,l?""2131 and examples of molecularly related species crystallizing under
similar conditions in different crystal phase categories presented.?'4-218 This shows
how close the call of forming one class of solid over the other can be. There are some
choice connections between (structural) properties that could be identified: choosing a
well-soluble co-former in a co-crystallization with a worse soluble target compound
leads to solubility increases in the multicomponent entity.[?'® Furthermore, properties
such as solubility and melting point appear to show an inverse correlation.[220-223]
However, there is no clear distinction of a co-crystal, salt, or ionic co-crystal regarding
their possible respective physicochemical behaviours. The described connections can
occur independent of how the compound of interest would be classified. Thus, crystal-
phase classification should be deemed as a tool to understand structural features
rather than compound properties.[??*l The potential complexity of crystalline systems
and the difficult interrelationship of structure and properties is not yet understood

sufficiently enough to propose a property-based categorization system.

The key to understand the structural features of the different crystalline embodiments
lies in a comprehension of how the participating molecular entities aggregate.
Therefore, intermolecular interactions relevant for the formation of crystal systems

received in this work will be discussed next.
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1.1.4 Intermolecular interactions: ionic bond and hydrogen bond, 1r-
interactions and dispersive forces
Crystalline solids are formed through interactions between atoms, ions, or molecules.
Supramolecular bonding is a type of attractive interaction that does not lead to the
formation of a new chemical compound but binds particles in a specific way to a defined
position in relation to other aggregated co-formers or ions. In contrast to that the
formation of a covalent bond leads to a new chemical entity. The key distinction
between these two examples is whether electrons are shared or whether these
interactions occur with a closed electron shell. Examples for the former include the
covalent or metallic bond. Examples for the latter are the ionic bond, HBs, TI-
interactions or van-der-Waals forces. However, similar to solid compound categories
these should not be viewed as rigid classes that stand for themselves. Rather than
that, there are usually different contributions of factors such as electron induction,
electrostatic forces, or dispersive forces, and covalent bonds can be characterized by
ionic contributions and vice versa.l?25-229 As bonds of closed shell type are the relevant
type in pharmaceutical crystal engineering, or supramolecular chemistry in general,
some chosen examples shall be discussed in further detail (Figure 5). The depicted
structures are ordered by interaction or bond strength and directionality. The
interaction strength is quantified by modelled energy values for the respective
interactions as well as observable variables such as binding sites distances and
angles. Directionality in the discussed context means how dominant the depicted
interactions usually are in a given supramolecular system. For example, a chloride
anion is very likely to be in the vicinity of a cationic subgroup in a crystal structure. HB
binding sites are more likely to interact the stronger they are. On the other hand, if ionic
sites or HB sites suitable for strong HBs are present, 1r-interactions might occur
between relevant aryl residues, but not necessarily. The formation of the crystal
compound will rather be directed via the stronger binding moieties and the weaker
ones will take place if possible. The overall makeup of a crystalline solid is rather
determined by stronger interactions than by weaker forces, and thus they are deemed

more directional.
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Figure 5. Chosen attractive interaction types roughly sorted by interaction strength and directionality. lonic attraction
of an anion and cation a); strong, charge assisted hydrogen bond, mid-strength neutral hydrogen bond, and weak
neutral hydrogen bond b); halogen bond between two halogens c¢), m-interaction of T-shaped type between aryls
d); and dispersive van-der-Waals forces between alkyl chains e). Contents are based on recent literature.[2?5228]

The defining feature of a salt is the presence of ionicity, whether it is composed of
completely inorganic ions or ionized molecules.[?30231 For inorganic salts, in particular
exceedingly high bond energies are reported, reaching values up to
about -920 kJmol'.[232-23%] Even though such high binding energies via the ionic bond
are possible, the presence of large organic residues on anions or cations enables the
formation of liquid crystalline phases composed of salts.[236-238] Thjs illustrates how the
repulsive forces between such residues, even though weak by nature, can cancel out
the strong ionic bond. These ionic liquid crystals demonstrate how competing
influences on the level of intermolecular interactions shape and influence the nature of
a crystalline product. Similarly, molecular ionicity potentially influences the nature of

the HB and thereby makeup and classification of a crystal.

HBs can be seen as the most important non-covalent interaction type. They should be
considered in congruence with the ionic bond, as both interaction types pose some
similarities in many cases. The HB was referred to a proton transfer frozen before

completion in Steiner’'s important 2002 publication The Hydrogen Bond in the Solid
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State.1?% |n its simplest description, the HB can be understood as an interaction
between an electronegative atom with a covalently bound hydrogen, the donor, forming
an attractive interaction towards another electronegative atom, the acceptor, via said
hydrogen. This can be written in the form X-HessY-Z, where X is the electronegative
donor atom, H is the respective hydrogen, Y the electronegative acceptor atom, and Z
a residue atom, often a carbon. The covalent bond between X and H is not broken but
elongated.[?3%-2421 The energetic range for this type of interaction is approximately
between -1 kJmol' and -170 kJmol".[239.240.243] Fyrthermore, there are visual indicators
that can demonstrate the strength of HBs. For example, stronger interactions show the
shortest HeeeY and Xe+Y distances between 1.2 — 1.5 A and 2.2 — 2.5 A respectively,
as well as bond angles close to 180°. Moderately strong HBs pose HeeeY and XeeeY
distances between 1.5 — 2.2 A and 2.5 — 3.2 A, and bond angles larger than 130°.
Lastly, weak HBs show HessY and Xs+*Y distances larger than 2.2 A and 3.2 A, and
bond angles which are at least larger than 90°.[23°] Similar to the pKa influences on the
salt-cocrystal continuum, differences in acidity play an important role the strength of
the HB, at least for heterogenic interactions between different molecular synthons.
Here, the proton transfer is driven by a Breonsted understanding of acidity. If the
difference in pKa-values is too large, complete deprotonation will occur. In case of
homogenic interaction, between for example two carboxylic acid subunits of the same
molecular entity, the HB character is more covalent. In these systems, the bond can
be understood as half covalently bound to X and to Y.[239.243.244] Tq petter categorize
HBs, it has become common to identify and quantify the different force contributions.
As such electrostatic, inductive, and dispersive forces have been mentioned as the
most important contributions to the attractive nature of the HB, furthermore resonance
effects of multiple HBs in close vicinity enhance their strength.[239.2422451 On the strong
side, inductive effects that locally change electron density, in combination with
electrostatic forces are the dominant factors for the HB formation. Moderate HBs are
mainly of an electrostatic nature, while weaker HBs take on a dispersive character,

similar to van-der-Waals or other dispersive attractions.

Next to the stronger ionic bond or HBs there are 1r-interactions and dispersive forces.
The former depend on the presence of m-systems on the molecular entities, mostly
aryl residues and various related derivatives. Furthermore, Tr-interactions are
subdivided into cofacial or face-to-face interactions, parallelly displaced or offset

stacking interactions, and T-shaped or edge-to-face interactions (Figure 6).[246-24%1 The
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typical interaction distance between ring centres or between a ring centre and edge is
about 3 — 4 A and the energy range is between -1 kJmol-" and -50 kJmol-, but it can
be higher when a m-system interacts with an anion or cation.?4%2%0 The type of T-

interaction that occurs depends on the substituents of the aryl subunit.

a) c)@
S o'
QO O
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Figure 6. Different geometries of m-interactions. Cofacial stacking a), parallel displacement b), and edge-to-face
stacking c).

Cofacial stacking is uncommon and mostly occurs between substituted phenyl rings.
Here, the substitution influences the charge distribution on the 1T-system in such a way
that face-to-face stacking becomes the most beneficial geometry. However, parallel
displacement is still the more common stacking mode for substituted or large aryl
species. In unsubstituted aryl systems, the charge distribution on the ring system is
equal between the different molecular entities. Thus, they align in such a way that
opposite charges face, which is usually the edge-to-face geometry.?47251 |n some
cases, there is potential for overlap of intermolecular interaction, for example through
the aforementioned /ionic interactions.[?°9252.2531 Excluding these cases where
inductive forces can play an important role, it is mostly electrostatic and dispersive
forces that influence the Tr-interaction.[246:250.2521 Solely dependent on dispersive forces
are van-der-Waals interactions. Fluctuations of molecular electron density, so-called
dipole waves, offer both attractive and repulsive contributions of these interactions.?>
Interactions of the van-der-Waals type are binding in a low energy range and are
mostly important for macrostructures lacking any potential for stronger interactions,

such as graphene.[?27:25]

Further types of intermolecular interactions exist, such as the halogen bond, pnictogen
bond or chalcogen bond.[?5%6-2611 The presented examples illustrate the overlap of
attractive forces and how the attractive interactions in these systems are interrelated,

much like the overlapping categories of crystalline solids. This fluid nature of both
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intermolecular interactions and crystal structure types serves as an indication on why

reliable crystal synthesis and property prediction is so difficult to achieve.

1.1.5 Interim Summary |

From highly specialized origins in the field of photochemistry crystal engineering has
become diversified over the years. Although a plethora of approaches, both simple and
complicated, have been developed, key problems at the heart of research concerning
the field could not be holistically solved. The reason for this is the complexity of
supramolecular chemistry at the level of crystalline solids. The process of
crystallization, even though studied for more than a hundred years, is not fully
understood. This is due to the numerous possible mechanisms involved in its stages.
Various factors can potentially influence each step of the crystallization. Furthermore,
crystalline products exist on a spectrum in large influenced by the intermolecular
interactions necessary to form a specific compound. The fluid nature and close relation
of these interactions limits reliable predictions of structural outcomes. This is even
more true for compound properties. At this point in time, thorough investigation of target
species remains the only way to understand aggregation behaviour and property
relationships, and general statements concerning a large number of different

crystalline entities can hardly be made.
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1.2 Experimental, analytical, and computational approaches

1.2.1 Experimental approaches to (pharmaceutical) crystal engineering

It was established that crystallization is a complicated process, and the resulting
products exist on a structural continuum that does not necessarily correlate with
compound properties. In the following paragraphs, an overview on possible crystal
synthesis techniques shall be provided, with an emphasis on the ones that were

actually applied in the works related to this thesis.

Crystallization from solution is probably the most common method to perform a crystal
synthesis and what most models explaining this process are based on. In addition to
the thermodynamic or kinetic factors mentioned earlier, the solvent environment itself
is possibly the strongest influence on single as well as multicomponent crystallization
from solution. A recent example for research in this area was conducted by Liu et al.
in 2022. They investigated how the solvent environment influences molecular
conformational preferences on APl Gabapentin. It was determined that different
solvents favour specific conformations which leads to crystal formation directed by
these molecular preferences.?621 The requirement to crystallize a given substance from
a solvent environment is that said compound must be soluble in the chosen solvent.
To induce an instance of the possible described crystallization processes, the correct
target species saturation level in the solvent environment must be reached. This can
be achieved for example through cooling or solvent evaporation.[?63-2681 Another
possible way to start crystallization from solution is the so-called antisolvent
crystallization. For this process, a second solvent in which the solute is badly soluble
is required. Crystallization can be induced via layering of the solute/solvent solution
with the determined antisolvent. Another possibility instead of layering is to add the
antisolvent in a closed system by gas diffusion. In this case, the antisolvent should
ideally show a higher vapour pressure than the original solvent.[?%%-2721 A further
common technique is seeding. Here, an already grown crystalline particle of the
targeted crystal system is added to a saturated solution of the desired substance. This
offers the advantage that a given crystal structure is predetermined, and phase
transitions are less likely.[?”3-2751 One more common way to induce or influence the
crystallization process is the use of additives. These include substances which are

added to a crystallization solution usually in a smaller, non-stoichiometric amount to
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change crystallization behaviour at a specific stage. The range of how these additives
alter the usual crystallization route is spread widely, for example blocking of growth
faces or supramolecular synthons, directing crystal morphology, or even just changing
the pH.[276-2801 | astly, it is worth mentioning that the described techniques are mostly
aimed at a laboratory environment. In an industrial context, these methods must be
scaled up and it has to be decided whether a batch crystallization or a continuous flow
crystallization should be applied. The latter is a relatively recent development, that
offers lower operational costs and generated wastes, better potential for scale up, and
better product reliability, as it works continuously. Batch crystallization on the other
hand is well established, and investment costs for new continuous operations appear
to keep itin place for some time to come, but its batch-by-batch nature can vary product
quality. On the other hand, batch crystallization offers a better control of the

crystallization steps, especially because of its discontinuous nature.[281-284]

Mechanochemical crystallization is a technique which has gained increased attention
over the last years, especially for multicomponent species or polymorphs that might be
inaccessible in a solvent environment.[?85-288] Mechanochemical approaches to
crystallization typically involve grinding techniques, either in a mortar and pestle or a
ball mill. One advantage of this technique is that no solvent or only a negligible amount
of solvent (liquid-assisted grinding) is required, which reduces cost and environmental
impact. Additionally, the crystallization process via mechanochemical means is faster
than solvent crystallization, typically only taking a few minutes.[?8%291 Unlike solvent
crystallization, the solubility of the target system in a given solvent is not necessary.
However, solvent crystallization enables formation of single crystals, whereas
mechanochemical treatment only yields powders. The mechanism underlying grinding
crystallization is still not fully understood, although theories have been proposed. The
process is mostly linked to local temperature or pressure changes induced through
mechanical stress. This might cause surface defects and therefore changes in surface
energy, leading to particle migration that even reaches into the bulk phase to form a
new structure. Multiple crystalline or non-crystalline stages can be undergone during
this process.[291-294 There is still additional research necessary to fully understand the

mechanochemical crystallization.

Additional common crystallization methods include crystallization via slurry or from a
melt. In the case of slurry, a crystal/solvent dispersion is continuously stirred over

prolonged time periods. This mixture can be influenced by solvent-based as well as
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mechanochemical influences, leading to crystallization products that may not be
accessible via the usual solvent or grinding route.[?®5-2%71 Crystallization from melt
requires the target compound to be able to melt without decomposing. Where
applicable, this method is popular for accessing otherwise non-receivable

polymorphs.[298-3001

All discussed crystallization methods show some distinctive benefits, but in the course
of this thesis crystallization through solvent evaporation, antisolvent crystallization,

usage of additives upon crystallization and mechanochemical crystallization from a ball

mill were used (Figure 7).

Figure 7. Simplified depiction of the applied crystallization techniques. Crystallization through evaporation of the
solvent a), diffusion crystallization b), additive crystallization from solution c¢), and mechanochemical crystallization
in a ball mill d). The chemical target species is depicted in red, the solvent in blue, antisolvent in green, additive in
purple and ball milling balls in grey. Arrows indicate vaporization direction or shaking direction of the ball mill.

1.2.2 Analytical approaches to (pharmaceutical) crystal engineering

After a successful crystal synthesis, it is essential to characterize the resulting product.
Characterization methods can be roughly divided into two categories: structure
determination and investigation of physicochemical properties. In the context of

pharmaceutical crystal engineering, structural makeup mostly refers to crystal structure
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and supramolecular binding behaviour, as opposed to molecular structure. Further
interesting properties to investigate include solubility and thermal behaviour, such as
melting point, thermally driven phase transitions, or thermal decomposition. In the
following paragraphs, the analytical methods used for characterization will be

discussed.

X-ray diffraction methods can be considered the foundation of crystal engineering
analytics. In principle, a metal cathode (usually Cu, Mo, or Ag) is used to produce an
x-ray beam that is directed at a crystalline sample from various angles. As crystalline
samples behave like meshes due to their structurally periodic nature, they interact with
the beam. If the correct angles are reached, constructive interference will occur, and a
reflected ray can be detected using an appropriate x-ray detector. Braggs law
describes the conditions under which this constructive interference can occur

(Equation 1).
nA = 2dsin 0 (1)

Here, n is an integer number describing the degree of diffraction. The wavelength A of
the x-ray source depends on the specific type of source. The distance between the grid
layers is represented by d. Finally, the angle of incidence of the x-ray is represented
by 6. This allows for the recording of a two- or three-dimensional pattern, depending

on the diffraction method, that is characteristic of the structure.[301-306]

Diffraction methods can be performed on both crystalline powders and small,
favourably well-ordered single crystals. Powder x-ray diffraction (PXRD) is a potentially
very fast, non-destructive method that gives a two-dimensional diffraction pattern as a
function of diffraction signal intensity in relation to double of the angle position. A
recorded powder pattern can be thought of as a fingerprint of a crystalline substance.
As such, distinguishing between polymorphs or the formation of a new multicomponent
phase becomes possible through simple comparison of powder patterns. Additionally,
the signal intensity in the diffraction pattern can provide information about preferential
growing directions of crystal surfaces, while Bragg reflection resolution compared to

noise can reveal information about the crystallinity of the sample.[301.302]

Three-dimensional diffraction on single crystals (SCXRD) can reveal even more
detailed structural information. In this technique, the single crystal is irradiated with an

x-ray beam from up to three different angles (w, X, @) in a three-dimensional alignment.
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This generates a reciprocal lattice in a so-called reciprocal space. This reciprocal
lattice can be understood as a model containing information about how the crystal
lattice is composed at the geometric level, without any information about the chemical
species. To identify the latter, the signal intensity in the reciprocal space must be
evaluated. The interaction of x-ray beams with a crystalline substance can be seen as
the interaction of photons with electrons. As the beam wavelength is fixed, the intensity
of a reflected ray depends on the number and nature of the electrons present on the
irradiated sample. As such it becomes possible to determine the atomic species
participating in the investigated lattice. Together with the geometrical information it is
possible to generate a detailed description of the crystal structure.[303.305.306] SCXRD
can provide information on various characteristics of the crystal structure, such as axis
lengths and angles, cell volume, space group of a unit cell, intermolecular bonding
behaviour in the crystal system, and chiral information on molecular species. With the
advent of advanced detector technology, SCXRD has become considerably faster.
However, if the quality of the single crystal is too low, it can still take hours, days, or
even be impossible to determine the structure sufficiently. In such cases, a powder
pattern can be recorded, and if intermolecular interactions need to be investigated,

infrared spectra can be a helpful tool.

Infrared (IR) spectroscopy is another technique based on the interaction of light and
matter. However, contrary to diffraction methods, far less energetic infrared radiation
is used. The resulting spectrum of an IR experiment is based on absorption, rather
than on irradiation angles and subsequent reflection. Various setups are possible, such
as transmittance of light through a sample, reflectance of an evanescent wave on the
sample, or interference of reflected beams. The energy level of IR radiation is sufficient
to excite molecular vibrations which are characteristic to specific bonds between
atomic species and their close environment. After the initial beam transmits through or
reflects on the sample, its energetic properties change, depending on the interaction
with the matter. One commonly applied setup makes use of attenuated total reflection
(ATR) through a reflective crystal over the sample surface. This maximizes sample
exposition to the IR-beam and minimizes the beam travel path, leading to better signal-
to-noise ratio. The reflected beam in either setup can be recorded with a suitable
detector, and Fourier transformation is commonly applied to produce an IR-spectrum
that is a function of band intensity dependent on infrared wavelength.397-3091 By

investigating these bands, it is possible, for example, to identify HBs,[310311 the
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presence of lattice water,[312313] or distinguish between salt and co-crystal through
examination of carbonyl bands.['4315 As such, IR spectroscopy can help classify a
received crystalline solid if single crystal diffraction is not an option. The described

methods are visualized in Figure 8.

7 e e

Figure 8. Simplified depiction of described structural characterization methods. X-ray reflectance in 6/26
measurement geometry for PXRD a), SCXRD setup showing the separately movable diffraction angles with x able
to move vertically b), exemplary diffraction pattern in reciprocal space c), and ATR-IR setup d).

The determination of solubility can be achieved by various methods. One simple
approach involves removing a specific volume of a saturated solution from a larger
sample and allowing the liquid to evaporate. The remaining residue can be weighed to
determine the ratio of solute mass to solvent volume.3'®l However, in the
pharmaceutical context, there are several commonly used methods for measuring
solubility that do not require solvent evaporation. These mostly do not require
evaporation of the solvent, but involve microscopic or spectroscopic methods to record
the content of the target solute in a given solution.317:3181 |n the context of this thesis,
proton magnetic resonance ('H-NMR) spectroscopy was used to measure product
solubility. 'H-NMR spectroscopy is commonly used for molecular structure

characterization and is based on proton excitation through a magnetic field. A Fourier-
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transformed spectrum is produced, similar to infrared spectroscopy, which is presented
as a one-dimensional spectrum of peaks at their respective chemical shift positions in
parts per million (ppm). These peak positions are characteristic for different molecular
subgroups in a given molecular environment. For solubility studies, the quantitative
nature of 1H-NMR spectroscopy is useful. Integration of peak areas of different signals
in the spectrum reveals the ratio in which the compounds corresponding to the signals
are present in a sample.3'9-3221 This enables the measurement of the desired species

content against the solvent signal or a standard of fixed concentration.

Understanding the thermal properties of pharmaceutical solids is essential for their
characterization. Differential scanning calorimetry (DSC) is a powerful method for
investigating the behaviour of compounds upon heat treatment. In a typical DSC setup,
the sample of interest is put in a metal crucible and placed in a heating chamber. An
empty reference crucible is either present during the subsequent measurement, or the
reference measurement is conducted beforehand. A temperature regime is then
applied in the heating chamber, and via temperature sensors the heat flux on the
sample is measured in Jg-'s-'. If through the applied temperature regime, a phase
transition of the sample occurs this heat flux changes. Depending on whether such a
phase transition is endothermic and requires energy, or exothermic and releases
energy, the heat flux curve as a function of the temperature will show a transition peak.
It is common practice to present the direction of exothermic events in a received
thermogram.[323-32% The evaluation of these thermograms thusly reveals solid/solid
phase transitions, melting, and whether such processes are endothermic or

exothermic.

To investigate decomposition, the thermogravimetric analysis (TGA) is the most
common method of choice. Here, the sample is also placed in a metal crucible and
exposed to a previously determined temperature regime. However, instead of
measuring heat flux changes, the mass change caused by thermal decomposition of
the sample is recorded. This enables identification of hydrates or solvates through
decomposition events at low temperatures, or general decomposition behaviour at

higher temperatures.[32¢]

1.2.3 Computational approaches to (pharmaceutical) crystal engineering
Computational modelling methods can provide a deeper understanding of

experimentally and analytically determined compound properties. These can include
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energetic benchmarks such as lattice energies of different structural embodiments
received from a crystallization batch, detailed analyses of intermolecular interaction
properties, the electronic structure of a molecular species in a given crystalline system,

or even moderately successful structure predictions.[242:327-331]

Many approaches regarding such applications are based on density functional theory
(DFT). In principle, DFT offers an approach to calculate the electronic structure for
atoms, molecules, agglomerates or (crystalline) solids based on electron
density.[332.333] Total electronic energy is calculated by summing up different energetic

contributions (Equation 2).
Et0t=ET+EV+E]+EX+EC (2)

Where Er is the kinetic energy term for the electrons, Ev their potential energy
concerning attractive electron/nuclei interactions, EJ their potential energy regarding
averaged electron/electron repulsion, Ex the electron exchange energy and Ec the
electron correlation energy. While Ey only considers averaged values for
electron/electron interactions the DFT evaluates both Ex and Ec, offering a more
accurate description of electron behaviour. It is the interpretation of these terms that
distinguishes DFT from other available methods. Various functionals that each
interpret electronic structure differently have been established over the years. Popular
examples include the Becke-3-parameter-Lee-Yang-Paar functional B3LYP, or the
Perdew-Burke-Ernzerhof PBE exchange-correlation functionals.[334:33% Furthermore,
these functionals require a basis-set which usually contains a number of different
electronic wave functions for chosen atomic species. The right combination of
functional and basis-set is essential for accurate results.l33¢! As DFT is only concerned
with electronic contributions, energetic descriptions of periodic systems like crystals
can become challenging. Contributions of other forces such as dispersion or long-
range interactions play a role here as well. To account for such factors, it has become
common practice to use dispersion correction models and/or apply periodic-boundary
conditions.[327:337.338] A dispersion correction adds a further energetic contribution for
the dispersion to Equation 2. Periodic boundary conditions significantly decrease
calculation costs of large, quasi-infinite systems such as a crystal by reducing the
calculation effort to the unit cell, or equivalently a previously established super cell

alone. A quasi-infinite number of cells are approximated by introducing an original unit
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cell surrounded by infinite images of itself to simulate interactions between adjacent

cells.

The DFT-based electronic property description enables the visualization of electron
density on investigated chemical species. However, the obtained energetic values can
also be utilized to calculate further properties. By performing a structural optimization
on a crystalline system using a DFT method, an Ett value for the electronic structure
of the investigated system is received. For the calculation of lattice energies, this value

is typically referred to as ideal solid-state energy, or Eiss (Equation 3).[33°]

Eiss
Epae = 7 Eisg (3)

Here, Z is the number of crystallographic entities in the unit cell, and Eisqg the ideal static
gas energy. The latter corresponds to the Etot value for the geometric optimization of a
single molecule in an otherwise empty cluster of predetermined size through DFT
approaches. The calculation effort is visually highlighted in Figure 9. In essence,
Equation 3 compares the energetic effort of the crystallographic entity in the crystalline
system with that of the entity on its own in an empty space. Thereby, the gain in energy
per entity (kJoule per mol) is received, which is considered the lattice energy. This

energetic value is useful for assessing phase stability and could help identify stable

crystalline forms of a target species if calculated for theoretical phase geometries.[??°]

Figure 9. Principle of the unit cell evaluation of a crystalline solid under periodic boundary conditions to account for
long-range interactions a), and of a singular entity in an otherwise empty cluster b).

In addition to the energetic evaluations of the solid phase, it is common to investigate
the energetic properties of specific bonding interactions such as HBs. The Atoms in
Molecules (AIM) model is a common approach for this. After determining the electron

density distribution of a system of interest, such as via DFT methods, it is possible to
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identify electron density extrema between atomic species. These bond critical points
can be interpreted as binding interactions such as covalent bonds, but also HBs
depending on the energetic extrema properties.[?4%-341l Emamian et al. have developed
an approachable method to feasibly use bond critical point evaluation for the
calculation of HB bond strength.?*2l They employed a B3LYP method with the Grimme
DFT-D3(BJ) dispersion correction to determine electronic properties and applied
coupled cluster singles and doubles with perturbative triples correction (CCSD(T))342]
in conjunction with Boys and Bernadi's counterpoise technique to determine interaction
energies at these points. By empirically investigating various electronic properties of
42 HB complexes, they established a linear equation that links bond energies to
electron density extrema at the bond critical points, which can be adjusted for neutral
and charged HBs (Equation 4, 4a and 4b).

Eint = Es X ppep + E¢ (4)
By = —223.08 X pgep + 0.7423 (4a)
Eyp = —332.34 X ppep — 1.0661 (4b)

Where pscr is the electron density at the bond critical point in atomic units, Es the
empirically determined slope of the linear regression in kcal mol', and Ec the
empirically determined intercept in kcal mol'. The linear correlation between
interaction energy and electron density produced by this approach allows for easy
determination of interaction energies by simply identifying the bond critical point
electron density, which saves time and resources compared to fully DFT-based energy

calculations.

1.2.4 Interim Summary li

The described well-established methods to determine crystal structure,
physicochemical properties and modelling further attributes computationally are
powerful and have undergone significant progress over the recent decades. However,
they remain mostly descriptive. Although computational methods like DFT-based
energetic evaluations have been used to predict possible stable phases, these
applications are still in their infancy. It is not yet possible to reveal general laws of
crystallization that would enable complete control of the crystallization process. This
emphasizes the point previously stated that, at this time, individual systems of interest
must be investigated separately.
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1.3 y-amino butanoic acid and its pharmaceutically active derivatives

1.3.1 y-amino butanoic acid (GABA)

y-amino butanoic acid (GABA) is a small amino acid consisting of a four carbon alkylic
chain and a carboxylate residue on C1 as well as an ammonium residue on C4. This
makes it zwitterionic in nature, a common feature of amino acids.[?*3-346] Furthermore
it is nonessential, which means that it can be produced by the body on its own without
the need to be consumed via food uptake. Up to three neuroreceptors are named after
GABA: the GABAA receptor and its subclass GABAap, which is sometimes argued to
be its own GABAC receptor, and GABAB.[347-349 All GABA type receptors are linked to
inhibition and excitation of the central nervous system in vertebrates. GABA regulates

pain and stress experiencing, sleep and immune responses.[350-353]

Three polymorphic modifications of GABA have been described to date.[3%4-3%7] The
first form was described by Tomita et al. in 1973 and crystallizes readily from water.
The second polymorph was discovered in 1996 by Dobson et al., compared to the first
form it is elusive and may undergo phase transitions. Wang et al. and Lamkowski et
al. have described ways to stabilize this form through additive crystallization via
mechanochemical means and from solution respectively. Furthermore, Wang et al.
also discovered the third modification via mechanochemical additive crystallization.
Regarding crystallization of multicomponent species, GABA has received less
attention. A solvate and a hydrate are known, as well as a calixarene complex.[358-360]
Losev et al. have described salts with diastereomeric and L-forms of tartaric acid, while

Lamkowski et al. have found salts with malic acid species.[355361.362]

1.3.2 2-(1-(aminomethyl)-cyclohexyl)acetic acid (Gabapentin)

2-(1-(aminomethyl)-cyclohexyl)acetic acid (Gabapentin) is an API derived from GABA.
While retaining the basic GABA-chain, a cyclohexyl residue is introduced in C3, which
increases Gabapentin’s molecular size compared to GABA, but does not introduce
further supramolecular synthons. Marketed as an anticonvulsant agent since 1993 in
Europe, its uses today include treatment of neuropathic pain, pain in general and
easement of anxiety. As such it can be regarded a blockbuster API, that is still
prescribed regularly as of today. Interestingly, it does not interact with any GABA
receptors, though some studies have linked it to GABAs activity. Recently its abuse

potential has become cause of concern, primarily abused by opioid users.[363-368]
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The crystallization behaviour of Gabapentin has been extensively studied since its
introduction. Three polymorphic modifications and a hydrate have been identified.
These can undergo phase transitions between each other through mechanical stress,
heat treatment, or recrystallization from different solvents.69-3721 Numerous patents
have been published regarding the stabilization of specific polymorphs, reflecting its
status as a commercially viable API.1373-3751 Additionally, research has focused on the
formation of multicomponent species of Gabapentin. Thus, salts and co-crystals were
described, but also large clathrate-like formulations or complexes involving gold.76-
383 A notable study was conducted in 2020 by Soliman et al. who co-crystallized
Gabapentin with Saccharin. The received compound improved the taste properties of
the API, in congruence with other, more classically considered physicochemical
attributes.?®  Furthermore noteworthy is the plethora of patents concerning

multicomponent species of Gabapentin.[385-387]

1.3.3 3-(aminomethyl)-5-methylhexanoic acid (Pregabalin)

3-(aminomethyl)-5-methylhexanoic acid (Pregabalin) is an API that is very similar to
Gabapentin. However, instead of a cyclohexyl residue in C3, it has an isobutyl group
in this position. This makes Pregabalin chiral, and strictly only the (S)-form, its eutomer,
the enantiomer showing the desired pharmaceutical properties, is marketed as
Pregabalin. The similarities to Gabapentin go beyond structural level, and the two
compounds are sometimes referred to as Gabapentinoids. Pregabalin, released in
2004, has similar pharmacokinetic properties to Gabapentin and is not active on GABA
receptors. It is used to treat similar diseases as an anticonvulsant, pain inhibitor, and
anxiolytic. Its commercial impact is significant, and it has similar addictive properties
that have come to light in the past decade. Several studies have been conducted to

investigate its abuse potential.[363.364,368,388-392]

In the case of Pregabalin, much of the research on its crystallization behaviour has
been conducted in the form patents.[3°33%1 However, there are some works published
in scientific journals which mostly concern multicomponent formation or the structure
of (S)-Pregabalin.[3%5-3%] One structure evaluation by Samas et al. presented a co-
crystal of (S)-Pregabalin and mandelic acid.3%°! Apparently, this spurred a significant
industrial research effort concerning crystallization-based enantiopurification
processes of Pregabalin.[*0%-406] These methods utilize co-crystallization of racemic
Pregabalin with enantiopure mandelic acid to separate Pregabalin enantiomers. The

commercial success of (S)-Pregabalin has motivated the development of cost-effective
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methods for enantiopurification. A plethora of patented crystallization-based

deracemizations demonstrates the potential of these approaches.

1.3.4 y-Amino-3-phenylbutanoic acid (Phenibut)

y-Amino-3-phenylbutanoic acid (Phenibut) has the typical zwitterionic GABA chain
capable of HB or ionic interaction, and a further phenyl group in C3, which introduces
chirality in that position. First marketed in 1963 in the Soviet Union it is primarily sold
as a racemate, while research has suggested that the (R)-enantiomer is the eutomer.
Phenibut might be considered the-odd-one-out among the discussed GABA-derived
APls. It is not authorized on European or US markets, only being officially sold as a
medication in some former soviet countries where it is used to treat anxiety, insomnia,
and other stress-related symptoms. In contrast to Pregabalin and Gabapentin, it shows
affinity for the GABAB-receptor in combination with pharmacokinetic properties of the
Gabapentinoids. In Western countries, it has gained notoriety for its abuse potential,
being sold as a dietary supplement disregarding its severe pharmaceutical

potency_ [407-412]

Research regarding its crystallographic properties is sparse. The crystal structure of
Phenibut « HCI was reported by Mao et al. in a CSD communication in 2018.1413] This
structure was furthermore reproduced and used to investigate binding motifs to
monoamine transporters by Senior et al. in 2020.14'4 Prior to the works concerning this
thesis, there was no significant research conducted on the structural properties of
Phenibut.

1.3.5 y-Amino-3-(4-chlorophenyl)butanoic acid (Baclofen)

y-Amino-3-(4-chlorophenyl)butanoic acid (Baclofen) is structurally most similar to
Phenibut, differing only by the presence of a chloro-group in the para position of the
phenyl ring. It shares the zwitterionic GABA chain, a chiral center at C3, and a phenyl
residue capable of Tr-interactions, with the added potential for halogen bonding due to
the chloro-substituent. Baclofen was approved by the FDA in 1977 and is commonly
used to treat spasticity and related conditions that cause involuntary muscle movement
and twitching. Like Phenibut, it targets the GABAs-receptor and its (R)-enantiomer is
considered the eutomer, though it is mostly sold as a racemate. An interesting use of
Baclofen, given the abuse potential of the Gabapentinoids and Phenibut, is in the
treatment of alcohol and other substance addictions. However, discontinuation of

Baclofen treatment can lead to problems, including delirious states.[415-421]
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Maybe due to its success as a medication, investigations on Baclofens structural
properties are plentiful compared to Phenibut and are on a level closer to that of the
Gabapentinoids. These investigations include structural determinations of the
racemate, polymorphs of the enantiopure (R)-form, and hydrates of Baclofen.[422-424]
Additionally, there is significant interest in multicomponent structures as well. Salts as
well as co-crystals with multiple organic structures have been described.[?5-427] |t is
worth highlighting that processes for chiral resolution were developed by Coérdova-
Villanueva et al. as well as Songsermawad et al. in 2018 and 2022 respectively.#28:429]
The former proposes the use of malic acid, while the latter uses mandelic acid again
to perform the enantiopurification. The interest from an industrial perspective is also
high, with processes being patented to enhance Baclofen solubility or resolve the

racemate through crystallization.[430:431]

1.3.6 Co-formers

The choice of co-formers to be used in this work was based on what was known to
form multicomponent structures with at least one of the investigated compounds from
literature evaluation. As such mandelic acid was chosen, as its potential to resolve
racemic structures of Pregabalin and Baclofen was established in the past.[400-406.429]
Malic- as well as tartaric acid multicomponent forms with GABA and Baclofen were
shown to exist, as were maleic acid forms with Baclofen and
Gabapentin [355,361,362,427.429.432] Eyrthermore, succinic acid and fumaric acid were
chosen due to their molecular similarity with maleic acid, malic acid and tartaric acid.
If considered at large, an increase of molecular complexity akin to the APIs is present
in the co-formers. Succinic acid is the simplest entity, a four carbon alkylic chain with
two carboxyl groups on C1 and C4. Fumaric acid introduces a m-bond, and maleic acid
furthermore a cis conformation. This enables intramolecular HB und thus slightly
changed properties compared to fumaric acid. Malic acid lacks the 1T-bond but shows
a hydroxy residue in the chiral C2 position. Tartaric acid poses an additional hydroxy
group in C3 whit another chiral centre here. Mandelic acid is the only non-dicarboxylic
acid between the co-formers, but it poses a carboxylic group, a hydroxy residue on the

chiral C2 and an aromatic phenyl ring.

1.3.7 Interim Summary lli
GABA and some of its relevant derivatives Gabapentin, Pregabalin, Phenibut, and
Baclofen are a successful class of APIs. In the stated order they offer increasingly

complex molecular makeups. While their crystallization behaviour was investigated
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separately to varying degrees, up until this point no one has tried to connect these
molecularly very similar entities from a crystallographic point of view. Thus, this group
of commercially viable substances shall be evaluated based on the established central

problems of crystal engineering under use of the available methods.
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2 Motivation

The central problem of modern pharmaceutical crystal engineering, as well as crystal
engineering in general, still is the unpredictability of the crystallization process as well
as the inability to generalize findings regarding structural and physicochemical
properties on a meaningful level. Thus, it remains necessary to investigate target

systems piece by piece and further our understanding incrementally.
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Figure 10. Investigated y-amino butanoic acid derivatives and dicarboxylic or a-hydroxy carboxylic acid co-formers.
Molecular complexity increases in the order a) GABA, b) Gabapentin, ¢) Pregabalin, d) Phenibut, e) Baclofen and
in the order I) succinic acid, Ill) fumaric acid, lll) maleic acid, IV), malic acid, V), tartaric acid, and VI) mandelic acid.

The compounds central to this thesis, GABA and its pharmaceutically relevant
derivatives, are a class of successful APIs. They are molecularly small substances that
offer limited capacity for intermolecular interactions but increase in complexity from
GABA to Baclofen (Figure 10). The investigation of their crystallization behaviour is
interesting, as it enables the revelation of how slight changes in molecular makeup
affect structural properties on the supramolecular level, be it in terms of single
component or multicomponent species. The choice of co-formers was undertaken
according to established literature and serves to uncover how structural features,

physicochemical properties, or crystallization-based processes established regarding
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one compound are applicable to the related GABA-derivatives. As such the following

questions are central to this thesis:

In how far are structural properties between the investigated species comparable

regarding intermolecular interaction motifs in single and multicomponent systems?

Are there co-formers that form a multicomponent entity with each compound, and do

these potential forms show similar physicochemical properties?

How does the crystal synthesis route affect the outcome of a crystallization for the

central compounds? Are there any similarities between them?

How do established processes for example regarding enantiopurification work? Which
structural characteristics enable these methods? Can this be transferred to other

similar systems as well?

Answers to these questions on one hand highlight how far along we are in
understanding relations between molecular and structural properties. Are we actually
able to predict a crystal structure by observations on the molecular level? On the other
hand, it offers a deeper understanding regarding solid-phase behaviour of blockbuster
medications. Especially the commercial success of Gabapentin, Pregabalin and in a
more limited capacity Baclofen serves to indicate that further APIs related to the
investigated compounds will be marketed in the future. A sound understanding of their
solid-phase behaviour can facilitate the optimization process prior to the product

launch.
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3 Published works

The different works published in, or submitted to a scientific journal will be presented
on the upcoming pages. Each publication has an independent list and numeration of
references, as well as an independent numeration of figures and tables. At the end of

each article, the corresponding supporting information is shown as well.

All works are introduced with a short description of their contents, followed by a list of
the authors contributions to the specific publication. The published or submitted articles

are presented chronologically.

The published articles are provided in the form they can be accessed online. Submitted

articles are presented as the most recent manuscript that is available.

Permissions were acquired where necessary and mentioned in the introductory

remarks to each chapter.
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In this first contribution, the structure of Phenibut and its hydrate was presented and
compared to that of the previously described HCI salt. Hirshfeld surfaces and an
analysis of the existing HBs were made using Crystal Explorer. Thermogravimetric
analysis was conducted to determine the heat induced decomposition behaviour of the
investigated compounds. Based on this analysis, the stability of the different crystal

phases was evaluated.
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Phenibut is an anxiolytic drug approved for medical use in
many eastern European states. With the exception of the HCl
Salt of Phenibut no crystal structure related research has been
conducted on this substance. Herein, the crystal structures of
Phenibut and Phenibut:H,0O are presented, including crystal
packing analysis based on interaction energy calculations. IR
spectra are shown alongside powder diffraction data and
thermogravimetric analysis to characterize and compare struc-

Introduction

Recent advances in the understanding of neuronal binding
motifs as well as drug development options highlight the value
of the Crystal Structure Database (CSD)."*’ As of 2020 more
than a million entries have been submitted to the CSD.* In
conjunction with the emergence of tools such as Crystal
Explorer®™ it has become possible to describe, compare or
analyze crystalline substances much easier and more thor-
oughly than in the past. Despite all the progress made there are
still many examples of even small molecules about which
surprisingly little data is available.

Phenibut, a nootropic and anxiolytic drug™ belongs to the
family of y-amino butyric acid (GABA) derivatives. While several
eastern European states allow its medical use” it is mostly
considered a New Psychoactive Substance (NPS) in the western
world.® Although there is an abundance of studies on the
abuse potential of Phenibut®'® only one CSD communication
by P. Y. Zavalij gives any information on its structural properties,
or more specifically on those of the HCl salt form.™
Contemplating the possible stigma around NPS or psychoactive
substances in general could be an explanation for the

(6]
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tural as well as thermal properties of the examined Phenibut
forms. Single crystal diffraction is used in conjunction with
Crystal Explorer based Hirshfeld analysis to carefully identify the
bonding interaction properties in each compound. Finally, a
case is made regarding stability of the compared crystalline
phases based on the conducted structural analyses and the
quantification of the molecular interaction energies.

diminutive interest. However, this disregards the impact that
related substances have had on the market of pharmaceutical
products. Other GABA derivatives including but not limited to
Gabapentin, Pregabalin and Baclofen continue to receive much
attention. Recent studies are examining the proven antiepileptic
and analgesic effects of the former two'?* but also shine a
light on their use for the treatment of anxiety disorders.?' ¥
Baclofen, a relaxant which is structurally most similar to
Phenibut shows potential in the treatment of substance
abuse.”*?! Besides the numerous studies on the pharmaceut-
ical benefits of these substances there is also some interest in
their  structural  behavior.  Polymorphism,”*  co-
crystallization®? or salt formation®*2* of Gabapentin, Prega-
balin and Baclofen continue to be current topics. Therefore,
knowledge about the structural behavior of GABA related drugs
should be furthered by starting to include Phenibut into the
research effort. Furthermore, it should be beneficial to start
connecting the findings regarding crystal engineering in
general and GABA derivatives in particular to come to a better
understanding of the crystallization behavior of these substan-
ces.

The crystal structure of Phenibut (A) and Phenibut-H,O (B)
are presented and compared to the respective HCl salt (C). The
structural properties of each compound are analyzed. A as well
as B and C are characterized by powder X-ray diffraction
(PXRD), infra-red spectroscopy (IR) and thermogravimetric
analysis (TGA). The lattice parameters and the molecular
conformation of the GABA moieties in the Phenibut units are
compared for all compounds. Crystal Explorer 17.5 is used to
create the Hirshfeld surfaces of each compound as a tool to
identify bonding interactions more thoroughly. Single crystal X-
ray diffraction (SCXRD) is used to describe similarities and
differences in their bonding and packing behavior. Stability of
the crystalline forms in the case of hydrate and molecular
crystal is quantified by Crystal Explorer calculations. The driving
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force behind the conversion of B to A is identified based on the
conducted experiments and energy quantifications.

Results and Discussion
Crystal Synthesis

A and B were synthesized by reacting the salt C with NaOH in
aqueous solution. The reaction conditions are presented in
Scheme 1. B undergoes a relatively fast conversion to A when
left to dry at room temperature. Based on that it was
determined that the conversion of B to A can serve as an
example of stability dependent preferential structure formation
for GABA analogues. PXRD analysis was performed on the
compounds A-C after they were obtained. Different phases
were first identified by comparison of their respective powder
patterns.

C A
1. H,0O, NaOH
>
2.90°C, 24h
cr
NH3* COOH NH;* COOH
,0. NaOH RT, 3

B

H,0

NH,* COOH

Scheme 1. Synthesis of Phenibut and Phenibut-H,0 from Pheni-
but-HCI.

l 2 JLL..J\A

5 10 15 20 25 30 35 40
20[°)

Figure 1. Powder patterns of A, B and C recorded from 5 to 40° 20.

PXRD Analysis

A and B show similar powder patterns while C poses more
distinct reflexes than the former two (Figure 1). The powder
pattern C does not indicate strong preferential growing
directions for the crystal surfaces contrary to A and B. It should
further be noted that traces of A are present in B which is most
prevalent by some shared reflexes in both compounds. This can
be attributed to the tendency of B to decompose to A over
time. A zoomed version of the diffraction patterns with a
comparison to simulated patterns from SCXRD data is shown in
the supporting information. IR spectra of A-C were collected to
analyse the occurring bonding interactions in the crystal
lattices.

IR Analysis

No O-H stretching is detected in the IR-spectra of A (Figure 2),
which indicates the absence of water in the crystal lattice as
well as the absence of any form of hydroxy subunit. This is in
congruence with the position of C=0 stretching at 1524 cm .
The shift towards lower wavenumbers is more common for
carboxylate than for carboxy groups which means A exists in
the zwitterionic form often seen for amino acids. A further
indication for this is the comparatively weak band at 1162 cm™'
probably attributed to the deprotonated C—O stretching. A
similar pattern occurs in B with an additional broad band at
3300 cm ' probably caused by water in the crystal lattice. In C a
weak broad band at 3163 cm ' in conjunction with the C=0
stretching at 1713 cm ' indicates a protonation of the acid

through HCl in the lattice forming a carboxy subunit. The C-O
stretching band is stronger, and blue shifted to 1196 cm™". The
broad band in the range of 3000 cm '-2300 cm™' shows the
presence of hydrogen bond interactions in A, B and C. The
band near 2100 cm™' in A and B is a signal common in amino
acids and terminal ammonium ions. A and B show greater

v(0-11) 3163

vC=0) 1713

WC=0)1538 ' v(C-0) 1134
W

WC=0)1524 |v(C-0") 1162
4000 3400 2800 1600 1000 400

2200
Wavenumber [em”]

Figure 2. IR spectra of A, B and C recorded from 400 cm ™' to
4000 cm .
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similarities sub 1600 cm ™'

in comparison to C which indicates a  its hydrate water at 52°C and then decomposes more rapidly in
more similar bonding network in A and B. roughly the same range as A. The HCl salt C shows the highest
decomposition temperature of 211°C. All compounds decom-
pose similarly in two steps with an extra step in B losing the
hydrate water. The thermal analysis therefore indicates a

ranking in thermal stability of the order B< A <C.

[uo/psdny woly paprojumog

TG Analysis

TG analysis of the compounds A-C was performed to identify

any remarkable features in the decomposition behavior. The

decomposition of A, B and C under thermal influence in a range  Crystal Structure and Molecular Geometry Analysis

of 50°C-300°C is shown in Figure 3. A remains stable until

168°C when the decomposition starts in two steps. It seems  Single crystals of A, B and C could be obtained from solution.
most likely that the alkyl residue starts to break apart at that  Table 1 shows the geometry and measurement parameters of
temperature removing CO, or NH; from the system. B first loses  the examined phases. Comparison of the cell parameters

Onset: 211°C

Onset: 52°C

Onset: 178°C

Onset; 168°C

50 100 150 200 250
TiEC

Figure 3. TGA of A-C. Onset temperature for decomposition is

reveals a strong similarity between all compounds. Especially A
and B share nearly identical axis length values, b— and c-axes
being switched. A as well as B are orthorhombic systems and
while C is menoclinic it only exhibits a very slight deviation
from 90° in B. All three compounds share the presence of a
GABA moiety in the molecular structure. The molecular
geometry of GABA has already gained attention in the past and
present. A recent study by Wu and Gong reports on the
conformation between C; and C, of the three GABA polymorphs
received through different milling conditions. The most fre-
quently obtained form in their experiments posed a gauche
conformation in this position.*” Earlier studies have linked the
gauche conformation in GABA to higher stability in the crystal
phase possibly because this geometry favors an intramolecular
HB. In contrast to that, a trans conformation between C; and C,
does not enable the formation of such a HB.**? These
observations lead to the question whether such findings can be
transferred from a simple GABA molecule to its more complex

shown.

Table 1. Crystallographic Data for A, B and C

Phenibut Phenibut-H,0 Phenibut-HCI
Formula C,oHysNO, CoH,3NO,, H,O CyH,,NO,, CI
Mg mol™'] 179.21 197.23 215.67
Temperature [K] 140(2) 140(2) 140(2)
System Orthorhombic Pbca Orthorhombic Aba2 Monoclinic C2/¢
Space group
alA] 9.3847(10) 9.7795(10) 15.939(2)
b [A] 6.9789(9) 29.313(3) 6.4033(11)
clAl 27.505(3) 7.1381(7) 21.355(4)
B 20 90 89.857(14)
Vv [A%] 1801.4(4) 2046.3(4) 2179.4(6)
/7 8/1 8/1 8/1
Density [g cm 3] 1322 1.280 1.315
wlmm™] 0.092 0.094 0.325
Tmin/Tmax 0.7990/1.0000 0.6822/0.7457 0.6921/0.7455
F (000) 768 848 912
Crystal size [mm] 0.06-0.1:0.6 0.07-0.1-04 0.08:-0.1-0.4
0 range [°] 2.63-25.17 2.78-28.45 3.18-26.85
Completeness [%] 99.8 99.8 99.7
Recorded refl. 6997 8472 8671
Independent refl. 1609 2457 2364
Goodness-of-fit F2 1.013 0.959 1.056
X-Ray Source Mo Ka Mo Ka Mo Ko
(A=0,71073) (,=0,71073) (=0,71073)
Ri/WR; [%] 4.81/11.97 4.01/11.25 3.74/9.39
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derivatives. Further a question arises whether statements
regarding phase stability in the presented examples are
possible based only on the orientation of the GABA moiety or
whether the phenyl subunit in Phenibut would dominate the
structural preference. Therefore, the conformation in the GABA
moiety is compared between compounds A, B and C. The
torsion angles C,—C;—C,—N and COO—-C,—C;—C, of the Phenibut
molecules in compounds A-C are shown in Figure 4. While a
clear gauche conformation including the possibility to form an
intramolecular HB is apparent in C, both A and B pose
unfavorable trans-angles from the C,—Cg—C—N viewpoint. This
conformation in A and B hinders the formation of an intra-
molecular HB. From the COO-C—Cy—C, view it is notable that A
is more closely related to C than to B. This relation could be an
indicator of a more stable molecular geometry in A, but no
clear differentiation of a favorable structure between A and B is
possible through this aspect. The intermolecular bonding net-
work in the structures of A—C was further analysed. A Hirshfeld
analysis was performed to determine the bonding interactions
in each system. Hirshfeld surfaces of different Phenibut
molecules in A, B, and C as well as the respective fingerprint
plots of each compound are shown in Figure5. A detailed
analysis is given in the supporting information. The Hirshfeld
analysis for A shows that HB donor interactions with the
ammonium and HB acceptor interactions with the carboxylate
subunits take place. Each NH;" subunit can donate three HB
and each COO™ subunit can accept three HB. A plethora of -
bonding interactions with the phenyl subunit are possible
including edge-to-face and edge-to-edge interactions. In B the
total number of HB interaction sites has risen compared to A,

Torsion Angle C;-Cyg-C,-N

Torsion Angle COO-Co-Cy-C,

but also more binding sites are occupied by water molecules.
While the COO™ subunit now participates in four HB acceptor
interactions two are blocked by water molecules. The same
goes for the ammonium subunit where one of the three donor
sites binds a water molecule. The number of possible m-
interaction sites is reduced even further ruling out edge-to-face
interactions and showing less edge-to-edge interactions than A.
The Hirshfeld analysis of C reveals strong similarities in the
interactions of the NH;" subunit compared to A and B.
However, the HB donor sites are now connected in two
directions to chloride ions. Furthermore, an additional intra-
molecular HB occurs that can possibly be linked to more stable
crystalline phases of GABA derivatives. The acid group is
protonated through the HCl in the structure which distin-
guishes it from both A and B COO -groups and consequently
changes the HB interaction modes. While the phenyl subunit
cannot partake in edge-to-face interactions such as in A, a
phenyl hydrogen is donated towards oxygen of a hydroxy
group in the carboxyl subunit. Also, edge-to-edge interactions
occur as in A and B. The inter- and intramolecular interactions
in the crystal packing of A, B and C were determined based on
the performed Hirshfeld analysis via SCXRD. The bonding
interactions of the molecules of each examined compound are
shown in Figure 6. A exhibits a pattern of hydrogen bonds
between its GABA moieties. Hydrogen atoms of the NH;"
subunits N, connect via strong HB to two O1 and one 02 of the
COO" subunits. The network is further stabilized by edge-to-
face and edge-to-edge m-interactions. The edge-to-edge inter-
actions occur between C6 and C7 as well as C7 and C9 in the
phenyl subunit. The edge-to-face interactions are formed

Figure 4. Torsion angles and molecular geometry determined from the crystal structures in Phenibut (a), Phenibut-H,0 (b) and Phenibut-HCI

(c). Only Phenibut molecules are shown for clarity.
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Figure 6. Comparison of interacting modes in crystal structures of Phenibut (a) view along b-axis, Phenibut-H,O (b) view along a-axis and
Phenibut-HCI (c) view along b-axis. Only atoms undergoing selected intermolecular interactions are labeled. C atoms =grey, N atoms = blue,

O atoms =red, H atoms =white and CI~ anions =green.

between C8 and the center of the phenyl ring straight ahead. In
that regard A differs from B as well as from C where such
interactions do not take place. A forms chains of Phenibut
molecules connected by HB and edge-to-face mn-interactions.
These chains are extended into further dimensions by the edge-
to-edge m-interactions and the HB between N1 and O2. Overall,
hydrogen bonds connect Phenibut molecules at the GABA
moieties while edge-to-face and edge-to-edge interactions
connect the phenyl subunits. In B water molecules are
intertwined into the HB network of the GABA moieties of
Phenibut molecules. The oxygen O3 of the water molecule
occupies a HB donor site of N1. The other two HB donor sites
interact with O1 atoms of the carboxylate subunits in the

Phenibut molecules. The double acceptor sites in 02 of the
carboxylates are occupied by donated HB from two water
molecules marked as 0O3. Edge-to-edge m-interactions are
formed between C9 and C10 of Phenibut molecules. The edge-
to-face m-interactions cease to take place. Water molecules
settle between the HB bonding sites. This forces the phenyl
subunits of the Phenibut molecules into a position that makes
the edge-to-face interactions less favorable causing a network
of edge-to-edge interactions. The bonding interactions in B are
similar to A yet the HB are weakened by synthon/water
interactions and the number of possible m-interactions is
reduced. Chains comparable to A are formed connected by HB
between the GABA moieties. Said chains are connected by
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edge-to-edge interactions into further dimensions. In C the HB
network between the GABA moieties of the Phenibut molecules
is stabilized by HB interactions between the NH;* subunit and
the chloride ion. It is notable that one N1 hydrogen connects to
two 02 atoms of the carboxylate subunits. While one of the
subunits stems from the same molecule the other comes from a
different one combining intra- as well as intermolecular HB in a
bifurcated motif. A further chloride ion Cl1 is connected to N1
via purely ionic attraction over a longer distance based on the
chloride binding sites in the Hirshfeld analysis. CI1 is further
connected to COOH O1 as an acceptor site for a HB. The
quadruple connectivity of chloride seems to be the leading
direction in the crystal lattice as quasi-tetrahedral geometry is
formed around the ion. O1 is further connected as an HB
acceptor to the C7 phenyl hydrogen. Edge-to-edge interactions
take place between C6 atoms of the Phenibut molecules.
Summarizing C there is a network of HB between the GABA
moieties similar to A and B but chloride ions seem to
strengthen the interactions instead of weakening them com-
pared to water molecules in B. mt-interactions occur less than in
A and are only of an edge-to-edge type which is more similar to
B. Chains in C are further stabilized by incorporated chloride
ions that participate in HB and ionic interactions towards
ammonium subunits and HB interactions with a carboxyl
subunit. The interconnection of these chains to layers occurs
through the chloride ions by a HB/ionic hybrid interaction
between N1 and Cl1. A and B share a common layered
arrangement of the Phenibut molecules in the lattice (Figure 7)
differentiating only by the water molecules in B situated
between the rows of Phenibut molecules. A similar behaviour is
visible in C but here the arrangement of the Phenibut ions is
tilted in regard to each other. Chloride ions are placed in
between of the rows of Phenibut ions in a comparable manner
to water molecules in B.
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Interaction Energy Calculations

When comparing crystalline phases of A, B and C it appears
that the least stable form is B. The TGA shows that the lattice
starts to release water at 52 °C. Many HB interactions are formed
between water and Phenibut molecules whereas the phenyl
subunits are linked solely by edge-to-edge m-interactions. Also,
the conformation between the residues on C; and C, in B is
gauche in COO-C,-Cy-C, direction but trans in C—C—C~N
direction. The gauche angle is —62.18° and deviates from both
A and C with angles around (—)85° in the COO-C,Cy—C,
direction. An intramolecular HB cannot be formed in this
geometry. This is also the case in A. However, more HB-
interactions between Phenibut molecules appear as well as
edge-to-face in addition to edge-to-edge m-interactions. To
quantify these observations of stability Crystal Explorer was
used to calculate the interaction energies between different
molecules in the lattices of A and B. The quantification of these
energies can elucidate why B undergoes a conversion to A. For
this, the direct interactions of each different molecule in the
lattice were identified. The following table compares interaction
properties of the molecules in A and B. More detailed tables are
shown in the supporting information. The interaction properties
of different molecules in the lattices of A and B are presented in
Table 2. While each Phenibut molecule in both structures
interacts directly with nine different molecules, B also possesses
an additional water molecule with three distinguishable inter-
actions in its lattice. The longest interaction distance in B is
2.88(4) A and slightly longer than in A with 2.85(3) A, but the
shortest interaction in A is 1.64(3) A and is decisively shorter
than that in B with 1.78(6) A. The short and strong interactions
in both molecules are hydraogen bond type interactions while
the longer and weaker interactions are m-interactions. The
strongest interaction in A occurs between two Phenibut
molecules where GABA moieties are connected via ammonium/
carboxylate donor/acceptor hydrogen bonds. This binding
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Figure 7. Similarities in the overall crystal packing of Phenibut (a) view along a-axis, Phenibut-H,0 (b) view along c-axis and Phenibut-HCI (c)
view along b-axis. Layered motives are highlighted by the background. C atoms=grey, N atoms = blue, O atoms =red, H atoms = white

and CI”~ anions=green.
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Table 2. Comparison of interaction properties in Phenibut and Phenibut-H,O.

Phenibut Phenibut-H,0
Different lattice molecules 1 2
Interactions per molecule 9 9 (Phenibut)
3 (Water)
Longest int. dist. [A] 2.85(3) 2.88(4)
Interaction type edge-to-face edge-to-edge
Shortest int. dist [A] 1.64(3) 1.78(6)

Interaction type
E_tot strongest [k mol™']
Interaction types

E_tot weakest [kJmol ']
Interaction types
Sum of E_tot per molecule [kJmol™']

hydrogen bond
—385.3

HB, donor/acceptor
HB, donor/acceptor
53

edge-to-edge
—863.3

hydrogen bond
—149.0

HB, donor

HB, acceptor

-1.9
edge-to-edge
—636.4 (Phenibut)

—168.4 (Water)

mode is energetically very much favored resulting in a highly
attractive interaction with a minimum of —385.3 kimol™'. The
described interaction is missing in B. Here the strongest
interaction also takes place between two Phenibut molecules,
but it is only between one ammonium and one carboxylate
subunit. While this interaction still is favorable it does not grant
such a beneficial minimum at —149.0 kimol . It is notable that
the GABA/GABA-moiety connection results in an energetic gain
that is more than the sum of two single NH;"/COO~ HB
connections. It is furthermore remarkable that even though the
weakest interaction in A is of a repulsive nature the total of
interaction energies for the direct interactions in each molecule
of A with —863.3 kJmol ' is more than 200 kJmol ' higher than
for Phenibut molecules in B at —636.4 kJmol . The interaction
energies for the water molecules in B pose a comparatively low
gain at only —168.4 kimol™'. The results of these calculations
show that the conversion of B to A leads to a substantial gain in
energetically favorable interactions for each Phenibut molecule.
This could be the driving force behind the conversion of the
metastable B structure to the more stable A structure.

Conclusions

In this work the crystal structures of the nootropic and
anxiolytic drug Phenibut and its monohydrate were firstly
presented. The driving force behind the conversion of the
metastable Phenibut-H,O to the stable Phenibut structure was
examined. Both structures were compared to the thermody-
namically favorable HCI Salt in their bonding motifs as well as
their molecular geometry. The results suggest that the con-
formation between the C; and C, of the GABA moiety is not a
serious indicator for stability in the present case. Even though
some similarities between Phenibut and Phenibut-HCl occur
along the COO-C—C—C, view the number of examined
compounds in this work is too small to lead to a reliable
conclusion. It was shown that the number of bonding
interactions and more so their energetic favorability can be
identified as the most probable driving force behind the phase

transition. Structural considerations and qualitative as well as
quantitative bonding analysis can be used as a tool to estimate
the stability of crystalline GABA analogues. Crystal explorer
enables a quick and facile possibility to check and compare
such properties. The observed decomposition behavior of
Phenibut H,0 to Phenibut and the thermal stability examined
via TGA match the structural considerations and energy
calculations. Emphasis should be put on the possibility to
compare GABA analogues with each other. This could help to
identify desirable crystalline phases in present as well as future
commercially viable GABA analogues. Furthermore, a thorough
investigation of crystallization behavior of these compounds
can also help in the understanding of GABA receptor binding
properties.

Experimental Section

Synthesis: Phenibut-HCl was purchased from abcr GmbH and used
without further purification. Phenibut and Phenibut:H,0 were
synthesized by reacting 1eq Phenibut-HCl with 1 HCl eq of NaOH.
Phenibut-HCl was dissolved in water and mixed with a solution of
NaOH. This resulted in a colorless precipitation forming immedi-
ately on mixing of the solutions. The residue was filtered and dried
at 90°C for one day. Phenibut-H,0 could be received by drying at
RT but decomposed to Phenibut after three days.

Diffraction quality needle shaped single crystals of Phenibut were
obtained by dissolving in hexafluoro-2-propanol and slow diffusion
of acetonitrile. Diffraction quality needle shaped single crystals of
Phenibut-H,O were obtained by dissolving Phenibut in water and
slow diffusion of acetonitrile. Diffraction quality block shaped single
crystals of Phenibut-HCl were obtained by dissolving in water and
slow evaporation of the solvent.

Single-Crystal X-ray Diffraction: Suited single crystals were
selected from the sample and mounted on the loop under oil.
Diffraction data were recorded with a Bruker APEX Duo diffractom-
eter with CCD detector using Mo-Ka radiation (A=0.71073) at
140(2) K. The single crystal structure was solved by using direct
methods and refined with SHELXL crystallographic software
package.“” Figures were prepared with Mercury software*!

Z. Anorg. Allg. Chem. 2021, 984 -991 www.zaac.wiley-vch.de

990 © 2021 The Authors. Zeitschrift fiir anorganische und allgemeine Chemie

published by Wiley-VCH GmbH.

47

Juorsdiny wouy paprojumoq |

SUONIPUO.) PUE SWLIAT, 1) 338 “[£ZOT/ZO/OT] U0 Aeiqi sutjugy A3[iAy *AURULIDN SR d07) A Z1000T1Z0TYERZ/Z001 01/10pA0d K3[14v"

di

Kaja

§ ATRIqUT SUIUQ K3[IAL O (

Gl
P
3
H
g
g
g
g
g
z
E
A
a
z
£
Z
o]
g
=
i
Z
g
g
2
£
g
o
H
£
Z



Journal of Inorganic and General Chemistry

ZAAC

Zeitschrift fir anorganische und allgemeine Chemie

X-ray Powder Diffraction: Measurements were performed on a
Rigaku Miniflex diffractometer in 0/20 geometry at ambient
temperature using Cu—Ka radiation (h=1,54182 A).

Spectroscopy and thermal analysis: The IR spectra were recorded
on Bruker Tensor 37, measured with an ATR unit as FTIR at room
temperature. Netzsch DSC600 with LNP96-S was used fot the
thermogravimetrical analysis in the range 30°C-600°C with
10°Cmin~"in nitrogen atmosphere.

Hirshfeld analysis and energy calculations: Crystal Explorer 17.5%
was used to generate Hirshfeld surfaces, fingerprint plots and
calculate interaction energies. The energy model B3LYP/6-31G (d,
p) was used.

All obtained crystal structures were deposited to CCDC (depository
number CSD Phenibut: 2050677, Phenibut-H,0: 2050679, Pheni-
but-HCl: 2050678)
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Crystal Structure and Thermal Properties of
Phenibut, Phenibut-H-O and Phenibut-HCI:
a case for phase stability based on structural
considerations

D. Komisarek, M. Pallaske and V. Vasylyeva*

Supporting Information

In this document further information on PXRD data, Hirshfeld analysis and HB interactions is
given.

PXRD

Comparison of recorded and simulated powder patterns of Phenibut, Phenibut-H.O and
Phenibut-HCI.

JMLUWM
A i

20 [°)

Figure S1. Powder pattern of Phenibut REC and SIM.
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Figure S2. Powder pattern of Phenibut-H.0 REC and SIM.
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Figure S3. Powder pattern of Phenibut-HCI REC and SIM.
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Hirshfeld analysis

Detailed information on Hirshfeld surfaces and fingerprint analysis of Phenibut, Phenibut
Monohydrate and Phenibut HCI.

Figure S4. Hirshfeld Surface of Phenibut from different viewpoints.

S4 shows different viewpoints of Phenibut Hirshfeld surfaces. a shows the interaction options
on the ammonium subunit as well as one side of the Phenyl ring. b shows the HB acceptor
sides on the carboxylate subunit. ¢ shows a sideways depiction of the Phenyl subunit. d shows
the other face of the Phenyl subunit.
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Figure S5. Fingerprint plots of Phenibut, close contacts of inside atoms Carbon, Hydrogen and Oxygen with outside
interaction partners.

S5 shows which part of the overall interactions the inside atoms carbon, hydrogen and oxygen
make up. It is notable, that Nitrogen only partakes via its hydrogen atoms and is not involved

in any close contacts itself.
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Figure S6. Fingerprint plots of Phenibut, close contacts of outside atoms Carbon, Hydrogen and Oxygen with inside
interaction partners.

S6 shows which part of the overall interactions the outside atoms carbon, hydrogen and
oxygen make up. It is notable, that Nitrogen only partakes via its hydrogen atoms and is not
involved in any close contacts itself.
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Figure S6. Fingerprint plots of Phenibut, close contacts of outside atoms Carbon, Hydrogen and Oxygen with inside
interaction partners.

S6 shows which part of the overall interactions the outside atoms carbon, hydrogen and
oxygen make up. It is notable, that Nitrogen only partakes via its hydrogen atoms and is not
involved in any close contacts itself.
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Figure S7. Hirshfeld surface of Phenibut-H20 from different Viewpoints.

S7 shows different viewpoints of Phenibut-H.O Hirshfeld surfaces. a elucidates on the
ammonium interaction possibilities and simultaneously shows water interaction sides. b
highlights the four HB acceptor sites in the carboxylate subunit. ¢ and d put emphasis on the
phenyl subunit from two sides and further show the water binding sites.
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Figure S8. Fingerprint plots of Phenibut-H20, close contacts of inside atoms Carbon, Hydrogen and Oxygen with
outside interaction partners.

S8 shows which part of the overall interactions the inside atoms carbon, hydrogen and oxygen
make up. Same as in Phenibut, Nitrogen only partakes via its hydrogen atoms and is not

involved in any close contacts itself.
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Figure S9. Fingerprint plots of Phenibut-H20, close contacts of outside atoms Carbon, Hydrogen and Oxygen with
inaisw interaction partners.

S9 shows which part of the overall interactions the outside atoms carbon, hydrogen and
oxygen make up. Same as in Phenibut, Nitrogen only partakes via its hydrogen atoms and is

not involved in any close contacts itself.

56



Energies

Detailed Information on Binding Energies in Phenibut and Phenibut-H2O.

Table S1. Direct interactions of Phenibut molecules in Phenibut. Energy values in kJ mol™.

Electron

N Symop Density E_ele E_pol E_dis E_rep E_tot

B3LYP/6-

X, -y, -Z 6.92 31G(d,p) -340.1 | -105.5 -31.2 1289 | -385.3
B3LYP/6-

XV, Z 6.98 31G(d,p) -140 -47 -21 59.4 | -164.3

x+1/2, B3LYP/6-

y+1/2, 2 5.48 316(d,p) 41.5 63.3 35.7 72.7 76.8

-X,

y+1/2, - 8.10 5';’2;2’16) 4.2 -1.2 -13.1 7.6 -3.2

241/2 P

x+1/2,

y, - 8.67 Sié\;zls) 8.3 -1.1 -8.2 7.2 53

2+1/2 P

Figure S12. Bonding interactions of Phenibut molecules in Phenibut with direct interaction partners in the lattice.
Colours indicate which values belong to which interaction partner.
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Table S2. Direct interactions of Phenibut molecules in Phenibut:HzO. Energy values in kJ mol™.

Electron

1 -
-xl -

2| y+1/2,
7+1/2

N Symop Density E_ele E_pol E_dis E rep E_tot
2 yx+zi/12/2 5.65 gi’gz/ﬁ) -45.3 -66.8 -34.5 71.6 -83.1
2 xy,z 7.14 gi’gz/& -120.3 -42.3 -22.2 46.6 -149
1]- 4.63 gigz/& -58.9 -23.7 -8 53.2 -54
1]- 6.46 5?222/5 -69.8 215 -3.8 64.9 -53
5.36 giaz/& 721 -18.1 5.1 53 -61.4
7.79 gi’;z/& 5.2 -1.6 -13.8 9.4 -1.9

Figure $13. Bonding interactions of Phenibut molecules in Phenibut-H20 with direct interaction partners in the

lattice. Colours indicate which values belong to which interaction partner.
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Table S3. Direct interactions of water molecules in Phenibut-H20. Energy values in kJ mol™.

Electron

N Symop —— E_ele E_pol E_dis E rep E_tot
- 6.46 ﬁg;{; -69.8 -21.5 -3.8 64.9 -53
- 4.63 gig(z,/p?)_ -58.9 -23.7 -8 53.2 -54
- 5.36 gié\zz’/s) -72.1 -18.1 -5.1 53 -61.4

Figure S14. Bonding interactions of water molecules in Phenibut-H20 with direct interaction partners in the lattice.
Colours indicate which values belong to which interaction partner.
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Table S3. Direct interactions of water molecules in Phenibut-H20. Energy values in kJ mol™.

Electron

N Symop —— E_ele E_pol E_dis E rep E_tot
- 6.46 ﬁg;{; -69.8 -21.5 -3.8 64.9 -53
- 4.63 gig(z,/p?)_ -58.9 -23.7 -8 53.2 -54
- 5.36 gié\zz’/s) -72.1 -18.1 -5.1 53 -61.4

Figure S14. Bonding interactions of water molecules in Phenibut-H20 with direct interaction partners in the lattice.
Colours indicate which values belong to which interaction partner.
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HB interactions

Table 4. HB interactions in Phenibut.

Donor-- D-H H..A D..A D-H..A
H..Acceptor
N1--H6..02 0.95(3) 1.84(3) 2.775(3) 172(3)
N1--H7..01 1.13(3) 1.64(3) 2.732(3) 160(3)
N1--H8..02 0.96(4) 1.84(4) 2.795(3) 173(2)
Table 5. HB interactions in Phenibut-Hz0
Donor-- D-H H...A D...A D-H...A
H..Acceptor
N1--H6..03 1.01(6) 1.78(6) 2.709(3) 151(6)
N1--H7..01 0.97(4) 1.84(4) 2.788(3) 167(3)
N1--H8..01 0.94(4) 1.94(4) 2.814(3) 154(3)
03--H14..02 0.78(4) 1.90(4) 2.672(3) 172(4)
03--H15..02 0.88(6) 1.87(6) 2.751(3) 174(5)
Table 6. HB interactions in Phenibut-HCI
Donor-- D-H H...A D..A D-H...A
H..Acceptor
O1--H1..CiH 0.87(3) 2.17(3) 3.0350(16) 174(2)
N1--H7..Cl1 0.93(3) 2.27(3) 3.163(2) 161.0(16)
N1--H8..02 0.86(2) 2.46(2) 2.868(2) 109.9(16)
N1--H8..02 0.86(2) 2.07(2) 2.860(2) 152.9(19)'
N1--H9..CI1 0.94(2) 2.27(2) 3.1644(18) 158.7(17)
C7--H11..01 0.96(3) 2.57(2) 3.331(3) 136.6(18)
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In the second publication, the synthesis of multicomponent systems of Baclofen and
Phenibut with chiral malic- as well as tartaric acid was studied. Solution-based and
mechanochemical crystallization methods were used and compared. Some single
crystal structures of salts, hydrates and salt hydrates of these systems were obtained,
and their thermal properties were characterized. The work illustrates how chiral
information and the crystal synthesis method exert a complex influence on the
crystallization behaviour of these materials and shows that even between molecularly
very similar Baclofen and Phenibut, there may be major differences in the product

obtained.
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Abstract: Crystallization and multicomponent crystal formation of active pharmaceutical ingredients
Baclofen and Phenibut with dicarboxylic acid co-formers are discussed. The crystallization process
of several crystalline entities is elucidated via single crystal—as well as powder X-ray—diffraction,
followed by thermal analysis and phase stability studies over time. Both APIs form increasingly
complex crystalline phases with co-formers malic and tartaric acid, where phase purity of a desired
compound is not necessarily a given. Therefore, the influence of different solution and milling
environments during crystallization on the outcome is studied. Emphasis is laid on how molecular
influences such as the chirality, propensity to form hydrates as well as low solubility of Baclofen and
Phenibut impede attempts to gather high-quality single crystals. The results highlight that targeted
crystallization of these compounds with dicarboxylic acids can be difficult and unreliable.

Keywords: crystallization; chirality; GABA; zwitterions; milling

1. Introduction

Targeted synthesis of a desired crystalline modification remains a core objective in
crystal engineering, and manifold approaches for various applications are continuously
developed [1-4]. Occurrences of polymorphism, hydrate or solvate formation can hinder
crystal synthesis of the wanted product, especially if said product is not the thermodynami-
cally most stable variant [5-8]. The underlying challenge is a common tendency among
many compounds—to crystallize in varying forms during all stages of the crystallization
process. This empirical observation was first conducted by Wilhelm Ostwald in 1897 [9].
Presently, progress is made in understanding how crystal growth occurs from molecu-
lar to nanocluster stages [10-13] and how factors such as solvent medium, saturation,
temperature or presence of ‘impurities” impact the crystallization product [14-18]. The
influence of molecular chirality on crystal formation, as well as methods to determine the
chiral outcome of a crystallization batch, were recently enhanced [19-21]. This is especially
important for the pharmaceutical industry, as eutomer, the product of desired chirality,
and distomer, the by-product of undesired chirality, can vary widely in their effectiveness.
Receiving active pharmaceutical ingredients (APIs) in their desired crystalline phase with
the correct chirality must be accomplished to guarantee reliable product effectiveness and,
therefore, marketability [6,8,22-24].

APIs Phenibut ((RS)-4-amino-3-phenylbutanoic acid) and Baclofen ((RS)-4-amino-3-
(4-chloro-phenyl) butanoic acid) are structurally similar y-amino butanoic acid (GABA) deriva-
tives with a phenyl subunit on C3. Both pose a chiral center in that position, with the (R)-form
being the eutomer [25-28]. The sole difference is a chloro-subunit on the phenyl-ring in
Baclofen in the p-position in regard to the GABA chain. Baclofen is commonly used in the
treatment of spastic diseases [29-31], but its potential in the treatment of alcohol addiction is
an additional topic of interest [32-34]. Contrary to that, Phenibut is not actually approved for

Crystals 2022, 12, 1393. https:/ /doi.org/10.3390/ cryst12101393 https:/ /www.mdpi.com/journal /crystals
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"H3N

medical use in the US, Europe or Australia but is classified as a dietary supplement, research
chemical or new psychoactive substance [25,35-38]

Different attempts at multicomponent crystal formation on racemic Baclofen (1) and
Phenibut (2) were conducted from solution with pure enantiomers and racemic mixtures
of dicarboxylic acids tartaric acid (3) and malic acid (4) (Scheme 1). Since 1 and 2 show
extremely poor solubility in almost every solvent except for water, limiting the choice of the
solvent for the supramolecular synthesis and single crystals growth, a mechanochemical
crystallization was performed as an alternative route to access the desired products. Various
multicomponent species, including hydrates, salts and salt hydrates, were obtained, eight
of which could be characterized via single crystal X-ray diffraction (SC-XRD). Powder
X-ray diffraction (PXRD) shows how some of the obtained phases remain stable even after
months while others undergo quick phase transitions. Furthermore, differential scanning
calorimetry (DSC) investigations highlight that while a similar melting range is present
in all compounds, multiple transitions can occur upon heating, and recrystallization by
re-cooling can never be achieved. The present study aims to link these findings to molecular
peculiarities in Baclofen and Phenibut, namely their chirality, zwitterionic charge status and
phenyl-subunit. The latter distinguishes them from other GABA derivative APIs, such as
Pregabalin and Gabapentin, with a comparatively reliable crystallization behavior [39,40].
By placing the herein investigated molecules in a larger context of other pharmaceutically
active GABA derivatives, the massive influence of small molecular changes in otherwise
similar entities is highlighted. Thus, the limits of relatively simple crystallization behavior
predictions for these compounds are presented.

Cl

COO° "H3N COO°

(a) (rac)-Baclofen 1 (b) (rac)-Phenibut 2

HOOC

OH

COOH COOH
HOOC

OH OH

(c) Tartaric Acid 3 (d) Malic Acid 4

Scheme 1. Overview of the investigated APIs: (a) (rac)—Baclofen 1, (b) (rac)—Phenibut 2 and co-
formers (c) tartaric acid 3 and (d) malic acid 4. The dicarboxylic acids were used as racemic mixtures
and enantiomerically pure D— and L—forms.
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2. Materials and Methods
2.1. Chemicals

Baclofen and hexafluoropropan-2-ol were purchased from flurochem. Phenibut was
purchased from Combi-Blocks (San Diego, United States). Enantiopure tartaric acid was
bought from J&K Scientific (Beijing, China). Racemic tartaric acid was purchased from
Carl Roth (Karlsruhe, Germany), D-malic acid was purchased from BLD pharm (Shanghai,
China) and L-malic acid was purchased from Glentham Life Science (Corsham, United
Kingdom). All chemicals were used without further purification.

2.2. Sample Preparation

Single Crystals. Equimolar amounts of the APIs (0.5 mmol) and the chosen co-formers
(0.5 mmol) were dissolved in water (all systems); additionally, water: ethyl acetate (1:14)
mixture and hexafluoropropan-2-ol were used for Baclofen: malic acid systems. Single
crystals suitable for SC-XRD were obtained by diffusion crystallization from aqueous
solution using acetonitrile as an antisolvent for Phenibut hydrate and Baclofen hydrate as
well as from hexafluoropropan-2-ol solution for Baclofen: malic acid hydrate. All other
single crystals were obtained by slow evaporation of the solvent from aqueous solution at
room temperature.

Powder samples. Crystalline powder samples were obtained from solution under the
same conditions described before. Samples were vacuum dried in a Biichi 585 Drying
vacuum oven at 100 °C and 10~! bar for 2 h. Furthermore, liquid-assisted grinding (LAG)
experiments were conducted using equimolar amounts of API (0.5 mmol) and co-former
(0.5 mmol) with 10 pL of methanol in a Retsch MM400 ball mill with 10 mL stainless steel
containers and 2 ZrO; balls (diameter: 1 cm), milling for 30 min at 25 Hz.

2.3. Powder X-ray Diffraction (PXRD)

Powder patterns of the obtained samples were measured on a Rigaku Miniflex 300
using Cu Ka radiation (A = 1.54182 A). The measurements were conducted at ambient
temperature in 8/20 geometry between 5° and 50° with a runtime of ten minutes.

2.4. Single-Crystal X-ray Diffraction (SC-XRD)

Suitable crystals were carefully selected under a polarized-light microscope, covered
in protective oil and mounted on a cryo-loop. Following that, crystals were selected for SC-
XRD experiments: a needle-shaped colorless crystal of 1 @ H,O (size 0.87 ¢ 0.06 ¢ 0.05 mm);
a plate-shaped colorless crystal of 2 @ HO (size 0.11 @ (.09 & 0.03 mm); a plate-shaped color-
less crystal of 1:L—3 @ H>O (size 0.18 o 0.06 & 0.05 mm); a block-shaped colorless crystal of
1:D—3 e H,O (size 0.35 ® 0.1  0.09 mm); plate-shaped colorless crystals of 1:DL—3 @ H,O
(size 0.09 ¢ 0.04 ¢ 0.03 mm) and 1:D—4 e H,O (size 0.16 ¢ 0.07 ¢ 0.06 mm); a block-shaped
colorless crystal of 2:L-3 @ H,O (size 0.2 @ 0.09 @ 0.06 mm) and a plate-shaped colorless crystal
of 2:DL—3 (size 0.16 o 0.06 & 0.05 mm). The single crystal diffraction data were collected using
a Rigaku XtaL.AB Synergy S Diffraction System (Malvern Panalytical, Malvern, United King-
dom) with a Hybrid Pixel Array Detector and a PhotonJet X-ray source for Cu-K« radiation (A
=154184 A), witha multilayer mirror monochromator at 100.0 & 0.1 K using w-scans. Data
reduction and absorption correction were performed with CrysAlisPRO v. 42 (Oxford Diffrac-
tion /Agilent Technologies UK Ltd, Yarnton, England) software, using numerical absorption
correction based on Gaussian integration over a multifaceted crystal model and empirical
absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scal-
ing algorithm [41]. Structure analysis and refinement: The structures were solved by direct
methods (SHELXT-2015), full-matrix least-squares refinements on F2 were executed using
the SHELXL2017/1 program package [42,43]. Structure, as well as disorder solution and
refinements were conducted using Olex2-1.5 (Olexsys, Durham, England) software [44].
Disorders are present in 1:D—4 @ H20 and 2:DL—3. In the former, about two water
molecules are disordered over three positions in canal voids (Occu. 0.75:0.64:0.58). Fur-
thermore, malic acid’s hydroxyl group O7-H27A and hydrogen H27B were half-occupied
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due to an inversion center in the malic acid molecule. In the latter, the GABA subunit (C1,
C2, C3) was disordered over two positions (Occu. 0.57:0.43). Hydrogen atoms were freely
refined except C-H hydrogens in :L—3 @ H,0, 1:DL—3 & H,O, 2:L—3 e H;0,1:D—4 »
H>0 and 2:DL—3. The rest electron density was found on the N- and O7-atoms, which
correspond to hydrogen atoms. However, all attempts to refine these freely failed and led to
a structure breakdown, probably due to the present disorder. Accordingly, N-H hydrogens,
as well as the O7-H27A hydrogen in 1:D—4 e H,O, were also positioned geometrically. The
following atomic displacement parameters were used: Uiso(Hcy) = 1.2 Ueq, and further
for :D—4 @ H0 Ujso(Hnp) = 1.2 Ueq and Ujso(Hopp) = 1.5 Ueq. Overviews of the received
crystallographic datasets are given in Tables 1-5. Graphics were prepared with the program
Mercury [45]. The crystallographic data for the structures were deposited in the Cambridge
Crystallographic Data Centre (CCDC-numbers 2201472-2201477) and can be obtained free
of charge via: www.ccdc.cam.ac.uk/data_request/cif (access date: 1 August 2022).

Table 1. Crystallographic data obtained by SC-XRD measurements of 1 @ H>O and 2 @ H>0.

Parameters 1e H,O 2 e H,O
Formula CmleclNOz, Hzo C10H13N02, Hzo
Formula Weight [gmol 1] 231.67 197.23
T [K] 100 100
Crystal System orthorhombic orthorhombic
Space Group Aea 2 Aea 2
a[A] 9.5543 (2) 9.7521 (3)
b [A] 32.6466 (6) 29.3294 (11)
c[A] 7.1995 (1) 7.1397 (2)
BI°] 90 90
V [A3] 2245.64 (7) 2042.12 (11)
z,7 81 8,1
R1, wR2 [%] 4.56,12.11 442,104
Hooft 0.003 (16) —0.18 (16)
Source CuKa (A =1.54184) Cu Ka (A = 1.54184)

Table 2. Overview of the received single crystalline forms. The depicted compounds containing
Baclofen (1), Phenibut (2), tartaric acid (3) or malic acid (4) are sorted by their tendency to transit
phases. Products in the left column remain stable only until dried. Products in the mid column
remain stable for a longer time upon drying or show transition signals other than melting in the DSC.
The product in the right column remains stable after six months under dry conditions and only shows
a melting signal in the DSC. Additionally, space group information is given, and some important
properties are described.

Phase Transition > 3 d or in Remains Stable, DSC
DSC Melting Only

1:D—3 e H>0, P1, transition
in about 1 week
1 e Hy0, Aea2, only stablein ~ 1:L—3  H,0, P1, transition
mother liquid in about 1 week
1:DL—3 e H,0, P2;/n, DSC
transition, no decomposition 2:DL—3, P1, disorder along
over time GABA subunit
1:D—4 e H;0, P1, strongly
disordered water molecules;
no decomposition over time
2:L—3 e H,0, P2;, DSC
transition, no decomposition
over time

Quick Phase Transition < 3d

2 @ H;O, Aea2, transition
upon drying—slower
than1 e H,O
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Table 3. Crystallographic data obtained by SCXRD measurements of 1:L—3 e H;O, 1:D—3 e H;O

and 1:DL—3 e H,O.

Parameters 1:L-3 « H,O 1:D—-3 ¢ H,O 1:DL-3 ¢ H,O
C19H15CINO,, C19H13CINO;,, (CroH13CINGy),,
Formula C.H-Or HoO CaH-On. HoO CipH12CINO,,
4H504, Ha 4H504, Hz (CsHs04)2, (H20)3
Formula Weight 381.76 381.76 995.19
[gmol ]
TIK] 100 100 100
Crystal System triclinic triclinic monoclinic
Space Group P1 P1 P21/n
a[A] 7.3819 (1) 7.3781 (1) 19.2882 (4)
b[A] 8.5625 (1) 8.5661 (1) 7.2929 (3)
c[A] 13.8601 (2) 13.8636 (1) 32.3679 (10)
al°] 75.551 (1) 75.546 (1) 90
BI°] 88.406 (1) 88.339 (1) 92.378 (2)
v [°] 89.616 (1) 89.529 (19) 90
V[AY] 848.02 (2) 848.111 (17) 4549.2 (3)
7 2,2 2,2 4,1
R1, wR2 [%] 2.56, 6.50 2.76,7.26 6.56,18.38
Hooft —0.003 (6) —0.003 (7) -
Source Cu Ko (A =1.54184) Cu Ko (A =1.54184) Cu Ka (A =1.54184)

Table 4. Crystallographic data obtained by SCXRD measurements of 1:D—4 e H,O.

Parameters 1:D—4 « H,O

C1oH12CINO,, C1pHp3CINO,,
(C10H13CINOz)g 5, (H20)2

Formula

Formula Weight [gmol 1] 1051.91
T[K] 100
Crystal System triclinic
Space Group P1
a[A] 6.1571 (1)
b[A] 11.8661 (2)
c[A] 17.6166 (5)
o [] 77.292 (2)
B[] 82.763 (2)
vI[°] 76.139 (2)
V[A3] 1215.34 (5)
7,7 4,2
R1, wR2 [%)] 8.31,21.28
Hooft -
Source Cu Ko (A = 1.54184)

Table 5. Crystallographic data obtained by SCXRD measurements of 2:L—3 @ HO and 2:DL—3.

Parameters 2:L.—3 ¢« H,O 2:DL—-3
Formula (C10H14NOI_ZI)2%(C4H506)3’ C10H14N02, C4H50é
Formula Weight [gmol ~1] 1023.93 329.20
T [K] 100 100
Crystal System monoclinic triclinic
Space Group P2, PT
a[A] 7.4642 (2) 7.2070 (0)
b [A] 20.0354 (6) 8.2646 (0)
c[A] 15.8509 (5) 13.2223 (3)

68



Crystals 2022, 12, 1393

6 of 26

Table 5. Cont.

Parameters 2:L-3 ¢ H,O 2:DL—3
o [?] 90 93.570 (2)
BI°] 100.400 (3) 103.006 (2)
v[°] 90 97.319 (2)
V[A3] 2331.53 (12) 757.73 (2)
z,7 2,1 2,1
R1, wR2 [%] 5.89,13.85 5.01,12.72
Hooft 0.1(2) -
Source CuKax (A =1.54184) Cu Ko (A =1.54184)

2.5. Thermal Analysis

Differential Scanning Calorimetry (DSC) measurements were conducted on a Linkam
THMS 600 DSC with a heating rate of 5 °C/min. Additionally, thermogravimetric analysis
(TGA) was executed on a Netzsch TG 209 F3 Tarsus in the range from 30 °C to 350 °C with
a heating rate of 5 K min ! under a nitrogen atmosphere. Selected TG curves are presented
in the Supplementary Materials.

2.6. IR-Spectra

IR spectra were recorded on a Bruker Tensor 27 FTIR device in attenuated total
reflectance mode in the range 4000 cm~! to 400 cm~!. Spectra are presented in the
Supplementary Materials.

3. Results
3.1. Overview of All Received Single Crystals and Pure Hydrates of Baclofen and Phenibut

Indications for a plethora of different phases could be received through solution and
milling experiments via PXRD. However, single crystals could be obtained for eight phases,
most of which are hydrates (Table 2). This highlights the first encountered problem—nearly
all described compounds undergo one or even multiple phase transitions upon crystalliza-
tion and nearly always involve a hydrate stage. At this stage, single crystals suitable for
SC-XRD can sometimes be received from solution.

A commonality in both APIs is the formation of a monohydrate with the same Aea2
space group, very similar structural makeup and in both cases, 1 and 2 retain their zwitteri-
onic molecular state. In 1 ® HO and 2  H,O, rows of 1 or 2 molecules connect through
hydrogen bonds (HBs) on their GABA subunits and via edge-to-face m-interactions on their
phenyl residues. These rows are further interconnected by HB involving water molecules
(Figure 1). Both hydrates decompose in a quick time frame, with 1 @ HO faster than
2 @ H;O, the latter of which could be observed remarkably often. It is notable that they
were obtained during attempts to receive multicomponent crystalline compounds, with
three or four dissolved species present in the mother liquid. If these samples were left to
dry out completely, powdery multicomponent compounds could indeed be obtained as
determined via PXRD. This implies that the hydrates form prior to more complex crystalline
entities. In the context of GABA derivatives as APIs, it is interesting to mention that similar
hydrate formations can be observed in Gabapentin as well as racemic Pregabalin [46—49].
However, contrary to the herein-described hydrates of 1 and 2, these hydrates remain stable
for a long time, even under dry conditions. Diffraction quality single crystals of 1 @ H,O
and 2 @ H,O can reliably be grown from an aqueous solution with diffusion techniques,
using acetonitrile as an antisolvent.
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Figure 1. Structure comparison of (a) Baclofen e H,O and (b) Phenibut ¢ H,O (re-determined—see
Komisarek et al., 2021) [26], view along c-axis. Both compounds are commonly occurring intermediates
during attempted crystallizations. Carbon atoms are depicted in grey, hydrogen atoms are depicted in
white, oxygen atoms are depicted in red, nitrogen atoms are depicted in blue and chlorine atoms are
depicted in green.

3.2. Baclofen and Tartaric Acid Species

Baclofen and tartaric acid were crystallized in equimolar ratios either through slow
evaporation from aqueous solution or by methanol-assisted milling crystallization. By
crystallization of 1 and D— or L—3 from aqueous solution, isostructural salt hydrates in
the non-centrosymmetric space group P1 are formed. Here, tartaric acid protonates the
former carboxylate group in 1’s GABA subunit, leading to formal charges on co-formers
1 and 3. Water molecule positions in the lattice are well defined, such as in the described
hydrates of pure 1 and 2 forms, yet a decomposition of these multicomponent species
occurs later, after about one week. This stands in opposition to the :DL—3 e H,O system,
which was likewise received by slow evaporation from aqueous solution. In this system,
one 1 molecule with zwitterionic charges, as well as two further protonated 1 molecules,
interact with two singly deprotonated 3 molecules and three hydrate water molecules.
Even though this structure appears more complicated by the number of differently charged
molecules in its asymmetric unit, it remains stable after six months under dry conditions.
Crystal packings of the discussed 1:3 forms are depicted in Figure 2.

Evidence for additional species was obtained via PXRD. A possibly anhydrous phase
of 1:D—3 or 1:L—3 can be observed by comparison of recorded patterns to the simulated
pattern from single crystal data (Figure 3).
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Figure 2. Structure comparison of (a) Baclofen:L—tartaric acid « H,O (view along a-axis),
(b) Baclofen:D—tartaric acid e H,O (view along a-axis) and (c) Baclofen:DL—tartaric acid « H;O
(view along b-axis). While compounds (a) and (b) behave like mirror images and are composed of
hydrate water, single-charged Baclofen and tartaric acid molecules, compound (c) contains additional
zwitterionic Baclofen entities. Carbon atoms are depicted in grey, hydrogen atoms are white, oxygen
atoms are red, nitrogen atoms are blue and chlorine atoms are green.

A careful comparison of the received patterns shows that complete phase purity for the
enantiomerically pure 1:3 systems cannot be achieved in any case. While the fresh sample is
still in good agreement with the simulated pattern, traces of a new phase are already visible
between 10° and 15° 20, in the small Bragg reflections between 16° and 18° 20 as well
as at about 25° 20@. Patterns recorded after three months shared a good agreement with
the presented milling or DSC patterns (see the Supplementary Materials). The possibly
anhydrous phase was mostly distinguishable from the SC-XRD-characterized hydrate by its
additional small reflections towards low angles at about 5° 2@ and the prevalent occurrence
of reflections between 23° and 26° 20, especially well visible in the pattern recorded after
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DSC heating as well as the one from vacuum dried substance. It is notable that even
the milling pattern seems to retain characteristics of the hydrate form, visible through the
absence of the described signals at lower angles. This highlights how energetically beneficial
the hydrate stage for the described systems as an intermediate must be, as trace amounts
of water in the methanol or adsorbed water from the milling vessel walls have sufficed to
enable its formation. Concerning the racemic 3 forms, aging does not affect the :DL—3
hydrate received from solution, which is in opposition to its chiral 3 counterparts. The
milling sample shows the most outstanding behavior in comparison to the other received
patterns. It seems to be a mixture of 1:DL—3 hydrate and its presumedly anhydrous form,
possibly including hydrated or anhydrous enantiomerically pure 1:3 forms. This suggests
that the formation of anhydrous 1:DL—3 is unfavorable and could explain how next to
the hydrated 1:DL—3 system, enantiomerically pure 1:3 entities are formed during milling.
Anhydrous 1:DL—3 is probably the most visible in the 1:DL—3 sample recorded after DSC
heating. Even though the vacuum-dried sample shows three well-resolved reflections
at 4.8-5.4° 20, it still retains more similarity to the simulated hydrate pattern than the
DSC sample. Furthermore, it does not offer higher overall crystallinity, suggesting that
drying does not work as well here as in 1:3 forms with pure 3 enantiomers. Additional
comparisons involving all received phases are shown in the Supplementary Materials. To
rule out any further phases, DSC data were recorded from a sample obtained from solution
as well as through milling (Figure 4).

[1:DL-3]p.

MM’N’WM&%

[1:DL'3IOIG

JL [1:DL-3 H,O)smm
o WMMM,M
\_M—AJMLW

[1:D-3]psc

\J—MWWEL
A ﬂ H [1:D-3]F.—gs|,
l * [1:[)-3 HzO]s]M
30 35 4

25 10 15 wp 25 0

Figure 3. PXRDs of Baclofen:tartaric acid systems under different conditions in a range 2-40°
20. Simulated pattern of 1:D—3 @ H>O from single crystal data (red); recorded pattern from (blue) a
fresh sample of said substance shortly after crystallization; LAG sample of Baclofen and D—tartaric
acid (dark green); heating a fresh sample of 1:D—3 @ H, O in a DSC chamber to 140 °C and subsequent
cooling prior to melting (orange); a vacuum dried sample of 1:D-3 @ H>O (grey). Simulated pattern
of Baclofen:DL —tartaric acid hydrate from single crystal data. (cyan) 1:DL—3  H;O after six months
at ambient conditions (purple); after LAG crystallization of Baclofen and DL —tartaric acid (magenta);
after heating a fresh sample in a DSC chamber to 135 °C and subsequent cooling prior to melting
(black) and a vacuum dried sample of 1:DL—3 e H,O (light green).

72



Crystals 2022, 12,1393

10 of 26

(a) (b)
Texo Texo
133°C 144’°C L 143“‘0

120 130 140 150 160 170 180 190120 130 140 150 160 170 180 190
Temperature [°C] Temperature [°C]
(c) (d)

T exo

T exo

126 °C

148 °C

105 115 125 135 145 155 165 175 185105 115 125 135 145 155 165 175 185
(e) Temperature [°C] Temperature [°C]

(f)

1 €Xo T exo

90 °C
146 °C

90 100 110 120 130 140 150 160 170 80 90 100 110 120 130 140 150 160 170 180 190
Temperature [°C] Temperature [°C]

Figure 4. DSC data of the samples grown from aqueous solution. (a) Baclofen:D—tartaric acid hydrate,
(b) Baclofen:L—tartaric acid hydrate, (e) Baclofen:DL—tartaric acid hydrate and samples obtained by
milling, (c) Baclofen:D—tartaric acid, (d) Baclofen:L—tartaric acid, and (f) Baclofen:DL—tartaric acid.
DSC was heated at 5 °C min~—; for clarity, only a temperature range of 70 °C (a,b,e), 80 °C (c,d), and

110 °C (f) is shown.
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The DSC data suggest that higher quality samples are obtained from aqueous solution
compared to LAG experiments in the case of enantiomerically pure 3 entities. The presented
signals for samples grown from solution show a better signal-to-noise ratio than those
which were obtained by milling. Furthermore, the melting signal is more intense than the
signal for the presumed loss of hydrate water. This is not the case in the milling samples,
suggesting the presence of a larger amorphous amount of substance. The hydrate water is
removed at a comparatively high temperature of 130 °C. This indicates that water molecules
are bound strongly into the 1:D—3 (or 1:L—3) hydrate lattice. Low binding force to hydrate
water molecules thus is probably not the reason for the phase transition. Rather than that,
the anhydrous lattice is overall energetically more beneficial compared to the hydrate form.
Melting of the anhydrous form occurs about 15 °C after the hydrate water loss, between
143 °C and 148 °C. In the 1:DL—3 hydrate grown from an aqueous solution, on the other
hand, the presumed loss of hydrate water begins at lower temperatures of 103 °C. However,
the anhydrous 1:DL—3 system remains stable for approximately just as long as the 1:3
forms of the determined chirality, resulting in a well-defined melting signal at 148 °C.
Interestingly, if 1:DL—3 is produced through milling, an exothermic signal can be observed
starting at 90 °C. This indicates further crystallization of amorphous material upon heating.
If a powder pattern is recorded after the heating process, but prior to melting, an increase in
crystallinity by better resolution of signals can indeed be observed (see the Supplementary
Materials). Furthermore, signals corresponding to the 1:DL—3 hydrate are removed from
the pattern. However, it still appears to be better to start from a solvent-based sample to
receive an anhydrous 1:DL—3 form, indicated through a well-resolved powder pattern
and a sharper melting signal.

Baclofen:tartaric acid species, including single crystals, can best be produced from
aqueous solution, even though hydrates are formed in the first place. In the case of 1:3
species with enantiopure 3 co-formers, aging of the received hydrate will take place over
time. Heating or vacuum drying of the described species should remove hydrate water
quicker and help obtain a pure phase. Grinding leads to a product of lower crystallinity,
especially visible through the badly resolved DSC data. If DL—3 is used as a co-former, the
hydrate form remains stable for a longer time, but water molecules can also be removed
through heating. Milling experiments lead to low crystallinity and phase mixtures in the
first step. Subsequent heating interestingly leads to a similar product as the drying of a
hydrate product. The described hydrates can be received reliably from aqueous solution,
even though they do not remain stable for long. Milling under the exclusion of water and
vacuum drying, however, can reliably produce the presumedly anhydrous forms.

3.3. Baclofen and Malic Acid Species

Similar experiments with Baclofen and tartaric acid were conducted with Baclofen and
malic acid. Equimolar amounts of 1 and 4 were either crystallized by methanol-assisted
grinding or from solution. Solution-based crystallization attempts involved solvent water,
hexafluoro-2-propanol and ethyl acetate. Through the crystallization of 1 and D—4 from
hexafluoro-2-propanol solution, the 1:D —4 monohydrate with the centrosymmetric space
group P1 was synthesized. Interestingly, while it was actually attempted to reproduce the
anhydrous P2 1:4 form first described by Cordov-Villanueva et al. in 2018 [50], residual
water in the hexafluoro-2-propanol seems to have favored the described hydrate formation.
It should be noted that the same experiment with dried hexafluoro-2-propanol could not
be performed because of the complete insolubility of 1 in the absence of water. A pure
1:D—4 & H;O form was not reproducible, neither as a single crystal nor as a crystalline
powder. This species contains strongly disordered water molecules in opposition to the
previously discussed compounds. An additional oddity is the changing orientation of the
D—4 molecule in the lattice, which is captured by the half occupation of either a hydroxy-
or hydrogen subunit on C22 in D—4. This variation of the alignment in the 1:D—4 lattice
enables the formation of a centrosymmetric space group despite decisive chiral information
on a molecular level. Rows of 1 molecules, where default zwitterionic and singly protonated
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ones alternate, are connected through HBs on their GABA subunits over deprotonated
D—4 species. Canal voids are formed by two D—4 entities and four 1 units filled with
disordered water molecules. Towards the chlorophenyl subunits, 1 molecules are stacked
offset in regard to each other. Positioning and distance between phenyl-centers-of-gravity
and edges or between chlorine atoms makes 7-interactions or halogen bonds unlikely. It is
more probable that dispersive forces stabilize the structure in that direction (Figure 5).

5,

Figure 5. Crystal packing of Baclofen: D—malic acid ® H,O; view from a-axis. Strongly disordered
water molecules accumulate in the pores between Baclofen and malic acid entities. Both malic acid
molecules are half occupied and invert their alignment at each position. Carbon atoms are depicted
in grey, hydrogen atoms are white, oxygen atoms are red, nitrogen atoms are blue and chlorine atoms
are green.

The P2; form already published by Cérdova-Villanueva et al. [50] could be obtained
from purely aqueous solution in two cases, but more reliably via milling. Next to the de-
scribed hydrate and previously published anhydrous form, a plethora of different mixtures
was obtained, especially from solution and seemingly independent of the chosen conditions.
Given the results of numerous experiments, authors are not comfortable in proposing a
definitive answer to what phase can be safely obtained under which solvent conditions.
However, the received results seem to confirm Cérdova-Villanueva et al. in that milling
leads to a clean formation of the anhydrous form. Furthermore, the racemic form of 4 does
not appear to crystallize in an independent manner compared to enantiomerically pure
co-formers. A selection of pure phase powder patterns received under various conditions
is presented in Figure 6. Data recordings of some chosen phase mixtures are shown in the
Supplementary Materials.
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Figure 6. PXRDs of different Baclofen:malic acid systems obtained as pure phases at least once: freshly
synthesized sample of 1:D—4 e H,O (blue) and a six months old sample of 1:L—4 & H>O (green),
both obtained from hexafluoro-2-propanol solution contaminated with water; 1:D—4 @ H;O sample
after heating to 140 °C (orange) or vacuum drying (grey); samples of 1:DL-4  H;O (purple) and
1:.L—4 e H>O (cyan) after methanol-assisted grinding. Simulated patterns of obtained 1:D—4 @ H,O
(red) and previously reported by Cérdova-Villanueva et al. [50] (Crystal Structure Database, Ref. Code
YIPLAN) (black) are shown for comparison.

While the shown patterns might suggest easily obtainable clean phases, it should
again be emphasized that 1:4 hydrates in the shown purity were only received once
during the conducted experiments. The hydrate could not be obtained with DL—4. It
remains stable over time but decomposes to a mixture of amorphous substance and pure
1 near its melting point in the DSC (Figure 7, see the Supplementary Materials for PXRD
comparisons regarding DSC products). Milling experiments, on the other hand, led to a
relatively reliable formation of the anhydrous form. Even though the shown pattern of
vacuum drying suggests that this method works just as well as milling, similar results
could not be obtained for any other attempts at vacuum drying (see the Supplementary
Materials). It is notable that higher crystallinity seems to be present when using DL—4, as
compared to enantiomerically pure 4 co-formers, and some slight changes are visible in
the pattern. For example, an additional small Bragg reflection is present in 1:L—4 between
the two high-intensity reflections at 17° and 18° 20, respectively. Furthermore, the whole
pattern appears to be shifted slightly towards lower diffraction angles. Similar observations
were described by Cérdova-Villanueva and colleagues [50]. They theorize the existence
of an additional phase, backed by infrared spectroscopy data. We, however, suggest that
the visible behavior might be explainable by considerations of chirality. Contrary to the
1:4 hydrate, the anhydrous form crystallizes in the non-centrosymmetric space group P2,
and poses a definitive chirality on 1 as well as 4. Therefore, two isostructural phases
are actually formed R—1:L—4 and S—1:D—4. This is not possible if only L—4 or D—4
are present during the experiment, which might lead to a larger amorphous amount in
the received product or, as proposed by Cdrdova-Villanueva et al.,, another crystalline
system. Chirality might also explain why a pure phase is hard to obtain from solution. As

76



Crystals 2022, 12,1393

14 of 26

previously mentioned, the hydrate crystallizes in the centrosymmetric space group P1, even
though chiral information is present on co-former 4. Yet, by forcing a disorder that accounts
for the chiral directionality, this chiral influence is canceled out. Thus, the hydrate can be
formed from solution, which lessens the amount of available 4 molecules for the anhydrous
1:4 formation, and as the powder recordings show, the hydrate of 1:4 remains stable over
time, thereby not releasing the necessary molecules back. Furthermore, 1 tends to form its
own hydrate, which can often be observed in the received solution crystallization products
(see the Supplementary Materials).
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Figure 7. DSC data of 1:D—4 e H;O (a) and 1:L—4 e H,0 (b) samples grown from aqueous
hexafluoropropan-2-ol solution; 1:D—4 (¢) and 1:DL—4 (d) samples produced by milling. DSC was
heated at 5 °C min~?; only important temperature ranges are shown for clarity.

DSC recordings highlight that the composition of the received products must differ.
The 1:4 hydrates presented in Figure 7a,b show varying intensities and slight temperature
shifts for the presumed same transitions at about 60 °C, as well as 104 °C and 113 °C.
Furthermore, the melting signal at 143 °C and 139 °C is irregularly resolved in a comparable
manner to the melting signals of the Baclofen:tartaric acid species. As the respective powder
patterns show no evidence for impurities of a crystalline nature, possible amorphous
substance or varying degrees of incorporated hydrate water might explain this behavior.
As was shown, contrary to 1:3 hydrates, water molecules are not incorporated in a fixed
network but rather occur as filling in present voids in 1:4 hydrates. If the powder pattern
of a sample heated in a DSC-oven up to 140 °C is used for comparison, a phase mixture
still remains. This could explain the uneven distribution of signals and the wide range of
melting signals. Thermograms in Figure 7¢,d show better-resolved phase transitions, and
the melting signals for 1:D—4 and 1:L—4 are at the same position (Comparison shown in
the Supplementary Materials). However, the received DSC data seem to confirm the theory
regarding another phase, as assumed by Cordova-Villanueva and colleagues. 1:DL—4 melts
at 116 °C, which is 5 °C prior to the 1:D—4 or 1:L—4 phases. Furthermore, the latter show
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previously mentioned, the hydrate crystallizes in the centrosymmetric space group P1, even
though chiral information is present on co-former 4. Yet, by forcing a disorder that accounts
for the chiral directionality, this chiral influence is canceled out. Thus, the hydrate can be
formed from solution, which lessens the amount of available 4 molecules for the anhydrous
1:4 formation, and as the powder recordings show, the hydrate of 1:4 remains stable over
time, thereby not releasing the necessary molecules back. Furthermore, 1 tends to form its
own hydrate, which can often be observed in the received solution crystallization products
(see the Supplementary Materials).
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Figure 7. DSC data of 1:D—4 e H;O (a) and 1:L—4 e H,0 (b) samples grown from aqueous
hexafluoropropan-2-ol solution; 1:D—4 (¢) and 1:DL—4 (d) samples produced by milling. DSC was
heated at 5 °C min~?; only important temperature ranges are shown for clarity.

DSC recordings highlight that the composition of the received products must differ.
The 1:4 hydrates presented in Figure 7a,b show varying intensities and slight temperature
shifts for the presumed same transitions at about 60 °C, as well as 104 °C and 113 °C.
Furthermore, the melting signal at 143 °C and 139 °C is irregularly resolved in a comparable
manner to the melting signals of the Baclofen:tartaric acid species. As the respective powder
patterns show no evidence for impurities of a crystalline nature, possible amorphous
substance or varying degrees of incorporated hydrate water might explain this behavior.
As was shown, contrary to 1:3 hydrates, water molecules are not incorporated in a fixed
network but rather occur as filling in present voids in 1:4 hydrates. If the powder pattern
of a sample heated in a DSC-oven up to 140 °C is used for comparison, a phase mixture
still remains. This could explain the uneven distribution of signals and the wide range of
melting signals. Thermograms in Figure 7¢,d show better-resolved phase transitions, and
the melting signals for 1:D—4 and 1:L—4 are at the same position (Comparison shown in
the Supplementary Materials). However, the received DSC data seem to confirm the theory
regarding another phase, as assumed by Cordova-Villanueva and colleagues. 1:DL—4 melts
at 116 °C, which is 5 °C prior to the 1:D—4 or 1:L—4 phases. Furthermore, the latter show
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an additional signal between the melting signal and the broad, less intense signal at higher
temperatures. No powder patterns could be recorded for samples at this point as only a
gooey substance was received, but the presence of crystallites of a different phase might
be presumed.

Contrary to Baclofen:tartaric acid species, Baclofen:malic acid forms can best be pro-
duced using mechanochemical means. However, co-former chirality seems to play a
decisive role in the accessibility of exact phases, as shown through PXRD recordings and
thermal analysis. The phase with the highest purity is obtained if both 1 and 4 are of
a racemic nature. Interestingly, anhydrous phases can possibly be obtained by vacuum
drying, but it is not reliable that the outcome will show the desired qualities.

3.4. Phenibut and Tartaric Acid Species

Phenibut and tartaric acid were crystallized in equimolar ratios either through slow
evaporation from aqueous solution or by milling crystallization under the addition of
10 uL methanol at 25 Hz for 30 min. Two multicomponent crystalline single-crystal struc-
tures were obtained with 2 and two embodiments of 3: the monoclinic 2:L—3 e H,O with
the space group P2y, as well as the triclinic 2:DL—3 with the space group P1. 2:DL—3 is
the only species characterized via SC-XRD, which does not contain any hydrate water in its
lattice. It shows a disorder along its GABA subunit on 2 molecules: in half of its occupations,
the alignment is akin to an S-chirality of 2, in the other half to an R-chirality. However, its
lattice makeup is relatively simple. A single crystallographically independent protonated
Phenibut molecule and a single deprotonated DL—3 molecule interact via hydrogen bonds.
Rows are formed with 2-phenyl subunits facing away from the HB-network and DL—3 con-
necting between two 2-GABA subunits. The alignment of the phenyl subunits again makes
m-interactions unlikely, considering distances between edges and phenyl-centers-of-gravity.
While a similar binding motive is present in 2:L—3 @ H,O, some decisive differences occur:
The asymmetric unit consists of three crystallographically distinct protonated 2 and three
deprotonated L-3 molecules in congruence with two additional hydrate water molecules.
The latter are incorporated into the HB network that is formed in a similar manner to
2:DL—3 regarding 2 and 3 molecules. However, in 2.L—3 @ H;0, alignment and distance
of edges and centers-of-gravity in 2 phenyl subunits would make 7-interactions possi-
ble. Although no disorder is present in the Phenibut:L-tartaric acid e H,O structure, the
multitude of crystallographically-independent molecules results in an overall structure
perceived as less ordered, yet retaining some similarity to the anhydrous 2:DL—3 form
regarding 2 and 3 positioning and interaction motif. A comparison of both lattices is shown
in Figure 8.

Especially compared to the previously discussed Baclofen:malic acid entities 2:3 can
be obtained with pleasant reliability by solvent crystallization or the mechanochemical
approach, even though phase purity cannot be achieved instantly in all cases (Figure 9).

Concerning 2:3 forms with enantiomerically pure 3 entities, it is evident that phase
purity is not obtained by crystallization from solution. This is observable by just comparing
the first signal at about 5.6° 2@ in the pattern simulated from the single crystal data. In
the solvent-based sample, two Bragg reflections can be observed there, an additional one
at 5.8° 20. Contrary to that, the shown pattern of the milling sample only poses the
latter reflection. Furthermore, a strong reflection at 7.2° 2@ is present. Even though the
pattern received from heating the solution-based sample in a DSC chamber or after vacuum
drying does not have the 7.2° 20 reflection, and the reflection at lower angles seems to
be slightly shifted towards higher angles; careful analysis reveals that these patterns have
more in common with each other than with the simulated or solvent-based pattern (see
Supplementary Materials for larger comparison of the discussed samples). Two possible
explanations seem reasonable: Either the milling pattern is a different phase, or it is just
better resolved due to higher crystallinity. The slight amorphous course of the baseline
in the PXRD pattern recorded after DSC, as well as the worse signal resolution, suggest
a lower crystallinity after heating. This could cover up the 7.2° 20 signal, which might
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also be more prevalent in the milling sample due to less preferential directionality from
smaller crystallites after milling. Therefore, it seems most likely that milling of 2:L—3
and heating of a solution-based 2:L—3 sample in the DSC lead to the same, presumably
anhydrous, product. It is noteworthy that the milling sample prepared from D—3 under
the same conditions, and at the same time as its L-analog, led to a pattern akin to the
solution product. This led us to the assumption that more water must have still been
adsorbed on the milling vessel of the 2:D—3 sample. As methanol from the same batch
was used in both cases, impurities contained in solvent can be ruled out as a reason for this
behavior. While no obvious impurities occur in 2:DL—3, a small reflection that cannot be
observed in the simulated pattern appears at 5° 20 when grown from solution. This signal
is attributable to a non-incorporated precursor and does not disappear upon aging of the
sample (see the Supplementary Materials). However, a mechanochemical approach seems
to favor the formation of a pure 2:DL—3 phase as opposed to crystallization from solution.
The received pattern matches well with the simulated one. To further confirm phase purity,
DSC data were recorded (Figure 10).

(b)

Figure 8. Structure comparison of (a) Phenibut:DL —tartaric acid (view from a-axis) with a highlighted
disorder in the GABA subunit and (b) Phenibut:L—tartaric acid e H,O (view from a-axis). Phenibut
occurs in two half-occupied GABA-subunit confirmations in a), as shown through additional atom
positions along the chain, which is highlighted between the red and blue colored atoms and bonds
on the Phenibut molecule. Carbon atoms are depicted in grey, hydrogen atoms are depicted in white,
oxygen atoms are depicted in red and nitrogen atoms are depicted in blue.

Thermal analysis of the discussed compounds containing enantiopure 3 shows that the
majority of the obtained samples do not solely contain 2:D—3 or 2:L—3 hydrates. Hydrate
decomposition starts between 81 °C and 89 °C and occurs in a wide signal, which contains
an additional shoulder at 103 °C or 104 °C. The subsequent melting signal between 131 °C
and 136 °C is, in most cases, less intense than its predecessors. This indicates that the phase
transition that occurs here does not lead to a more crystalline product, which is further
confirmed through the powder pattern received after DSC heating. Here, the crystallinity
is lowered, which leads to a less intense melting signal as less energy is released. DSC
data analysis further confirms the assumptions regarding the received milling product
2:L—3. No signals occur prior to melting, and the melting signal comes in a well-defined
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and intense form. Thus, a pure, presumedly anhydrous phase must have been obtained. In
the case of 2:DL—3, the received products show no decisive differences; a melting signal
occurs at 164 °C or 165 °C.
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Figure 9. Selected powder patterns received from crystallization experiments involving Phenibut and
tartaric acid in a range 2-40° 2@ are compared to the simulated 2:L—3 ® H,O (red) and anhydrous
2:DL—3 (purple) pattern: (blue) freshly prepared sample with L—tartaric acid from aqueous solution;
(green) methanol-assisted co-milling sample of Phenibut and L—tartaric acid; (orange) 2:L—3 & H,O
sample from aqueous solution after heating to 120 °C in a DSC chamber; (grey) 2:L—3 @ H,O after
vacuum drying; (cyan) fresh 2:DL—3 sample from aqueous solution crystallization; (magenta) a
co-milling sample of Phenibut and D—tartaric acid, methanol-assisted.

Phenibut:tartaric acid species tend to form higher purity phases compared to Ba-
clofen:malic acid species and contain smaller amounts of API-hydrate impurities. However,
itis challenging to remove hydrate water from 2:D—3 or 2:L—3 species. Drying comes with
a great loss of crystallinity, while milling has to be conducted under the exclusion of water
to reliably gain the presumedly anhydrous form. The anhydrous 2:DL—3 species appears
to be the most easily obtainable within all presented samples. However, solution-based
crystallization leads to small impurities. Thus, milling is the authors’ recommendation to
obtain Phenibut and tartaric acid multicomponent systems.
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Figure 10. DSC data collected from Phenibut:tartaric acid samples grown from aqueous solution
(a) 2:D—3 & H;O, (b) 2:L—3 « H,0, (e) 2:DL—3 and samples obtained by milling (c) 2:D—3 ¢ H;O,
(d) 2:L—3  H,0 and (f) 2:DL—3. DSC was heated at 5 °C min~; for clarity, only temperature ranges
containing signals are shown.
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3.5. Phenibut and Malic Acid Species

Attempted crystallization of Phenibut with malic acid proved to be more difficult than
with tartaric acid again. Contrary to all other examined combinations, no single crystals
suitable for the SC-XRD could be grown during these experiments. However, PXRD data
suggest the presence of a multicomponent system of 2 and forms of 4 (Figure 11).
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Figure 11. Selected PXRDs received from crystallization experiments involving Phenibut and malic
acid in a range 2-40° 2@ are compared to the simulated 2 ® H,O (red) and recorded 2 (cyan) and
D—4 (black) pattern: (green) freshly prepared sample with D—malic acid from aqueous solution;
(blue) six months old sample of Phenibut and D—malic acid from aqueous solution; (orange) 2:D—4
sample produced by methanol-assisted co-milling; (grey) Phenibut and D—malic acid from aqueous
solution after vacuum drying; (purple) a co-milling sample of Phenibut and DL—malic acid.

The recorded powder patterns reveal the following: fresh samples received from solu-
tion crystallization are identifiable as 2 @ HO for all combinations (see the Supplementary
Materials for (rac)—malic acid), and a new phase is received via milling of 2:2DL—4 as
compared to 2:D—4 or 2:L—4. As freshly prepared samples basically only show reflections
attributable to 2 @ H»O, obtaining single crystals suitable for SC-XRD proves difficult.
Manifold attempts at growing single crystals of the new phase resulted in good quality
needle-shaped crystals, which, however, always turned out to be 2 @ HyO. In general,
Phenibut hydrate formation represents a strong competitive reaction, which impedes mul-
ticomponent system crystallization or occurs concomitantly. Powder patterns of 2:4 forms
could only be obtained after prolonged drying of samples for weeks at room temperature
after all water evaporated or, at least in the presented grey pattern, after vacuum drying.
However, it should be noted that attempting to accelerate this process by vacuum leads to
transition of the solid crystalline sample to a gooey substance, which does not recrystallize
again. The shown pattern was recorded from left-over solid residues taken from said gooey
substance. Traces of 2 hydrate remain visible even in the older sample, for example, in
the Bragg reflection at 12° 2@ in the aged 2:D—4 sample. This signal is absent from both
milling compounds. Furthermore, no patterns could be recorded after DSC-heating. Even
though there are two or three visible signals in DSC from solution, they occur in a close
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range (Figure 12). A viscous substance is received even after the first small DSC step, which
is not suitable for PXRD analysis.
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Figure 12. DSC data collected from samples grown from aqueous solution (a) Phenibut:D—malic
acid, (b) Phenibut:L—malic acid, (e) Phenibut:DL—malic acid and samples obtained by milling
(c) Phenibut:D—malic acid, (d) Phenibut:L—malic acid and (f) Phenibut:DL—malic acid. DSC was
heated at 5 °C min~'; selected temperature ranges are shown for clarity.

Thermal analysis indicates that the phase purity of 2:4 species containing enantiopure
co-former was not achieved. Multiple signals were present, especially in the samples
obtained via grinding. Even though the resolution was comparatively high, which indicates
high crystallinity, no pure product was obtained under the examined conditions. This
could explain why no single crystal could be obtained from solution. As no single crystal
data were accessible, it can only safely be concluded by PXRD and DSC analysis that two
of the received phases must be 2 hydrate and a novel phase containing an embodiment of
2:D— or L—4. Judging by the previous received results, a hydrate form of 2:4 seems likely
to be formed. The melting point of the presumed anhydrous 2:D— or L—4 must be in the
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range between 137 °C and 139 °C, as this includes the starting point for the final melting
step in all recorded DSC data. Contrary to that, just a single melting signal was obtained in
2:DL—4 at 113 °C. This suggests a pure formation of this form.

Phenibut:malic acid species are difficult to obtain in a single crystalline form, the
solvent choice being limited to water based on the poor solubility of 2 in other solvents. The
results indicate multiple phases for 2 with enantiopure 4 co-formers, possibly including
additional hydrate stages. While in conjunction with DL—4, a pure product seems to be
obtainable through milling, single crystal growth from solution is still hindered by the
formation of 2 hydrate. Without complete drying for prolonged time periods, the discussed
phase cannot be obtained from solution, which degrades the quality of single crystals too
much to be measured. Attempting to accelerate drying by vacuum or heat results in a gooey
substance that might contain some desired product but cannot be analyzed by common
solid-state methods. However, if just a quick method to obtain a 2:DL—4 multicomponent
system is needed, the authors would recommend grinding, as this system can be regained
reliably, at least by comparison of powder patterns, through milling.

4. Discussion

In this study, it was attempted to find similarities or distinctions in the multicom-
ponent crystallization behavior of Baclofen and Phenibut with two simple and similar
co-formers, tartaric and malic acid. The goal was to find a feasible method to obtain
single crystals as well as pure co-phases for the investigated compounds. The results
show that the formation of multicomponent species is possible in all investigated cases.
However, a range of difficulties can occur concerning single crystal growth and receiving
pure microcrystalline phases. As was shown, the presence of intermediate hydrates is
prevalent, be it pure APl hydrate forms or multicomponent hydrates, both from solution
and liquid-assisted grinding. The zwitterionic GABA moiety present in both APIs offers
various HB possibilities to incorporate water into a crystal lattice, same as carboxylic acid
or hydroxyl-groups present in the co-formers. Furthermore, as both APIs are nearly in-
soluble in every solvent except water (where they cannot be considered as “well soluble”
either), it becomes obvious why hydrate stages are formed in nearly all cases during crys-
tallization from solution. The stability and predominant formation of the hydrate form
become evident, as it occurs even during the grinding process, where water molecules
contained in the atmosphere are adsorbed and incorporated into the crystal lattice. The
chirality of the investigated compounds brings further complexity into this study. The best
results were mainly obtained by milling a racemic API with a racemic co-former, except for
Baclofen:tartaric acid systems, where milling as a method should not be preferred. In the
case of Phenibut:DL—tartaric acid and Phenibut:DL—malic acid, an anhydrous form could
even be received from aqueous solution. Thus, the same chirality on both co-formers seems
to be beneficial. An effect of chirality on crystal lattices is visible in Baclofen:D—malic acid
hydrate as well as Phenibut:DL—tartaric acid, with the former one being disordered. To
compensate for the unfavorable directionality induced by the chiral co-former, the align-
ment of malic acid shifts by 180° in each position. In the latter, even though chiralities
match, the GABA subunit in Phenibut also shifts its alignment constantly to best fit with the
corresponding tartaric acid molecule. The formation of the discussed compounds seems
to be mostly driven by strong intermolecular interactions. This is also highlighted by the
makeup of some other of the received crystalline structures. With the exception of API
hydrates and Phenibut:tartaric acid, they all pose a large asymmetric unit consisting of up
to eight crystallographically independent molecules. This low symmetry suggests that the
raw intermolecular binding force of HB is driving the formation. In Baclofen:DL —tartaric
acid hydrate, even the protonation status of Baclofen molecules differs. This could indicate
that the formation happens before each Baclofen molecule can be protonated by tartaric
acid and just ‘freezes’ in this stage due to beneficial HB interactions. Thus, the formation of
hydrates of pure APIs competes with the formation of multicomponent hydrates as well as
anhydrous forms. While the exclusion of water via milling is helpful in gaining an anhy-
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drous product, in most cases, it is not an absolute solution. Firstly, single crystals cannot be
obtained this way if that is the goal. Secondly, milling must occur under dry conditions to
guarantee the formation of anhydrous forms, as was shown. In the case of Baclofen:tartaric
acid, solvent-based crystallization is the better solution. However, the product still must
be dried by heating, as hydrate traces are persistent even after months. This, on the other
hand, leads to loss of crystallinity. Lastly, Phenibut and enantiopure malic acid could not
be obtained as a pure phase product in all conducted experiments. Even though not all
substances could be received as single crystals, it is highly likely that proton transfer occurs
in Phenibut:malic acid species and uncharacterized anhydrous forms as well. Some form
of protonation/deprotonation occurs in all investigated species except for the Baclofen and
Phenibut hydrates. Furthermore, IR-spectra analysis shows a large variation in carbonyl
bands in all multicomponent systems; thus, salts or salt hydrates are probably applicable
labels to all of them (see the Supplementary Materials). Regarding reproducibility, the
best results can be achieved in the phases described herein, which are obtainable in high
purity. The APT hydrates can be received reliably through diffusion crystallization. Hydrate
forms of Baclofen:tartaric acid forms reliably from aqueous solution; however, the drying
product depends on the drying method and crystallinity can vary. The Baclofen:malic acid
systems behave differently in that solution-based crystallization is unreliable for them.
Crystallization through milling can lead to a product that seems pure at first glance, but as
the DSC analysis has shown, the varying distributions of peak areas indicate variations in
composition. These problems are also true for Phenibut:D— or Phenibut:L—tartaric acid
species, even though Phenibut:DL—tartaric acid is the most reliably receivable system by
PXRD as well as DSC analysis. Lastly, Phenibut:malic acid forms are probably the hardest
to obtain. It takes a long time to overcome the Phenibut hydrate stage if these systems
are attempted to grow from solution. This cannot be forcefully achieved through heat or
vacuum drying, as the substance tends to become viscous without recrystallization. While
grinding seems to be able to produce a reliable phase by powder pattern comparison, DSC
analysis shows that composition varies strongly. Thus, trustworthy reproducibility, as con-
firmed by the conducted investigations, is only present in API hydrates, Baclofen:tartaric
acid hydrates and Phenibut:DL—tartaric acid.

Baclofen and Phenibut, molecularly similar, also pose a similar crystallization behavior.
Both tend to form pure hydrates and salt hydrates, representing a favorable competing
reaction to the anhydrous phase’s formation, their chirality has a decisive influence on
crystal makeup, and it can require effort to obtain a targeted crystallization product.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article /10.3390/cryst12101393 /s1. Table S1: Overview on results obtained by
co-crystallization of Baclofen and Phenibut with co-formers tartaric acid and malic acid from solution
in solvent water. Table 52: Overview on results obtained by milling co-crystallization of Baclofen and
Phenibut with co-formers tartaric acid and malic acid under addition of 10 pL methanol at 25 Hz for
30 min. Table S3: Overview on results obtained by co-crystallization of Baclofen and malic acid in
solvent mixtures of ethyl acetate/water and aqueous hexafluoropropan-2-ol. No experiment was
carried out with Baclofen and DL-malic acid in aqueous hexaflurorpropan-2-ol. Table S4: Overview on
preparation and results of different Baclofen:tartaric acid compounds. 0.5 mmol of Baclofen (107 mg)
and 0.5 mmol of tartaric acid (75 mg) were used if not specified otherwise. Table S5: Overview on
preparation and results of different Baclofen:malic acid compounds. 0.5 mmol of Baclofen (107 mg)
and 0.5 mmol of malic acid (67 mg) were used if not specified otherwise. Table S6: Overview on
preparation and results of different Phenibut:tartaric acid compounds. For the preparation of the
compounds, 0.5 mmol of Phenibut (90 mg) and 0.5 mmol of tartaric acid (75 mg) were used if not
specified otherwise. Table S7: Overview on preparation and results of different Phenibut:malic acid
compounds. For the preparation of the compounds, 0.5 mmol of Phenibut (90 mg) and 0.5 mmol
of malic acid (67 mg) were used if not specified otherwise. Table S8: Chosen bands corresponding
to the carbonyl C=0 stretching depicted in Figure S11. Table S9: Chosen bands corresponding
to the carbonyl C=0 stretching depicted in Figure S12. Table S10: Chosen bands corresponding
to the carbonyl C=0 stretching depicted in Figure S13. Table S11: Chosen bands corresponding
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to the carbonyl C=0O stretching depicted in Figure 514. Table 512: Chosen bands corresponding
to the carbonyl C=0 stretching depicted in Figure S15. Figure S1: Recorded powder patterns of
Baclofen: tartaric acid systems under different conditions in a range from 5°-40° 2©: (blue) a fresh
sample of 1:L-3 @ HyO, shortly after crystallization, (purple) a sample of the same substance after
six months, (green) LAG sample of Baclofen and L-tartaric acid, (grey) a vacuum dried sample of
1:L-3 ® H,O, (orange) after heating a fresh sample of 1:L-3 @ H,O in a DSC chamber to 140 °C and
subsequent cooling before melting occurs, (cyan) 1:D-3 @ HO after six months, (magenta) LAG
sample of Baclofen and D-tartaric, (black) after heating a fresh sample 1:D-3 ® H, O in a DSC chamber
to 140 °C and subsequent cooling before melting occurs. Simulated pattern of 1:L-3  H>O hydrate
is shown in red. Figure 52: Recorded powder patterns of Baclofen:DL-tartaric acid under different
conditions in a range from 5°-40° 2@. Baclofen and DL-tartaric acid sample after a methanol-assisted
grinding (red) and the same sample after heating in a DSC chamber to 115 °C and subsequent
cooling before melting occurs (blue). Figure S3: Recorded powder patterns of Baclofen:malic acid
systems in a range from from 5°-40° 2©: (red) sample of Baclofen and L-malic acid a few days after
crystallization occurs; (blue) LAG sample of Baclofen and L-malic acid; (purple) 1:L-4 ® H,O obtained
from hexafluoro-2-propanol solution contaminated with water six months after crystallization occurs;
(green) simulated from single crystal data provided by Cérdova-Villanueva et al. [50] (Cambridge
Crystal Structure Database Ref. Code YIPLAN) and (cyan) simulated pattern of 1:D-4 @ H>O from
collected single crystals data. Figure S4: Overview on some recorded patterns of phase mixtures
received by co-crystallization of Baclofen and L-malic acid under different conditions in a range from
2°-40° 20: (red) Baclofen; (blue) L-malic acid; (purple) and (green) both samples of Baclofen and
L-malic acid shortly after crystallization occurs; (cyan) 1:L-4 sample received from a solvent mixture
of ethyl acetate and water shortly after crystallization occurs; (grey) a vacuum dried sample of 1:L-4.
Simulated powder patterns from single crystal data provided by Cérdova-Villanueva et al. [50]
(CCDC Ref. Code YIPLAN) (orange), from single crystal data of 1:D-4 @ H,O (magenta) and from
single crystal data of 1 @ H,O (black) are given for comparison. Figure S5: Recorded patterns of
Baclofen:D-malic acid systems under different conditions in a range from 2°-40° 20: Baclofen (red);
D-malic acid (blue); different samples of 1:D-4 shortly after crystallization occurs (purple and green);
1:D-4 @ H>O after heating to 130 °C in a DSC chamber and subsequent cooling before melting
(cyan);. simulated from single crystal data provided by Cérdova-Villanueva et al. [50] (CCDC Ref.
Code YIPLAN) (orange);. simulated from single crystal data of 1:D-4 ¢ H,O (magenta) and of
1 @ H;O (black). Figure S6: Recorded powder patterns of systems Baclofen:DL-malic in a range
from 2°-40° 2@: (red) Baclofen, (blue) D-malic acid; (purple) 1:DL-4 shortly after crystallization,
(green) 1:DL-4 from a solvent mixture of ethyl acetate and water; (cyan) LAG sample of Baclofen and
DL-malic; (grey) a vacuum dried 1:DL-4.; (orange) simulated from single crystal data provided by
Cérdova-Villanueva et al. [45] (CCDC Ref. Code YIPLAN [46]); (magenta) simulated from single
crystal data of 1:D-4 @ H;O and (black) simulated from single crystal data of 1 @ HO. Figure S7:
DSC-data of 1:D-4 (a) and 1:L-4 (b) samples obtained by milling crystallization of Baclofen and
D- or L-malic acid under addition of 10 pL methanol at 25 Hz for 30 min. DSC was heated at
5°C min~"!, only important temperature ranges are shown for clarity. Figure S8: Recorded powder
patterns of Phenibut:tartaric acid systems in a range from 2°-40° 2@: (red) 2:L-3 @ H2O pattern
simulated from single crystal data; (blue) 2:D-3 e H,O sample shortly after crystallization occurs;
(purple) LAG sample of Phenibut and D-tartaric acid; (green) vacuum dried 2:D-3 ® H,O sample.
Figure S9: Further recorded powder patterns of Phenibut:L-tartaric acid systems under different
conditions in a range from 2°-40° 20. Simulated pattern from single crystal data of 2:L-3 ¢ H,O
(red) is compared to an LAG sample of Phenibut and L-tartaric acid (blue), 2:L-3 ® H,O sample from
aqueous solution after heating to 120 °C in a DSC chamber (purple) and a vacuum dried sample of
2:L-3 @ H,O (green). Figure 510: Recorded powder patterns of Phenibut:malic acid systems under
different conditions in a range from 5°-40° 20@: (red) Phenibut; (blue) L-malic acid; (purple and
green) different samples of 2:L-4 shortly after crystallization; (cyan) LAG sample of Phenibut and
L-malic acid; (grey) a vacuum dried sample of 2:L-4; (orange) 2:DL-4 shortly after crystallization
occurs; (magenta) LAG sample of Phenibut and DL-malic acid; (dark-green) a vacuum dried sample
of 2:DL-4 and (black) simulated pattern from single crystal data of 2 @ H,O. Figure 511: Recorded IR-
spectra of used educts (red) Baclofen, (green) Phenibut, (blue) D-tartaric acid, (orange) L-tartaric acid,
(purple) D-malic acid and (cyan) L-malic acid in a range from 4000 cm ™! to 400 cm~. Figure $12:
Recorded IR-spectra of Baclofen:tartaric acid systems under different conditions in a range from
4000 cm ! and 400 cm~!.Samples obtained via crystallization from solution: (red) 1:D-3, (green)
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1:L-3, (blue) 1:DL-3 and samples after methanol-assisted grinding: (orange) Baclofen and D-tartaric
acid, (purple) Baclofen and L-tartaric acid, (cyan) Baclofen and DL-tartaric acid. Figure 513: Recorded
IR-spectra of Baclofen:malic acid systems under different conditions in a range from 4000 cm~! and
400 cm~!. Sample s from solution crystallization of 1:D-4 @ H>O (red), 1:L-4 ® H2O (green) and of
1:D-4 (blue) which showed similarities to the published YIPLAN structure in its powder pattern.
Samples after LAG experiments: (orange) Baclofen and D-malic acid, (purple) Baclofen and L-malic
acid, (cyan) Baclofen and DL-malic acid. Figure S14: Recorded IR-spectra of Phenibut:tartaric acid
systems under different conditions in a range from 4000 cm ™! and 400 cm™~!. Samples from solution
crystallization: (red) 2:D-3, (green) 2:L-3 and (blue) 2:DL-3. Samples from LAG with methanol:
(orange) Phenibut and D-tartaric acid, (purple) Phenibut and L-tartaric acid and (cyan) Phenibut and
DL-tartaric acid. Figure S15: Recorded IR-spectra of Phenibut:malic acid systems in a range from
4000 cm ™! and 400 cm 1. Samples obtained from solution crystallization: (red) 2:D-4, (green) 2:L-4
and from LAG experiments: (orange) Phenibut and D-malic acid, (purple) Phenibut and L-malic
acid, (cyan) Phenibut and DL-malic acid. Figure $16: TGA-data of 1:D-3 ® H;O (a), 1:L-3 @ HO (b)
and 1:DL-3 ® H,O (c). TGA was heated at 10 °C min~! in a range from 30 °C to 350 °C. Figure S17:
TGA-data of a LAG sample of Baclofen and D-tartaric acid with methanol (a), a LAG sample of
Baclofen and L-tartaric acid with methanol (b), a LAG sample of Baclofen and DL-tartaric acid with
methanol (c), a vacuum dried sample of 1:D-3 @ H;O (d), a vacuum dried sample of 1:L-3 @ H>O (e)
and a vacuum dried sample of 1:DL-3 @ H,O (f). TGA was heated with 10 °C min~! in a range from
30 °C-350 °C. Figure 518: TGA-data of a sample of 1:D-4 (a), a sample of 1:L-4 (b) and a sample of
1:DL-4 (c). TGA was heated at 10 °C min~! in a range from 30 °C to 350 °C. Figure S19: TGA-data
of a LAG sample of Baclofen and D-malic acid with methanol (a), a LAG sample of Baclofen and
L-malic acid with methanol (b), a LAG sample of Baclofen and DL-malic acid with methanol (c), a
vacuum dried sample of 1:D-4 (d), a vacuum dried sample of 1:L-4 (e) and a vacuum dried sample of
1:DL-4 (f). TGA was heated with 10 °C min~! in a range from 30 °C-350 °C. Figure 520: TGA-data
of a LAG sample of Phenibut and D-tartaric acid with methanol (a), a LAG sample of Phenibut and
L-tartaric acid with methanol (b), a LAG sample of Phenibut and DL-tartaric acid with methanol
(c), a vacuum dried sample of 2:D-3 @ H>O (d), a vacuum dried sample of 2:L-3 ® H;0 (e) and a
vacuum dried sample of 2:DL-3 (f). TGA was heated with 10 °C min~!ina range from 30 °C-350 °C.
Figure 521: TGA-data of a LAG sample of Phenibut and D-malic acid with methanol (a), a LAG
sample of Phenibut and L-malic acid with methanol (b) and a LAG sample of Phenibut and DL-malic
acid with methanol (c). TGA was heated with 10 °C min~! in a range from 30 °C-350 °C.
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Table S1. Overview on results obtained by co-crystallization of Baclofen and Phenibut with co-formers tartaric
acid and malic acid from solution in solvent water.

D3 L-3 DL-3 D-4 L-4 DL-4
PRger0 MOS0 ADL3 MO uweiabe,  unelable unvelable
crys%als cry s%als single crystals phase mixtures phase mixtures phase mixtures
2:L-3 « H20 Formation of Formation of Formation of
2:D-3 « H20 = | 2:DL-3 single 2 « H20, phase 2+ H20, phase 2+ Hz0, phase
' smgt;el crystals transition after transition after transition after
crystals drying rying g

Table S2. Overview on results obtained by milling co-crystallization of Baclofen and Phenibut with co-formers
tartaric acid and malic acid under addition of 10 uL methanol at 25 Hz for 30 minutes.

D-3 L-3 DL-3 D-4 L-4 DL-4
Phase mixture of
. ; YIPLAN,
Possible Possible anhydrous forms ’
1 anhydrous form  anhydrous form  1:L-3, 1:D-3 and phase YIPLAN YIPLAN
1:DL-3 mixture
ﬁ:;:-s-g ;,]::iﬁ,’e Formation of Formation of  Formation of
2 2:D-3 * H20 F\)N ith possible 2:DL-3 a new a new a new
anhydrpous form co-system co-system co-system

Table S3. Overview on resulis obtained by co-crystallization of Baclofen and malic acid in solvent mixtures of ethy!
acetate / water and aqueous hexafluoropropan-2-ol. No experiment was carried out with Baclofen and DL-malic
acid in aqueous hexaflurorpropan-2-ol.

D-4 L-4 DL-4

Ethyl acetate phase mixtures phase mixtures phase mixtures

1:D-4 » H0
. 1:.L-4 « H0
Hexafluoro-2-propanol Single ;;zysgs after after 1 « H20 -

single crystal formation single crystalformation
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Table S4. Overview on preparation and results of different Baclofen:tartaric acid compounds. 0.5 mmol of
Baclofen (107 mg) and 0.5 mmol of tartaric acid (75 mg) were used if not specified otherwise.

Compound Preparation Result
1:D-3 Crystallization in aqueous solution Similar to 1:D-3 + H20 but with traces of new
phases
1:D-3 LAG with 10 pL methanol Possible anhydrous phase
. L ) Similar to 1:L-3 + H20 but withlarge amounts
1:L-3 Crystallization in aqueous solution of new phases
1:L-3 LAG with 10 pL methanol Possible anhydrous phase
1:DL-3 Crystallization in aqueous solution Similar to 1:DL-3 » H20
1:DL-3 LAG with 10 uL. methanol Mixture of 1:DL-3 » H20, 1:D-3 « H20,

1:L-3 + H20 and possible anhydrous forms

Table S5. Overview on preparation and results of different Baclofen:malic acid compounds. 0.5 mmol of Baclofen
(107 mg) and 0.5 mmol of malic acid (67 mg) were used if not specified otherwise.

Compound Preparation Result
1+ H0 Crystallization in aqueous solution w ith SCXRD-quality crystals w hich decompose to
dissolved molecules of 4 present in solution 1 after drying
Crystallization in aqueous hexafluoroisopranol
1:D-4 solution, only 0.25 mmol of Baclofen (53 mg) Similar to 1:D-4 « H20
and D-malic acid (34 mg) were used
1:D-4 Crystallization in aqueous solution Phase mixture of :’I&?\l:l Hz0, 1 » H0 and
1:D-4 LAG with 10 uL methanol Similar to Y.IPLAN but w ith slight differences
in the pow der pattern
Crystallization in aqueous hexafluoroisopranol
1:L-4 solution, only 0.25 mmol of Baclofen (53 mg) Similar to 1:D-4 « H20
and L-malic acid (34 mg) w ere used
1:L-4 Crystallization in aqueous solution Phase mixture of :’Ig‘;r:l Hz0, 1 + Hz0 and
. . Similar to YIPLAN but w ith slight differences
1:L-4 LAG with 10 L methanol in the pow der pattern
1:DL-4 Crystallization in aqueous solution Phase mixture of 1Y?P;_::\Jo 1:D-4 * Hz0 and
Similar to YIPLAN with slightly higher
1:DL-4 LAG with 10 pL methanol crystallinity compared to samples with

enantiomerically pure 4 molecules
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Table S6. Overview on preparation and results of different Phenibut:tartaric acid compounds. For the preparation
of the compounds, 0.5 mmol of Phenibut (90 mg) and 0.5 mmol of tartaric acid (75 mg) were used if not specified

otherwise.
Compound Preparation Results
Crystallization in aqueous solution, 0.75 mmol - i . . .
2.0-3 of Phenibut (134 mg) and D-tartaric acid (113 | Smiar to 2:L-3 « H20 withslight amounts of
other phases
mg) were used
2.0-3 LAG with 10 pL methanol Similar to 2:L-3 « H20 with amounts of other
phases
Crystallization in aqueous solution, 0.75 mmol - o2 . .
2:L-3 of Phenibut (134 mg) and D-tartaric acid (113 | —miar 10 2:L-3 « H20 withslight amounts of
other phases
mg) were used
. . Phase mixture of 2:L-3 « H20 and possible
2:L-3 LAG with 10 L methanol anhydrous phase
2:DL-3 Crystallization in aqueous solution Similar to 2:DL-3
2:DL-3 LAG with 10 uL methanol Similar to 2:DL-3

Table S7. Overview on preparation and results of different Phenibut:malic acid compounds. For the preparation of
the compounds, 0.5 mmol of Phenibut (90 mg) and 0.5 mmol of malic acid (67 mg) were used if not specified

otherwise.
Compound Preparation Result
2+ H0 Crystalli;ation in aqueous solution w ith SCXRD-quality crystals w_hich decompose to
dissolved molecules of 4 2 after drying

2:D-4 Crystallization in agueous solution Similar o 2 + Hzoar;;?:gse transition after
2:D-4 LAG with 10 pL methanol Formation of new phases

2:.L-4 Crystallization in aqueous solution Similar to 2+ HzO,drr;li'lnagse transition after
2:L-4 LAG with 10 pL methanol Formation of new phases

2:DL-4 Crystallization in aqueous solution Similar t0 2+ Hanr;;?:gse transition after
2:DL-4 LAG with 10 pL methanol Formation of new phases
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PXRD and DSC Data Overview

PXRDs of Baclofen:L-tartaric acid hydrate samples are shown in Figure §1. Phase transition
of Baclofen:L-tartaric acid hydrate occurs quickly after drying of the sample, which can be seen
in the differences between the simulated pattern and the recorded pattem of a fresh sample.
The pattern recorded after six months for both Baclofen:L-tartaric acid hydrate and
Baclofen:D-tartaric acid hydrate share good agreement with the milling, vacuum dried and
DSC patterns of said substances.

[1:D-3 H,0]psc
[1:D-3 H,O] v

[1:D-3 H;0]o1

[1:L-3 H,Olpsc

W\J\M

[1:1-3 H;0 5
A S A AA AMLAA

5 10 15 20 5g [o] 25 30 35 40

Figure S1. Recorded powder patterns of Baclofen: tartaric acid systems under different conditions in a range from
5°-40° 20: (blue) afresh sample of 1:L-3 « H20, shortly after crystallization, (purple) a sample of the same substance
after six months, (green) LAG sample of Baclofen and L-tartaric acid, (grey) a vacuum dried sample of 1:L-3 «
H20,(orange) after heating a fresh sample of 1:L-3 * H20 in a DSC chamber to 140 °C and subsequent cooling
before melting occurs, (cyan) 1:D-3 = H20 after six months, (magenta) LAG sample of Baclofen and D-tartaric,
(black) after heating a fresh sample 1:D-3 « H20 ina DSC chamberto 140 °C and subsequent cooling before melting
occurs. Simulated pattern of 1:L-3 « H20 hydrate is shown in red.

94



Figure S2 shows that heating of a sample of Baclofen:DL-tartaric acid received by milling
crystallization leads to small changes in the powder pattern and a slightly higher resolution of
the occurring reflections.

[1:DL-3min, psc

[1 :DL-BIj\ml

5 10 15 20 59 °] 25 30 35 40

Figure S2. Recorded powder patterns of Baclofen:DL-tartaric acid under different conditions in a range from 5°-40°
20. Baclofen and Dl -tartaric acid sample after a methanol-assisted grinding (red) and the same sample after
heating in a DSC chamber to 115 °C and subsequent cooling before melting occurs (blue).
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Figure S3. Recorded powder patterns of Baclofen:malic acid systems in a range from from 5°-40°20: (red) sample
of Baclofen and L-malic acid a few days after crystallization occurs; (blue) LAG sample of Baclofen and L-malic
acid; (purple) 1:L-4 « H20 obtained from hexafiuoro-2-propanol solution contaminated with water six months after
crystallization occurs; (green) simulated from single crystal data provided by Coérdova-Villanueva et al.lb%
(Cambridge Crystal Structure Database Ref. Code YIPLAN) and (cyan) simulated pattern of 1:D-4 « H20 from
collected single crystals data.
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The red pattern in Figure 83 is in a good agreement with the blue pattern received by milling
crystallization of Baclofen and L-malic acid under addition of 10 pL methanol at 25 Hz for 30
minutes as well as the simulated YIPLAN pattern but shows more reflections than both other
patterns, which hints at a received phase mixture.

The purple pattern in Figure S4 shares signals with the simulated patterns of Baclofenhydrate,
Baclofen:D-malic acid hydrate and the YIPLAN pattern which leads to the conclusion, that the
received phase is made up of a phase mixture of the named substances. The green and the
cyan pattern are in good agreement with each other and both are phase mixtures consisting
of Baclofen, Baclofen:L-malic acid hydrate and Baclofen hydrate. The pattern of the vacuum
dried sample is amorphous, but the signals are in good agreementwith the YIPLAN structure.
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Figure S4. Overview on some recorded patterns of phase mixtures received by co-crystallization of Baclofen and
L-malic acid under different conditions in a range from 2°-40° 20: (red) Baclofen, (blue) L-malic acid; (purple) and
(green) both samples of Baclofen and L-malic acid shortly after crystallization occurs; (cyan) 1:L-4 sample received
from a solvent mixture of ethyl acetate and water shortly after crystallization occurs; (grey) a vacuum dried sample
of 1:L-4. Simulated powder patterns from single crystal data provided by Cérdova-Villanueva et al.®¥ (CCDC Ref.
Code YIPLAN) (orange), from single crystal data of 1:D-4 « H20 (magenta) and from single crystal data of 1 « H20
(black) are given for comparison.

The purple pattern in Figure 85 shows large similarities to the patterns of Baclofen,
Baclofen:D-malic acid hydrate and Baclofen hydrate. The green pattern shows similar signals
as the YIPLAN pattern, Baclofen:D-malic acid hydrate and Baclofen hydrate. By comparing
the cyan pattern to the recorded Baclofen pattern, it can be seen that heating of
Baclofen:D-malic acid hydrate leads to decomposition of the sample to a highly amorphous
Baclofen sample.
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Figure S5. Recorded patterns of Baclofen:D-malic acid systems under different conditions in a range from 2°-40°
20: Baclofen (red); D-malic acid (blue); different samples of 1:D-4 shortly after crystallization occurs (purple and
green); 1:D-4 « H20 after heating to 130 °C ina DSC chamber and subsequent cooling before melting ( cyan);.
simulated from single crystal data provided by Cérdova-Villanueva et al.®¥ (CCDC Ref. Code YIPLAN) (orange);.

simulated from single crystal data of 1:D-4 « H20 (magenta) and of 1 « H20 (black).
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Figure S6. Recorded powder patterns of systems Baclofen:DL-malic in a range from 2°-40° 20: (red) Baclofen,
(blue) D-malic acid; (purple) 1:DL-4 shortly after crystallization, (green) 1:DL-4 from a solvent mixture of ethyl
acetate and water; (cyan) LAG sample of Baclofen and DL-malic; (grey) a vacuum dried 1:DL-4.; (orange) simulated
from single crystal data provided by Coérdova-Villanueva et al.*l (CCDC Ref. Code YIPLANM®); (magenta)
simulated from single crystal data of 1:D-4 « H20 and (black) simulated from single crystal data of 1 « H20 .
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Both patterns of Baclofen:DL-malic acid received from aqueous solution presented in
Figure S6 show large similarities to another. Both samples share signals with Baclofen,
Baclofen hydrate, Baclofen:D-malic acid hydrate and the YIPLAN pattern, showing that the
co-crystallization from solution lead to a phase mixture of named phases. The pattern of
Baclofen:DL-malic acid received by milling crystallization is in good agreement with the
simulated YIPLAN-pattern, showing that milling crystallization leads to a pure phase. The
pattern of the vacuum dried sample shows that this method leads to a new, amorphous phase.

DSC-data in Figure S7 obtained from the milling products Baclofen:D-malic acid and
Baclofen:L-malic acid show the exact same melting signals only distinguishing in different
resolutions of the signals recorded.

a) b)

1 exo T exo

90 100 110 120 130 140 150 160 170 180 90 100 110 120 130 140 150 160 170 180
Temperature [°C] Temperature [°C]

Figure S7. DSC-data of 1:D-4 (a) and 1:L-4 (b) samples obtained by milling crystallization of Baclofen and D- or
L-malic acid under addition of 10 pl. methanol at 25 Hz for 30 minutes. DSC was heated at 5 °C min’", only important
temperature ranges are shown for clarity.

As shown in Figures S8 and S9, the samples produced by crystallization from solution and by
milling crystallization are in a good agreement with each other and even with the vacuum dried
sample. All samples show strong similarities to the simulated pattern of the Phenibut:L-tartaric
acid hydrate, confirming thateven by milling crystallization hydrate formation can be observed.
It also seemsthat vacuumdrying of the sample does notlead to the formation of an anhydrous
system. All three recorded pattems show two signals at about 5.6° 20, which is in contrast to
the simulated pattern, leading to the conclusion that phase mixtures were produced with both

methods.

98



[2:D-3 H,Olp,y

o) 0| e |

[2:D-3 H;O]

=

[2 :D-3 HZO]Fresh

PEE ) B PR e e

EE

[2:L-3 H;Olsim
JL Ao MLMAMMM*
5 10 15 w0 25 30 35 40

Figure S8. Recorded powder patterns of Phenibut:tartaric acid systems in a range from 2°-40° 20: (red) 2:L-3 * H20
pattern simulated from single crystal data;(blue) 2:D-3 = H20 sample shortly after crystallization occurs; (purple)
LAG sample of Phenibut and D-tartaric acid; (green) vacuum dried 2:D-3 * H20 sample.
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Figure S$9. Further recorded powder patterns of Phenibut:L-tartaric acid systems under different conditions in a
range from 2°-40° 20. Simulated pattern from single crystal data of 2:L-3 » H20 (red) is compared to an LAG sample
of Phenibut and L-tartaric acid (blue), 2:L-3 « H20 sample from aqueous solution after heating to 120 °C in a DSC
chamber (purple) and a vacuum dried sample of 2:L-3 « H20 (green).
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By comparison of the green and the orange pattern in Figure $10 with the simulated pattern
of Phenibut hydrate, itis obvious thatin both cases samples of Phenibut hydrate were obtained
through co-crystallization from aqueous solution. The purple and the cyan pattern are in good
agreement with each other. The purple pattern still has some similarities to the pattern of
Phenibut hydrate, showing signals at about 12° and 21.5° which do not occur in the pattemn
obtained by milling crystallization. The pattem of the vacuum dried sample of Phenibut:L-malic
acid shows different signals then all other patterns, showing that vacuum drying lead to a new
phase formation. The patter of vacuumdried Phenibut:DL-malic acid is similar to the pattern
of pure Phenibut, showing that vacuum drying of this sample leads to decomposition of the
Phenibut hydrate obtained from crystallization out of solution.
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Figure $10. Recorded powder patterns of Phenibut:malic acid systems under different conditions in a range from
5°-40° 20: (red) Phenibut; (blue) L-malic acid; (purple and green) different samples of 2:L-4 shortly after
crystallization; (cyan) LAG sample of Phenibut and L-malic acid; (grey) a vacuum dried sample of 2:L-4; (orange)
2:DL -4 shortly after crystallization occurs; ( magenta) LAG sample of Phenibut and DL-malic acid; (dark-green) a
vacuum dried sample of 2:DL-4 and (black) simulated pattern from single crystal data of 2 « H20.
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Infrared Spectroscopy (IR)

(L)-malic acid
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Figure S11. Recorded IR-spectra of used educts (red) Baclofen, (green) Phenibut, (blue) D-tartaric acid, (orange)
L-tartaric acid, (purple) D-malic acidand (cyan) L-malic acid in a range from 4000 cm™ to 400 cni™'.

Table S8. Chosen bands corresponding to the carbony! C=0 stretching depicted in Figure S11.

Compound Carbonyl Bands [cm]
1 1646/1625/1602
2 1646/1627/1607
D-3 1735/1712
L-3 1735/1712
D-4 1696
L-4 1696
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Figure S$12. Recorded IR-spectra of Baclofen:tartaric acid systems under different conditions in a range from
4000 cm? and 400 cm™".Samples obtained via crystallization from solution: (red) 1:D-3, (green) 1:L-3, (blue) 1:DL-
3 and samples after methanol-assisted grinding: (orange) Baclofen and D-tartaric acid, (purple) Baclofen and L-
tartaric acid, (cyan) Baclofen and DL-tartaric acid.

Table §9. Chosen bands corresponding to the carbony! C=0 stretching depicted in Figure S12.

Compound Carbonyl Bands [cm™]

1:D-3soL 1723/1691 1626 1599
1:L-3soL 1724/1688 1626 1599
1:DL-3soL 1715/1705 1672 1642/1629
1:D-3miLL 1724/1691 1631 1601
1:L-3miL 1723/1691 1631 1601
1:DL-4miL 172711687 1630 1595
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Figure $13. Recorded IR-spectra of Baclofen:malic acid systems under different conditions in a range from
4000 cni ! and 400 cm’. Sample s from solution crystallization of 1:D-4 « H20 (red), 1:L-4 * H20 (green) and of 1:D-
4 (blue) which showed similarities to the published YIPLAN structure in its powder pattern. Samples after LAG
experiments: (orange) Baclofen and D-malic acid, (purple) Baclofen and L-malic acid, (cyan) Baclofen and DL-malic

acid.

Table $10. Chosen bands corresponding to the carbonyl C=0 stretching depicted in Figure S13.

Compound Carbonyl Bands [cm™]

1:D-4s0L 1706 1646/1617 1599
1:L-4soL 1706 1646/1623 1599
1:D-4soLmPLAN) 1727/1688 1633 1598
1:D-4mL 1728/1688 1633 1603
1:L-4m 1731/1688 1631 1606
1:D4-4dmiL 1727/1693 1631 1603
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Figure S14. Recorded IR-spectra of Phenibut:tartaric acid systems under different conditions in a range from
4000 ¢ and 400 cm". Samples from solution crystallization: (red) 2:D-3, (green) 2:L-3 and (blue) 2:DL-3.
Samples from LAG with methanol: (orange) Phenibut and D-tartaric acid, (purple) Phenibut and L-tartaric acid and
(cyan) Phenibut and DL-tartaric acid.

Table S11. Chosen bands corresponding to the carbonyl C=0 stretching depicted in Figure S14.

Compound Carbonyl Bands [cm"']
2:D-3soL 1743/1715 1631/1608
2:L-3soL 1745/1715 1631/1605
2:DL-3soL 1731/1718 1631
2:D-3miL 1741/1714/1686 1631/1608
2:L-3mLL 1739/1703 1629/1609
2:DL-4mL 1727 1635
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Figure S$15. Recorded IR-spectra of Phenibut:malic acid systems ina range from 4000 cm’ and 400 cm'. Samples

obtained from solution crystallization: (red) 2:D-4, (green) 2:L-4 and from LAG experiments: (orange) Phenibut and
D-malic acid, (purple) Phenibut and L-malic acid, (cyan) Phenibut and DL-malic acid.

Table $12. Chosen bands corresponding to the carbonyl C=0 stretching depicted in Figure S15.

Compound Carbonyl Bands [cm]
2:D-4s0L 1730/1699 1635/1608
2:L-4soL 1727/1698 1631/1607
2:D-4mi 1732/1691 1633/1607
2:L-4mL 1735/1690 1632/1606
2:DL-4miL 1733/1698 1614
2:D-4s0L 1730/1699 1635/1608

IR-spectra show that carbonyl vibrational bands in multicomponent systems are multiplied and
shifted regarding their positioning. In pure 1 and 2 a triple band at 1646/1625/1602 cm* and
1646/1627/1607 cm™ is the only discernible carbonyl band. 3 shows a double band in
1735 cm” and 1712 cm™. 4 only exhibits a single band in 1696 cm™. In 1:3 systems, at least
four signals are presentin each system, ranging between 1727 cmr! and 1599 cm™. As salt
hydrates could be characterized by SCXRD in 1:D-3 ¢ H20, 1:L-3 « H20 and 1:DL-3 + H20, and
similar IR-bands are present in the milling products, it is probable that analogue compounds
have formed as well. The same is true for 1:4 systems where 1:D-4 « H,0 was characterized
as a salt hydrate. Very similar IR-signals are presentin 1:L-4 « H20, and while the other
systems show differing signals the splitting is similar. Multicomponent species with 2 exhibit
less signals than their 1 counterparts, showing a maximum of two multi-signals each. Again,
single crystal analysis of 2:L-3 « H.0 and 2:DL-3 has revealed a proton transfer and herewith
an ionized status of the molecules. The IR analysis indicates this for the other species as well.
While no single crystals of 2:4 systems were measured, based on observations on all other
species and a similar splitting of IR-bands present as in the previously mentioned compounds,
it is highly probable that salts or hydrates of salts were obtained.
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Thermogravimetric Analysis (TGA)

TG [%]
TG [%)

80 4

70 4

TG [%]

50 4

40 4

30 4

20 4

10 T T Y T T
50 100 150 200 250 300 350

Temperature [*C)

Figure $16. TGA-data of 1:D-3 « H20 (a), 1:L-3 « H20 (b) and 1:DL-3 « H20 (c). TGA was heated at 10 °C min'" in
a range from 30 °C to 350 °C.
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Figure S17. TGA-data ofa LAG sample of Baclofen and D-tartaric acid with methanol (a), a LAG sample of Baclofen
and L-tartaric acid with methanol (b), a LAG sample of Baclofen and DL-tartaric acid with methanol (c), a vacuum
dried sample of 1:D-3 * H20 (d), a vacuum dried sample of 1:L-3 *H20 (e) and a vacuum dried sample of
1:DL-3 « H20 (). TGA was heated with 10 °C min" ina range from 30 °C - 350 °C.
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Figure $18. TGA-data of a sample of 1:D-4 (a), a sample of 1:L-4(b) and a sample of 1:DL-4 (c). TGA was heated
at 10 °C min'' in a range from 30 °C to 350 °C.
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Figure $19. TGA-data of a LAG sample of Baclofen and D-malic acid with methanol (a), a LAG sample of Baclofen
and L-malic acid with methanol (b), a LAG sample of Baclofen and DL-malic acid with methanol (c), a vacuum dried
sample of 1:D-4 (d), a vacuum dried sample of 1:L-4 (e) and a vacuum dried sample of 1:DL-4 (f). TGA was heated
with 10 °C min'in a range from 30 °C - 350 °C.
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Figure S20. TGA-data of a LAG sample of Phenibut and D-tartaric acid with methanol (a), a LAG sample of
Phenibut and L-tartaric acid with methanol (b), a LAG sample of Phenibut and DL-tartaric acid with methanol (c), a
vacuum dried sample of 2:D-3 « H20 (d), a vacuum dried sample of 2:L-3 * H20 (e) and a vacuum dried sample of
2:DL-3 (f). TGA was heated with 10 °C min"' in a range from 30 °C - 350 °C.
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Figure S21. TGA-data of a LAG sample of Phenibut and D-malic acid with methanol (a), a LAG sample of Phenibut

and L-malic acid with methanol (b) and a LAG sample of Phenibut and DL-malic acid with methanol (c). TGA was
heated with 10 °C min'' in a range from 30 °C - 350 °C.
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3.3 Co-crystals of zwitterionic GABA API's pregabalin and phenibut:
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In this third study, a process for deracemizing pregabalin with mandelic acid was
enhanced on, by offering a quicker way of multicomponent species formation through
mechanochemical means. In addition, an attempt was made to transfer this same
process to Phenibut for comparison. Furthermore, it was shown that mandelic acid is
essential for this process and malic acid cannot be used in the same way. Quantum
Espresso was used to evaluate the energies of all the crystal systems obtained,
thermal properties were determined using DSC and solubilities with 'H-NMR
spectroscopy. The work highlights that quite interesting applications can be developed
via crystal engineering methods. However, it is also shown that the limits of
transferability are quickly reached, since deracemization of Phenibut could not be

achieved by the same route as for Pregabalin.
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A set of multicomponent crystals of chiral, pharmaceutically
active y-amino butanoic acid derivatives pregabalin and
phenibut is presented. APIs and co-formers mandelic and
malic acid are in a similar pKa-range, which enables formation
of either salts or co-crystals. With a detailed analysis of their
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We present several multicomponent crystalline species formed by zwitterionic GABA analogues pregabalin
and phenibut. These compounds are evaluated based on their crystal structure in congruence with
properties such as melting behaviour, solubility, and lattice energies. Furthermore, it is discussed how major

property distinctions between a homo- and heterochiral co-crystalline system enable enantiopurification

rsc.li/crystengcomm of pregabalin.

1 Introduction

In crystal engineering of active pharmaceutical ingredients
(APIs) the enhancement of attributes such as solubility or
drug stability is an ongoing task. Various approaches are used
to identify influences on crystal properties and increasingly
more sensitive ways are developed to synthesize a desired
target product,’® In many cases, thermodynamic factors
such as lattice energies play an important role in the outcome
of an attempted crystallization. Computational methods
based on density functional theory (DFT) as well as force field
applications have proven to be useful in determining
energetic properties of single as well as multicomponent
species.""'® A common approach in using DFT-methods for
lattice energy calculations is to compare energies of larger
crystalline  slabs  to  energy sums of occurring
crystallographically independent molecules in the unit cell.
However, differing molecular charges can make that task
difficult. Aside from their effect on energy calculations,
molecular charges build a basis for the classification of
crystalline solids, for example as either a salt or a neutral co-
crystal. Childs et al. describe the salt-cocrystal continuum in
their 2007 contribution, evaluating molecular influences of
the co-formers and their acidity as important factors for the
charge status of the received product.’® In 2010 Braga et al.
coined the term ionic co-crystal. After describing
multicomponent crystalline entities composed of neutral
barbituric acid and various alkali bromides or caesium
iodide, their publication closes with the suggestion to further
examine enthalpic and entropic contributions via theoretical

Department of Inorganic and Structural Chemistry I, Laboratory for Crystal
Engineering, Heinrich-Heine-University, UniversitaetsstrafSe 1, 40225 Duesseldorf,
Germany, E-mail: vera.vasylyeva-shor@hhu.de

 Electronic supplementary information (ESI) available. CCDC 2170100-2170108.
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evaluations.”” They brought up the topic again in 2018,
focussing on inorganic and organic co-crystalline systems,
highlighting pharmaceutical and agricultural applications
and especially the enantiomeric resolution of racemates as
interesting uses.'® Additional discussions on the influence of
ionicity on structure, properties or formation of co-crystalline
species containing various charged molecular species have
been conducted over the years,'”>' also in conjunction with
organic/organic multicomponent crystalline entities. Various
definitions for such structures have been proposed.**® As
the established terminology has found acceptance in the
community,””° methods to explicitly distinguish between
salts and ionic co-crystals were designed.**** Next to varying
molecular charges and acidity, a further molecular influence
which can impact crystalline structure and lattice makeup is
molecular chirality."®**”* Mandelic acid and its derivatives
have shown remarkable chirality-based influences on co-
crystalline systems when used as co-formers.>”™” In the past,
several processes were patented that amongst other
compounds use mandelic acid to separate e.g. (S)-pregabalin
((8)-4-amino-3-isobutylbutanoic acid) from its (R)-enantiomer.
(S)-Pregabalin, the eutomer, which is the enantiomer that
shows the desired pharmaceutical properties, and (R)-
pregabalin, its distomer, with no or undesired pharmaceutical
effects, can be separated via co-crystal formation with
mandelic acid and subsequent co-former removal.*®**
Pregabalin is a pharmaceutically active y-amino butanoic acid
(GABA) derivative with a considerable amount of uses as an
API. Pregablin remained a staple treatment API for such
diseases as epilepsy, neuropathic pain and anxiety disorders
over the years since its release.”* It is chiral, shows
zwitterionic charges on its GABA-subunit and being an amino
acid is slightly acidic. A further related nootropic and
anxiolytic drug is phenibut ((RS)-4-amino-3-phenylbutanoic
acid) where the (R)-enantiomer is the eutomer,”* >’ that has
fallen out of favour for its abuse potential.**** As another
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GABA-derivative, it also contains a zwitterionic subunit, poses
chirality in C3 and is also a weakly acidic amino acid. In the
present work various co-crystalline embodiments of
enantiomers of pregabalin (1) and racemic phenibut (2) with
co-formers mandelic acid (3) and malic acid (4) are examined
(Scheme 1). Pregabalin exhibits an unusual behaviour to form
a zwitterionic/neutral co-crystal with mandelic acid as first
described by Samas et al. in 2007,°® or a system composed
solely of charged molecules depending on whether a homo-
or heterochiral set of co-formers is co-crystallized. For
comparison a set of multicomponent systems of pregabalin
with malic acid and phenibut with mandelic acid is presented
to show that the described behaviour is unique for pregabalin
and mandelic acid only. Molecular influences such as
zwitterionicity, chiral information and compound acidity in
multicomponent entities are discussed in congruence with
structural makeup and intermolecular interactions, especially
hydrogen bond (HB) as well as properties like melting
behaviour, solubility in aqueous medium and lattice energies.
These findings are then applied to explain how the
enantiopurification of pregabalin according to the established
process with mandelic acid can be understood and improved
on. It is shown how a specific set of molecular and structural
influences enables a useful application.

2 Experimental and computational
methods
Single-crystal X-ray diffraction

Suitable single crystals were selected from the sample and
mounted on a cryo-loop under protective oil. Diffraction data
were recorded with a Rigaku XtaLAB Synergy S diffractometer
with Hybrid Pixel Arrow detector and a Photonjet X-ray
source using Cu-Ka radiation (1 = 1.54182 A) at 100.0 + 0.1 K
with w-scans. Data reduction and absorption correction were
conducted on CrysAlisPRO v. 42 software, numerical
absorption correction based on Gaussian integration over a
multifaceted crystal model and empirical absorption
correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm was used.* The single
crystal structures were analyzed and refined by using direct
methods (SHELXT-2015), full-matrix least-squares
refinements on F* were performed using SHELXL2017/01
software package.®®® Structure solution and refinements
were conducted with OLEX2-1.5 software package. Hydrogen
atoms were experimentally refined, all esds (except the esd in
the dihedral angle between two Ls. planes) are estimated

HooC OH OH
*HyN ¥ COO™ *HyN 5 coo ¥
:\ COCH
HoOC
)

Pregabalin (1) Phenibut (2) mandelic acid (3. malic acid (4)

Scheme 1 Compounds used in this work. APIs pregabalin and
phenibut as well as coformers mandelic- and malic acid.
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using the full covariance matrix. The cell esds are taken into
account individually in the estimation of esds in distances,
angles and torsion angles; correlations between esds in cell
parameters are only used when they are defined by crystal
symmetry. An approximate (isotropic) treatment of cell esds
is used for estimating esds involving ls. planes.®” Figures
were prepared with Mercury software v. 2020.2.0.%%

Differential scanning calorimetry

Measurements were performed on a Linkam DSC 600 with
nitrogen cooling and heating range from -190-600 °C in
alumina crucibles.

X-ray powder diffraction

Measurements were performed on a Rigaku Miniflex
diffractometer in 6/26 geometry at ambient temperature
using Cu-Ka radiation (A =1.54182 A).

Lattice energy calculations

Quantum Espresso (QE) PWSCF v. 6.6 was used to perform
periodic calculations based on the Perdew-Burke-Ernzerhof
(PBE) functional.®® The PBEsol basis set was used to describe
pseudo potentials. Lattice energies were determined by
geometric optimization energies of crystal structures as
measured compared to ideal gas states of the participating
molecules in a vacuum cluster, similar to the method
described by Marchese Robinson et al. and Voronin and
colleagues.'>'*

Diffraction quality single crystals

Multicomponent species (S,5)-1:3, (R,R)-1:3, (S,R)-1:3, (R,S)-
1:3, (5,5)-1:4, (S,R)}-1:4 and (R,S)-2:3 were obtained by co-
crystallization of equimolar amounts of co-formers from
aqueous solution and subsequent evaporation of the solvent
at room temperature. Single crystals of single component
species 1 and 2 were obtained by dissolution of powdery
substance in aqueous medium and subsequent evaporation
of the solvent at room temperature.

Enantiopurification of pregabalin

Two batches of racemic pregabalin hydrate (1.375 g, 7.756
mmol, 1 eq.) and enantiopure mandelic acid (1.180 g, 7.756
mmol, 1 eq.) were co-grinded with a Retsch MM400 ball mill
for 40 min at 25 Hz using two 25 mL stainless containers
fitted with one PTFE-ball (¢ 2 cm) each. The received co-
crystalline substance was subsequently washed with water
and dried at 45 °C thrice, using 12 mL water in the first
wash, 6 mL water in the second wash and 4 mL water in the
third washing instance to remove the more soluble
heterochiral species. The remaining residue was then stirred
in a mixture of 75 mL acetone and 500 uL water for 40 h at
room temperature. Filtration of the powdery residue led to
enantiopurified pregabalin,
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IR spectra

IR-spectra were recorded on the Bruker Tensor 27 Fourier
transformed IR device in attenuated total reflectance mode in
the range 4000 cm ' to 400 cm . Spectra are shown in the
ESL

'H-NMR spectra

"H-NMR spectra for solubility determination were recorded
on a Bruker Avance III NMR-spectrometer at 600 MHz and
are shown in the ESL}

Chemicals

The following chemicals were purchased and used without
further purification: (rac)-pregabalin hydrate from aber, (rac)-
phenibut from BLDpharm, (S)-mandelic acid from G&K, (R)-
mandelic acid from TCI, (S)-malic acid from GLENTHAM
LIFE SCIENCES and (R)-malic acid from BLDpharm. (S)-
Pregabalin  and  (R}-pregabalin were produced by
enantiomeric enrichment from (rac)-pregabalin hydrate
according to the described procedure.

3 Results and discussion
3.1 Properties

In 1:3-systems no protonic shift occurs between co-formers if
a homochiral (S,5) or (R,R) chirality is present, while each
molecule becomes formally charged in species of (S,R) or (R,
S) chirality in pregabalin:mandelic acid co-crystalline entities
(Fig. 1). Homochiral forms crystallize isostructurally in regard
to each other as do the heterochiral species. Both homo- and
heterochiral pairs can be synthesized from solution as well as
through neat grinding. Considering 1 and 3 properties, the
only significant difference is their molecular chirality. In
terms of acidity, a pK,, value of 4.2 is reported for 1 and 3.41
for 3,”%7! resulting in a ApK, value of 0.79. According to
Childs et al. this matches a defined murky area of ApK, = 0-3
for the solid-state protonation where both a salt as well as a
co-crystal formation can occur, and additional molecular
influences play a role.’® Similar observations for small
structural changes have been conducted in the past. Trifluoro
acetic acid becomes an ionic solid at low temperatures when
hydrogenated, but a molecular solid when deuterated.”” Tt
appears likely that the slight change in molecular chirality
has a similar energetic effect in 1:3-species, favouring
ionization in heterochiral forms while keeping default
charges in homochiral ones. To highlight the uniqueness of
the described system, further similar compounds (S,5)-1:4, (S,
R)1:4 as well as (R,S)-2:3, were co-crystallized from aqueous
solution. Structural characteristics as well as thermodynamic
properties were compared between API's and the received
multicomponent species. A detailed comparison of hydrogen
bonds shows similar characteristics in all compounds
regardless of their protonation status (Table 1). The pK,
values should be considered to enhance the understanding
of the present HB characteristics, The pK,, value of 4 is
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Fig. 1 Illustration of the protonic shift in the asymmetric units of a)
homochiral  (5,5)-1:3 and b) heterochiral (5,R)-1:3.  Four

crystallographically non-equivalent occurring molecules are marked as
A, B, C and D respectively. Proton transfer occurs in (S,R)-1:3 between
pregabalin A's O1A and mandelic acid C's O1C as well as pregabalin B's
01B and mandelic acid D's O1D. Carbon atoms are depicted in grey,
hydrogen atoms in white, nitrogen atoms in blue and oxygen atoms in
red. The protonic shift is highlighted in a dotted orange line.

3.40,”* and that for 2 is 4.44,”* giving ApK, values of 0.8 for
the 1:4-species and 1.03 for the 2:3 system. All systems are
placed in the previously mentioned range of poor definability
of the solid-state classification and all form strong - mid

Table 1 An overview of the overall number of hydrogen bonds in the
systems, compared to those occurring between two charged subunits.
Average, the shortest and the longest HB donor/acceptor distances and
their corresponding angles are compared. The average values are
calculated for each different occurring HB interaction in the unit cell.
Samples composed solely of charged molecules and entries solely
involving interactions of charged subunits are written in bold. Carboxylate
or ammonium residues in zwitterionic forms are considered charged even
though the molecules are overall formally neutral

Charged @ D---A Min. D---A Max. D---A
Sample HB/all HB [Al/D-H--A[°] [A}/D-H---A[?] [A}/D-H---A[?]
(S)1 3/3 2.751/171 2.728(0)/171(2) 2.771(1)/172(2)
(R)1 3/3 2.752/172 2.731(2)/174(2) 2.767(2)/172(3)
(racy2  3/3 2.767/168 2.732(3)/160(3) 2.795(3)/173(2)
(5,8)1:3 6/12 2.784/158 2.487(3)/174(2) 3.036(4)/151(4)
(R,R)-1:3 6/14 2.818/152 2.489(7)/172(4) 3.038(2)/148(3)
(S,R)-1:3 4/14 2.799/145 2.570(3)/179(6) 3.012(3)/121(3)
(R,S)-1:3 4/14 2.797/144 2.570(2)/174(4) 3.006(2)/129(2)
(R,S)-2:3 3/7 2.821/151 2.504(2)/175(4) 3.020(2)/117(2)
(5,8)-1:4 2/8 2.827/153 2.446(4)/172(3) 3.154(3)/112(2)
(S,R)-1:4 2/8 2.798/154 2.475(2)/175(3) 3.103(2)/127(3)
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strength HBs considering their intermolecular distances.
Small ApK, values also facilitate the formation of stronger
hydrogen bonds.”> This shows why the investigated
substances behave structurally similar. Even though some of
them are composed of overall neutral molecules and some
are charged, they all fall into a range of inconclusive pK,-
influence on protonation behaviour, with the oddity present
between homo- and heterochiral 1:3-systems to stay default
or protonate/deprotonate apparently solely based on the
molecular chirality. Closer examination of HB properties
highlights the similarities even further. Except for single
species 1 and 2, where the average HB distance is about
2.75-2.77 A, the HB average is closer to 2.8 A in all
multicomponent compounds. Interestingly, the shortest
interactions never occur between two charged subunits like
ammonium and carboxylate. While the shortest HB lengths
are observed in malic acid homo- and heterochiral forms (S,
S)- and (S,R)-1:4 which are both composed of charged
molecules with 2.446(4) A and 2.475(2) A, the mandelic acid
overall neutral homochiral (S,5)-1:3 A comes closely thereafter
with 2.487(3) A. The corresponding average HB for this
system with 2.784 A is the shortest among the HB averages in
multicomponent entities suggesting the strongest overall HB-
motif. Average HB distances in multicomponent systems
show a rather large deviation from 0.043 A up to 0.124 A. On
the other hand, single component species 1 and 2 show a
more uniform dispersion of HB distances. Here, the average
variation is only 0.016 A, 0.004 A in the shortest and 0.028 A
in the longest HB. Hydrogen bonds in single-component
structures are not exceptionally short, but on average slightly
shorter than in the multicomponent systems. This
emphasizes that while molecular charges might shift in the
described compounds, they all behave structurally similar
regarding their HB characteristics, and multicomponent
species stay similar to single component APIs. In general, in
the most of these systems it is not possible to discern which
structural features are influenced by pK, distinctions and
which by molecular influences, but for the 1:3-species
chirality inversion seems to be the most probable cause for
the ionization behaviour. Furthermore, ionicity does not
appear to have a significant impact on the structural makeup,
especially regarding HB lengths and angles. While
structurally similar compounds are formed in all investigated
species, they do show some significant distinctions in their
melting behaviour, solubility and lattice energies (Table 2).
As was established in the past, higher melting points
correlate with lower solubilities.”®”® The highest solubility is
present in 1:4 that melt below 100 °C with 85 °C for (S,S) and
95 °C for (S,R) respectively. In 1:3-systems the heterochiral
forms melt 25 °C lower than their homochiral counterparts
and their solubility is about nine times higher at 316 + 18 g
L' and 307 = 6 g L' for (S,R) and (R,S) as compared to 37 =
1gL " and 40 = 4 g L'! for (S,5)- and (R,R)-species. All in all,
multicomponent systems composed of charged molecules
reach far higher solubilities than their zwitterionic or neutral
counterparts. This is interesting especially in the case of 1:3
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Table 2 Overview on the determined melting points, solubilities in
aqueous phosphate buffer at pH 6.8 and 37 °C as well as lattice energies
calculated with quantum espresso. Bold written samples are composed
solely of charged molecules. Mandelic and malic acid solubilities are given
in ESIT

Sample Melting point [°C] Solubility [g L] Eiae [k mol ™)
(S)-1 185 35104 -195.08
(R)1 187 33103 -195.17
(rac)-2 e 18 +1 -367.68
(5,8)-1:3 138 371 -320.36
(R,R)-1:3 132 40+ 4 -320.99
(5,R)}1:3 111 316 + 18 -304.66
(R,S)1:3 105 307 +6 -307.77
(R,S)-2:3 150 71+3 -343.23
(5,5)01:4 85 >800” ~356.66
(S,R)-1:4 95 >800" -363.05

“ (rac)-Phenibut decomposes prior to melting at about 200 °C, as
such no melting point could be determined. ” The maximum
solubility could not be determined. No reliable results could be
obtained from the highly viscous substance at higher concentrations.

homo- and heterochiral forms. Even though solubility of 3 is
about five times higher than that of 1 with 203 + 3 ¢ L™ and
35+ 0.4 g L' or 33 £ 0.3 g L'" respectively, a substantial
increase in solubility is not reached in the homochiral co-
crystal forms. In co-crystalline entities the solubility is
generally linked to several parameters such as co-former
solubility, solvent as well as its pH value, co-former pK,
values, co-former complexation by solvent, co-former ratio
and ionicity.”” ® As the same pH-stable solvent conditions
were used in all cases and neither the co-former, the co-
former ratio nor the co-former pK, was changed, it is
highlighted how the chirality induced change in ionicity
possibly affects solvent complexation and thereby increases
solubility in heterochiral 1:3-forms compared to the
homochiral systems. It is furthermore surprising that while
the melting point in homochiral 1:3-forms is decreased and 3
is substantially more soluble than 1, the solubility increase is
practically negligible. This indicates that ionicity plays a key-
role for the dissolution behaviour. In case of 1:4-forms, the
mentioned criteria for the co-crystal solubility are fulfilled
more uniformly. The solubility of 4 with 2061 + 76 g L™" is
exceedingly high compared to that of pure 1, all components
are ionized and a very high solubility of more than 800 g L™
is reached in both cases. In 2:3 an increase of solubility up to
71+ 3 g L' is also achieved, which is comparatively low. Here,
the increase is most probably due to the large difference
between the solubilities of 2 and 3 with 18 + 1 g L' and 203 +
3 g L' respectively. It is noteworthy that this system is
heterochiral, yet here differing chirality does not cause a
difference in ionicity as is the case in heterochiral 1:3-species.
This further confirms that ionicity plays an important role in
the solubility increase in these compounds, having a larger
impact than the co-former solubility alone. Lattice energies
do not appear to impact solubility in a significant manner, as
all multicomponent species are in a similar range, the lowest
values present in homochiral 1:3-forms with about -320 kJ
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mol ™" and the highest values in 1:4-systems with —356.66 kJ
mol ! in (S,5) and —363.05 kJ mol " in (S,R). As HB-properties
are also similar in all investigated compounds, the influence
of the charged species on the strength of intermolecular
interactions seems to be questionable. While the highest
values are present in 1:4-systems composed of charged
molecules, the second most favourable energy is given for 2:3
with -343.23 k] mol™ composed of zwitterionic and neutral
molecules. The calculated lattice energies for the discussed
compounds are higher than those established by Marchese
Robinson et al for a large number of neutral single
component API's," but lower compared to those for ionic
liquids containing inorganic ions,'* and far lower than those
for inorganic systems.®** However, the values are slightly
higher than values established by Voronin et al for
carbendazim maleates.'” This suggests that (zwitter)ionicity
does generally have an influence on lattice energies, even
though the final molecular protonation status in
multicomponent species of the investigated compounds does
not impact structural features meaningfully. The unusually
beneficial lattice energy of 2 with -367.68 k] mol™' might
appear too high especially when compared to 1-forms with
about —195 kJ mol . However, 2 behaves rather different than
1 in two key aspects: firstly, 2 does not form a stable hydrate
as racemic 1 does.*® Contrary to the latter, 2-hydrate
transitions to anhydrous 2 quickly, suggesting a preferable
form in the anhydrous species. Furthermore, experimental
observations conducted in the presented work suggest a
higher stability of 2 as compared to 2:3. While co-crystalline
systems of 1 with the used co-formers form readily and
without evidence for impurities under the investigated
conditions, the 2:3 system cannot be obtained as reliably. 2:3
single crystals could only be received once; neat co-milling
did not work under the chosen conditions and co-
crystallization from solution still contains impurities visible
in the powder pattern (see ESIf). Therefore, a comparatively
beneficial lattice energy seems likely. This might stem from
an increased connectivity via m-interactions enabled by
phenyl-subunits in 2. Further support for unusually high
lattice energy in 2 is given through its melting behaviour. It is
the only discussed compound that decomposes without
melting at temperatures above 200 °C which indicates strong
intermolecular connectivity. To conclude, the comparison of
the presented compounds based on the discussed structural
and thermodynamic properties uncover their commonalities.
They all behave structurally similar as their co-formers are in
a specific murky ApK, range that enables formation of salts as
well as co-crystals. Some of the chosen systems retain
zwitterionic/neutral molecular makeup and some obtain
molecular charges. Energetically, they all are in a similar
range, posing more beneficial lattice energies than neutral
compounds but less favourable ones than organic/inorganic
or purely inorganic compounds. However, this border-region
in the salt-co-crystal continuum can have high impact on
properties such as melting and solubility behaviours. The
shown compounds that become charged upon co-
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crystallization melt at lower temperatures and are vastly more
soluble than their neutral/zwitterionic counterparts. This
specific behaviour seems to largely depend on the molecular
chirality in case of homo- and heterochiral 1:3-forms and the
comparatively low lattice energy in 1 enables easy co-
crystallization. As 1 is a commercially viable API the presented
results can be used to better understand, modify and improve
an established crystallization-based enantiopurification
processes.

3.2 Enantiopurification of pregabalin

Based on the described findings, a process for the racemic
separation of the racemic pregabalin hydrate ((rac)-1-H,O)
could be improved on and simplified (Scheme 2). Similar
enantiopurification methods were previously patented,*®**
that followed a bottom-up approach in their racemic
separation processes. By dissolving varying quantities of
(rac)-pregabalin  hydrate with (S)-mandelic acid and
subsequently cooling or crystallization via vaporization the
(S,S)-species was formed. In the patents it is then removed
from solution and further processed. As was shown in the
present study the formation of 1:3 is energetically favourable
compared to crystallization of 1. Furthermore, (S,R)- as well
as (R,S)1:3 show ionicity-based increased solubilities
compared to the (5,5)- and (R,R)-species. In opposition, 1:4-
compounds are prone to form viscous residue instead of
crystalline materials which is one of the reasons those are
not suitable for the separation process. Due to the energetic
favourability as well as mechanic and thermal stability of 1:3-
species they can be prepared in a ball mill vig
mechanochemical synthesis. This enables a top-down
approach where the scale depends solely on the largest
available milling vessel. By milling of (rac)-1-H,O with either
mandelic acid enantiomer (S)-3 or (R)-3 in equimolar
amounts a 1:1 mixture of the (S,S)/(R,S) or (R,R)/(S,R)
multicomponent systems is formed in good yields (step I in
Scheme 2). Missed yield at this point stems from losing some
material on the milling vessel walls. As the (S,R)- and (R,S)-
systems pose an about nine times higher solubility in water
compared to their homochiral counterparts they can then be
removed by subsequent washing and drying steps with
increasingly smaller amounts of water. This approach
therefore offers the advantage of quickly producing co-
crystalline product and necessitates only low amounts of
water to remove the unwanted heterochiral species. To give
an example, 4.580 g of co-crystal mixture was produced by
milling in step I. After three washing and drying steps with
12 mL, 6 mL and 4 mL water, 1.442 g (62%) of
enantiopurified homochiral co-crystal were received in step
II. Low amounts of washing water further simplify regaining
the missed yield: the lost product can be recrystallized by
water vaporization. The washing process can then be
repeated with even smaller amounts of water. Our approach
does not require further additives like organic solvents,
additional acidic or caustic compounds nor is heating
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Scheme 2 Steps for the racemic separation of (rac)-1-H.O with mandelic acid: step | - mechanochemical co-crystallization, step Il - washing

powdery product with water and drying the residue, step Ill - extract mandelic acid by stirring the residue in acetone/water mixture for 40 h.

necessary which is an advantage compared to previously
reported procedures. This also allows for an environmentally
friendly, low effort process. To separate 3 from 1 in step III a
slight variation to the patented process by Pradhan and
colleagues,” who proposed a number of different separation
methods, is introduced. Washed homochiral co-crystalline
product is stirred for 40 h in acetone with catalytic amounts
of water added. To follow up on the previous example, 1.442
g of powdery co-crystal were put in a glass vessel with 75 mL

Step 111
Step 1T
- A AN
Step 1
J L A A
5 10 15 20 20 9] 25 30 35 40

Fig. 2 Powder patterns of products received after enantiopurification
process step | (red), step Il (blue) and step Il (green). In step I, both
homo- and heterochiral multicomponent species are present, visible
by the two strong diffraction reflexions at 5.9° and 6.4° 26. In step Il
the heterochiral compound was removed by washing, diminishing the
5.9° signal. In step Ill, mandelic acid was removed, solely leaving
enantiopure pregabalin.

This journal is © The Royal Society of Chemistry 2022

of acetone and 500 pL of water and stirred for 40 h. The
powdery substance was then filtered, washed with additional
20 mL of acetone and 0.612 g (81%) of enantiopurified 1 were
received. In contrast to the previously proposed method the
stirring process is much longer but does not require heating.
Acetone was chosen as it is cheap, easily available and poses
less environmental risks than other organic solvents that
could be suitable for this process. The proposed
enantiopurification can be controlled through powder X-ray
diffraction during each step (Fig. 2). The described method
relies on property differences unique to the 1:3-systems.

Inversion of molecular chirality leads to related
multicomponent species that still differ in their key
attributes. Higher solubility in one of the received

multicomponent species in congruence with the mechanical
stability enables the described process for 1. The previously
discussed properties in malic acid systems deem them
unusable for this in contrast to 1:3-forms, as 1:4-species
preferably form viscous liquids with similar solubilities. On
the other end, phenibut co-crystallization with mandelic acid
is energetically unfavourable compared to pure 2-formation.
Mechanochemical synthesis under the same herein discussed
conditions did not lead to 2:3. Furthermore, 2 does not show
chirality dependent varying crystallization products, a trait
inherent only to 1.

4 Conclusions

In this work we presented an atypical case concerning co-
crystallization of zwitterionic APIs of the GABA-family.
Multicomponent crystalline species of related compounds
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pregabalin and phenibut were characterized regarding their
structural and thermodynamic properties. Homo- and
heterochiral pregabalin:mandelic acid species exhibit a
remarkably different solubility and melting behaviour based
on molecular charge differences, even though they are
structurally very similar. It was shown that this hardly
predictable behaviour occurs in a vague range of the salt-
cocrystal continuum and can, in this specific case, be
attributed to the co-former chirality inversion. It seems likely
that this small change in the molecular makeup crosses an
energetic barrier needed for ionization when heterochiral co-
formers pregabalin and mandelic acid are used. For the given
set of compounds, the results indicate that complex
multicomponent crystalline species exist on a spectrum and
their properties are influenced more impactfully by molecular
makeup rather than their crystal structure. It was further
presented how investigations of crystal properties in the
borderline regions of the spectrum can offer interesting and
unexpected results. An optimized and simplified top-down
process of (rac)-pregabalin hydrate enantiopurification was
developed and its functionality was explained by the
previously stated properties. This work shows that careful
examination of multicomponent systems composed of
similar co-formers in areas where multiple molecular and
thermodynamic influences compete to determine product
properties can lead to fruitful and surprising results.

Author contributions

Conceptualization: Daniel Komisarek & Vera Vasylyeva. Data

curation: Daniel Komisarek. Formal analysis: Daniel
Komisarek.  Funding  acquisition: = Vera  Vasylyeva.
Investigation: Daniel Komisarek. Methodology: Daniel

Komisarek, Vera Vasylyeva, Takin Haj Hassani Sohi. Project
administration: Vera Vasylyeva. Resources: Vera Vasylyeva.
Supervision: Vera Vasylyeva. Validation: Daniel Komisarek,
Vera Vasylyeva, Takin Haj Hassani Sohi. Visualization: Daniel
Komisarek. Writing: Daniel Komisarek. Review & editing:
Vera Vasylyeva.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank PD Dr. Oliver Weingart and Prof. Dr. Rochus
Schmid for valuable discussions on theoretical aspects.
Computational support and infrastructure was provided by
the “Centre for Information and Media Technology” (ZIM) at
the University of Duesseldorf (Germany). Funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) - 440366605. Thanks to the CeMSA@HHU
(Center for Molecular and Structural Analytics@Heinrich
Heine University) for recording the NMR-spectroscopic data.

8396 | CrystEngComm, 2022, 24, 8390-8398

View Article Online

CrystEngComm
References

1 V. Todaro and A. M. Healy, Drug Dev. Ind. Pharm., 2021, 47,
292-301.

2 M. Trampuz, D. Tesli¢ and B. Likozar, Chem. Eng. Res. Des.,
2021, 165, 254-269.

3 A. Ainurofiq, K. E. Dinda, M. W. Pangestika, U. Himawati,
W. D. Wardhani and Y. T. Sipahutar, Int. J. Res. Pharm. Sci.,
2020, 11, 1621-1630.

4 A. J. Al-Ani, C. Herdes, C. C. Wilson and B. Castro-
Dominguez, Cryst. Growth Des., 2020, 20, 1451-1457.

5 D. Chen, Q. Sun, W. Huang and B.-S. Yang, Cryst. Growth
Des., 2020, 20, 2251-2265.

6 L. Schenck, D. Erdemir, L. Saunders Gorka, J. M. Merritt,
1. Marziano, R. Ho, M. Lee, J. Bullard, M. Boukerche and
S. Ferguson, et al, Mol Pharmaceutics, 2020, 17,
2232-2244.

7 A. F. Shunnar, B. Dhokale, D. P. Karothu, D. H. Bowskill, L. J.
Sugden, H. H. Hernandez, P. Naumov and S. Mohamed,
Chemistry, 2020, 26, 4752-4765.

8 H.-L. Cao, ]J.-R. Zhou, F.-Y. Cai, J. Lt and R. Cao, Cryst.
Growth Des., 2019, 19, 3-16.

9 S. Chattoraj and C. C. Sun, J. Pharm. Sci, 2018, 107,
968-974.

10 E. Hadjittofis, M. A. Isbell, V. Karde, S. Varghese, C. Ghoroi
and J. Y. Y. Heng, Pharm. Res., 2018, 35, 100.

11 F. Yang, C.-X. Yan, X. Yang, D.-G. Zhou and P.-P. Zhou,
CrystEngComm, 2017, 19, 1762-1770.

12 A. P. Voronin, A. O. Surov, A. V. Churakov, O. D. Parashchuk,
A. A. Rykounov and M. V. Vener, Molecules, 2020, 25, 2386.

13 U. P. Preiss, D. H. Zaitsau, W. Beichel, D. Himmel, A.
Higelin, K. Merz, N. Caesar and S. P. Verevkin,
ChemPhysChem, 2015, 16, 2890-2898.

14 R. L. Marchese Robinson, D. Geatches, C. Morris, R.
Mackenzie, A. G. P. Maloney, K. J. Roberts, A. Moldovan, E.
Chow, K. Pencheva and D. R. M. Vatvani, J. Chem. Inf.
Model., 2019, 59, 4778-4792.

15 H. K. Buchholz and M. Stein, J. Comput. Chem., 2018, 39,
1335-1343.

16 S. L. Childs, G. P. Stahly and A. Park, Mol. Pharmaceutics,
2007, 4, 323-338.

17 D. Braga, F. Grepioni, L. Maini, S. Prosperi, R. Gobetto and
M. R. Chierotti, Chem. Commun., 2010, 46, 7715-7717.

18 D. Braga, F. Grepioni and O. Shemchuk, CrystEngComm,
2018, 20, 2212-2220.

19 S. P. Kelley, A. Narita, J. D. Holbrey, K. D. Green, W. M.
Reichert and R. D. Rogers, Cryst. Growth Des., 2013, 13,
965-975.

20 D. Yang, H. Wang, Q. Liu, P. Yuan, T. Chen, L. Zhang, S.
Yang, Z. Zhou, Y. Lu and G. Du, Chin. Chem. Lett., 2021, 33,
3207-3211.

21 T. Alkhidir, Z. M. Saeed, A. F. Shunnar, E. Abujami, R. M,
Nyadzayo, B. Dhokale and S. Mohamed, Cryst. Growth Des.,
2022, 22, 485-496,

22 M. Gryl, M. Koziel and K. M. Stadnicka, Acta Crystallogr.,
Sect, B: Struct. Sci., Cryst. Eng. Mater., 2019, 75, 53-58.

This journal is © The Royal Society of Chemistry 2022

121



Open Access Article. Published on 17 November 2022. Downloaded on 2/16/2023 3:48:49 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

fec)

CrystEngComm

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40
41

42

43

N. K. Duggirala, M. L. Perry, O. Almarsson and M. ].
Zaworotko, Chem. Commun., 2016, 52, 640-655.

S. Aitipamula, R. Banerjee, A. K. Bansal, K. Biradha, M. L.
Cheney, A. R. Choudhury, G. R. Desiraju, A. G. Dikundwar,
R. Dubey, N. Duggirala, P. P. Ghogale, S. Ghosh, P. K.
Goswami, N. R. Goud, R. R. K. R. Jetti, P. Karpinski, P.
Kaushik, D. Kumar, V. Kumar, B. Moulton, A. Mukherjee, G.
Mukherjee, A. Myerson, V. Puri, A. Ramanan, T. Rajamannar,
C. M. Reddy, N. Rodriguez-Hornedo, R. D. Rogers, T. N. G.
Row, P. Sanphui, N. Shan, G. Shete, A. Singh, C. C. Sun, J. A.
Swift, R. Thaimattam, T. S. Thakur, R. K. Thaper, S. Thomas,
S. Tothadi, V. R. Vangala, N. Variankaval, P. Vishweshwar,
D. R. Weyna and M., ]. Zaworotko, Cryst. Growth Des.,
2012, 12, 2147-2152.

D. J. Berry and J. W. Steed, Adv. Drug Delivery Rev., 2017, 117,
3-24.

E. Grothe, H. Meekes, E. Vlieg, J. H. ter Horst and R. de
Gelder, Cryst. Growth Des., 2016, 16, 3237-3243.

S. Guerin, S. Khorasani, M. Gleeson, J. O'Donnell, R. Sanii,
R. Zwane, A. M. Reilly, C. Silien, S. A. M. Tofail, N. Liu, M,
Zaworotko and D. Thompson, Cryst. Growth Des., 2021, 21,
5818-5827.

J. Nath and ]. B. Baruah, Cryst. Growth Des., 2021, 21,
5325-5341.

W. Gong, P. K. Mondal, S. Ahmadi, Y. Wu and S. Rohani, Int.
J. Pharm., 2021, 608, 121063.

T. A. Hegde, A. Dutta, T. C. Sabari Girisun and G. Vinitha,
Chem. Phys. Lett., 2021, 781, 138971.

A. Kiguchiya, R. Teraoka, T. Sakane and E. Yonemochi,
Chem. Pharm. Bull., 2019, 67, 945-952.

L. Zhao, M. P. Hanrahan, P. Chakravarty, A. G. DiPasquale,
L. E. Sirois, K. Nagapudi, J. W. Lubach and A. ]J. Rossini,
Cryst. Growth Des., 2018, 18, 2588-2601.

W. Ji, B. Xue, S. Bera, S. Guerin, L. J. Shimon, Q. Ma, S. A.
Tofail, D. Thompson, Y. Cao, W. Wang and E. Gazit, Mater.
Today, 2021, 42, 29-40.

P. Vankatova, A. Kubi¢kova and K. Kalikova, J. Chromatogr. A,
2022, 1673, 463074.

C. C. Da Silva and F. T. Martins, RSC Adv., 2015, 5,
20486-20490.

P. Rajasekar, C. Jose, M. Sarkar and R. Boomishankar,
Angew. Chem., Int. Ed., 2021, 60, 4023-4027.

L. Zeng, Q. Yi, Q. Liu, K. Tang and B. van der Bruggen, Sep.
Purif. Technol., 2021, 257, 117884.

V. Gore, D. Datta, M. Gadakar, K. Pokharkar, V. Mankar and
S. Wavhal, WO Pat., W02009122215, 2009.

V. Gore, D. Datta, M. Gadakar, K. Pokharkar, V. Mankar and
S. Wavhal, US Pat., US20110124909, 2011.

B. S. Pradhan, IN Pat., IN2010CH01584, 2010.

A. Khaja, V. S. R. Potla, S. Govind, B. R. Konudula, Y. K.
Chauhan and D. Datta, WO Pat., W0O2009125427, 2009.

K. B. Mafatlal, K. N. Kagathara, K. Sivaprasad, P. C.
Rajendra, V. P. Bhikhalal, B. U. Rajaram and M. I. Ambalal,
IN Pat., IN2009MUO01587, 2009.

S. R. D. Reddy, S. R. Velivela and R. R. V. Reddy, IN Pat.,
IN2010CH00299, 2010.

This journal is © The Royal Society of Chemistry 2022

44

45

46
47

48

49

50

51

52

53

54

55

56

57

58

59

60
61

62

63

64

65

66

67

68

69

70

View Article Online

Paper

R. K. Thaper, M. D. Prabhavat, S. K. Arora, Y. D. Pawar,
D. K. P. Varma, V. S. Kamble and V. S. Shinde, IN Pat.,
IN2008K000929, 2008.

D. K. Baidya, A. Agarwal, P. Khanna and M. K. Arora,
J. Anaesthesiol., Clin. Pharmacol., 2011, 27, 307-314.

M. J. Bradie, Epilepsia, 2004, 45(Suppl 6), 19.

C. A. Federico, J. S. Mogil, T. Ramsay, D. A. Fergusson and J.
Kimmelman, Pain, 2020, 161, 684-693.

N. M. Gajraj, Anesth. Analg., 2007, 105, 1805-1815.

D. R. Guay, Am. . Geriatr. Pharmacother., 2005, 3, 274-287.

R. Kavoussi, Eur. Neuropsychopharmacol., 2006, 16(Suppl 2),
$128-5133.

N. Kumar, A. Laferriere, J. S. C. Yu, A. Leavitt and T. J.
Coderre, J. Neurochem., 2010, 113, 552-561.

B. A. Lauria-Horner and R. B. Pohl, Expert Opin. Invest.
Drugs, 2003, 12, 663-672.

R. A. Moore, S. Straube, P. J. Wiffen, S. Derry and H. J.
McQuay, Cochrane Database Syst. Rev., 2009, 3, CD007076.

P. Ryvlin, E. Perucca and S. Rheims, Neuropsychiatr. Dis.
Treat., 2008, 4, 1211-1224.

L. Zvejniece, E. Vavers, B. Svalbe, G. Veinberg, K. Rizhanova,
V. Liepins, I. Kalvinsh and M. Dambrova, Pharmacol.,
Biochem. Behav., 2015, 137, 23-29.

1. Lapin, CNS Drug Rev., 2001, 7, 471-481.

M. Dambrova, L. Zvejniece, E. Liepinsh, H. Cirule, O.
Zharkova, G. Veinberg and I. Kalvinsh, Eur. J. Pharmacol.,
2008, 583, 128-134.

M. A. Downes, I. L. Berling, A. Mostafa, J. Grice, M., S.
Roberts and G. K. Isbister, Clin. Toxicol., 2015, 53, 636-638.
Y. B. Joshi, S. F. Friend, B. Jimenez and L. R. Steiger, J. Clin.
Psychopharmacol., 2017, 37, 478-480.

W. Li and B. Madhira, Am. J. Ther., 2017, 24, e639-e640.

D. J. McCabe, S. A. Bangh, A. M. Arens and J. B. Cole, Am. J.
Emerg. Med., 2019, 37, 2066-2071.

D. R. Owen, D. M. Wood, J. R. H. Archer and P. I. Dargan,
Drug Alcohol Rev., 2016, 35, 591-596.

B. Samas, W. Wang and D. B. Godrej, Acta Crystallogr., Sect.
E: Struct. Rep. Online, 2007, 63, 03938-03938.

CrysAlisPRO, Oxford Diffraction/Agilent Technologies UK Ltd,
Yarnton, England.

G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.,
2008, 64, 112-122.

G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem.,
2015, 71, 3-8.

0. V. Dolomanov, L. J. Bourhis, R. ]. Gildea, J. A. K. Howard
and H. Puschmann, J. Appl. Crystallogr., 2009, 42, 339-341.
C. F. Macrae, I. Sovago, S. J. Cottrell, P. T. A. Galek, P.
McCabe, E. Pidcock, M. Platings, G. P. Shields, ]J. S. Stevens,
M. Towler and P. A. Wood, J. Appl. Crystallogr., 2020, 53,
226-235.

P. Giannozzi, O. Baseggio, P. Bonfa, D. Brunato, R. Car, I
Carnimeo, C. Cavazzoni, S. de Gironcoli, P. Delugas, F.
Ferrari Ruffino, A. Ferretti, N. Marzari, I. Timrov, A. Urru
and S. Baroni, Chem. Phys., 2020, 152, 154105.

Physicians' desk reference 2007, ed. Thomson P. D. R,
Thomson PDR, Mondvale, NJ, 2007.

CrystEngComm, 2022, 24, 8390-8398 | 8397

122



Open Access Article. Published on 17 November 2022. Downloaded on 2/16/2023 3:48:49 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

fec)

Paper

71

72

73

74

75

76

77

G. Kortiim, W. Vogel and K. Andrussow, Pure Appl. Chem.,
1960, 1, 187-536.

D. Mootz and M. Schilling, J. Am. Chem. Soc., 1992, 114,
7435-7439.

R. M. Zelle, E. de Hulster, W. A, van Winden, P. de Waard, C.
Dijkema, A. A. Winkler, J.-M. A. Geertman, ]. P. van Dijken,
J. T. Pronk and A. J. A. van Maris, Appl. Environ. Microbiol.,
2008, 74, 2766-2777.

Chemicalize was used for prediction of pKa properties, 09/
2022, https://chemicalize.com/ developed by ChemAxon
(http://www.chemaxon.com).

T. Steiner, Angew. Chem., Int. Ed., 2002, 41, 48-76.

E. Batisai, A. Ayamine, O. E. Y. Kilinkissa and N. B, Bathori,
CrystEngComm, 2014, 16, 9992-9998.

K. A. Chu and S. H. Yalkowsky, Int. J. Pharm., 2009, 373,
24-40.

8398 | CrystEngComm, 2022, 24, 8390-8398

78
79

80

81

82

83
84

85

86

View Article Online

CrystEngComm

G. L. Perlovich, Cryst. Growth Des., 2021, 21, 5058-5071.

M. Banik, S. P. Gopi, S. Ganguly and G. R. Desiraju, Cryst.
Growth Des., 2016, 16, 5418-5428,

S. J. Bethune, N. Huang, A. Jayasankar and N. Rodriguez-
Hornedo, Cryst. Growth Des., 2009, 9, 3976-3988.

D. ]J. Good and N. Rodriguez-Hornedo, Cryst. Growth Des.,
2009, 9, 2252-2264.

D. J. Good and N. Rodriguez-Hornedo, Cryst. Growth Des.,
2010, 10, 1028-1032.

S. Kaya and C. Kaya, Inorg. Chem., 2015, 54, 8207-8213.

S. Kaya, A. Robles-Navarro, E. Mejia, T. Gomez and C.
Cardenas, J. Phys. Chem. A, 2022, 126, 4507-4516.

D. Komisarek, M, Pallaske and V. Vasylyeva, Z. Anorg. Allg.
Chem., 2021, 647, 984-991.

M. Herbst, D. Komisarek, T. Strothmann and V. Vasylyeva,
Crystals, 2022, 12, 1393.

This journal is © The Royal Society of Chemistry 2022

123



Electronic Supplementary Material (ESI) for CrystEngComm.
This journal is © The Royal Society of Chemistry 2022

Supporting Information

Co-Crystals of Zwitterionic GABA API's
Pregabalin and Phenibut: Properties and
Application

Daniel Komisarek, Takin Haj Hassani Sohi, and Vera Vasylyeva

Table of Contents

1 Structural Details .......coeoiieiieee e
L. Pregabalin (L) ovvieccieciiiiee ettt ecie e s care e e eras e e ebbe s eebsaeeeabaee s ebbbeesabeseaebbesesaraeeeaabaseenns
1.2 PRENTIUL (2) 1ereieiiriiiriinieesienisssesresies b esse e e ssbesssesssbnasbsssesbaesbsesss berbsessssesssssssessssaesssesssssnnes
1.3 Homo- and heterochiral Pregabalin:mandelic acid (1:3), ratio (1:1) .ccceeeeevenienveeninciseecrenns
1.4 Phenibut:mandelic acid (2:3), ratio (1:1) e iceveieeieereeeeee e et eeeee e cereeeve e e e eree e e sareeeennbaeeenns
1.5 Homo- and heterochiral Pregabalin:malic acid (1:4), ratio (1:1)....cccvvceeeeiieiieeieeeeecree e

2 PhySical ProPerties ........occooiiiiiiiiiiiiieiiie ettt e etbe e et e e e eaa e e e eabe e e et beeeeabee e nes
2.1 Determination of melting points with differential scanning calorimetry .......ccocccevvvveeeinnenn.
2.2 Determination of solubility with TH-NMR-SPECtrOSCOPY ..ccovveeveieiieiertieiete et s ereet e

e I Lot =T T T USSR
3.1 Model description and VerifiCation .....ccccvvvereiiiiieniinr e e e s s s see s
3.2 Compound categorization and model application ........ccccveeriiereceien s

4 Applications: enantiopurification of (rac)-Pregabalin hydrate.............ccccoeeiviieevie e

SAAAENAUM.....cooiiie it re et ere e et et e

B SOUICES ...ttt ettt eee et taeae e sassaeea s e s ssssaent s ssssssssnt s ssssenessannnsanentnsannnnnnnntsnnnnnnnninsennan

124



1 Structural Details

All structures are deposited to CCDC. Deposition Number: 2170100-2170108. Bijvoet analysis
was conducted on all received structures with PLATON software v. 1.19 to confirm molecular
chirality, shown in chapter 5.'!

1.1 Pregabalin (1)

Pure Pregabalin is examined as its (S)- and (R)-enantiomer in the context of this work. Single
crystals of the enantiomerically pure forms were obtained by slow evaporation of solvent from
aqueous solution. Block shaped diffraction quality crystals were obtained. The lattice and
measurement parameters are shown in Table S1. Interaction distances and angles are shown
in Table S2.

Table S1. Latitice and measurement parameters of (R)- and (S)-Pregabalin.

Parameters (R)-Pregabalin (S)-Pregabalin
Formula Cs Hi7 N Oz CsHiz N O2
M:[g mol] 159.22 159.22
Temperature [K] 100(2) 100(2)
System/space group Orthorhombic, P212121 Orthorhombic, P212124
a(A) 6.368(4) 6.344(4)

b (A) 7.817(6) 7.809(4)

c (A) 18.504(4) 18.493(3)

B(°) 90 90

V (A3) 921.25(5) 916.27(5)

21z 4/1 4/1

Density [g/cm?] 1.148 1.154

M [mm] 0.656 0.660

Tmin/Tmax 0.514/1.000 0.622/1.000

F (000) 352 352

Crystal size [mm] 0.36 - 0.25-0.10 0.32-0.20- 0.03
20 range [°] 48-77.5 48-77.5
Completeness [%] 99.7 99.1

Recorded refl. 4569 6940
Independent refl. 1779 1757

Flack x -0.04(19) 0.03(11)
Goodness-of-fit F? 1.053 1.043

X-Ray Source Cu Ka (A =1.54184) Cu Ka (A= 1.54184)
R1 [%] /WRz [%] /S 4.05/ 9.95/ 1.053 3.01/7.86/ 1.043
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Table S2. Hydrogen bond distances and angles in (R)- as well as (S)-Pregabalin.

D-H[A] H...A[A] D...A[A] D-H..A[°]
(S)-Pregabalin
N1-H6...01 0.90(3) 1.86(3) 2.755(8) 171(2)
N1-H7...01 0.94(2) 1.79(2) 2.728(0) 171(2)
N1-H8...02 0.91(2) 1.87(2) 2.771(1) 172(2)
(R)-Pregabalin
N1-H6...01 0.91(3) 1.86(3) 2.757(2) 170(3)
N1-H7...01 0.93(3) 1.80(3) 2.731(2) 174(2)
N1-H8...02 0.92(3) 1.86(3) 2.767(2) 172(3)

A comparison of the asymmetric unit and lattice packing of both compounds is shown in
Figure S1. Three distinct HB are formed in both systems. From each donor nitrogen N1 two
interactions are formed with acceptor oxygen O1 with a length of 2.755(8) A (S)/ 2.757(2) A
(R) and 2.728(0) A (S)/ 2.731(2) A (R) and one interaction with acceptor oxygen O2 at 2.771(1)
A (S)/ 2.767(2) A (R). The donor/acceptor distance in each case is short enough to be
considered a strong hydrogen bond and the D-H...A angle is around 172.12) These values
suggest that the ionicity on the ammonium and carboxylate groups may enforce the HB,
leading to strong, charge assisted HB. To further elucidate on possible binding interactions,
Hirshfeld- as well as electron density surface analysis was conducted with Crystal Explorer
21.5 (Figure S2).5! In electron density surfaces, red spots suggest high electron density which
indicates high probability for binding interactions while white spots suggest surface electron
density as expected from not interacting atoms and blue spots indicate low surface electron
density most. In Hirshfeld surfaces red spots indicate close contacts between surface atoms
shorter than the sum of their respective van der Waals radii, white spots indicate surface atoms
close contacts equal to the sum of their van der Waals radii and blue spots indicate that surface
atoms are further away from other surface atoms than the sum of their van der Waals radii.
Both surface analyses additionally confirm that bonding interactions take place via the
ammonium- and carboxylate subunits and molecular vicinity as well as electron density is
increased exactly around the HB interaction spots. In congruence with the packing motif
depicted in Figure S1 it can be concluded that rows of symmetrically equivalent Pregabalin
molecules connect via charge assisted HB-interactions. As no conspicuous electron density
features or close vicinity is present around the isobutyl group and furthermore no T-systems
are present in Pregabalin, dispersive forces probably best explain the structural motif with

regard to the alkylic residues.
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Figure S1. The asymmetric unit of (S)-Pregabalin ( a), top) and (R)-Pregabalin ( a), bottom) is shown: from left to
right a-axis, b-axis, c-axis. In b) the packing of a 2 - 2 - 2 unit cell from a-axis view is shown, (S)-Pregabalin top,
(R)-Pregabalin bottom. In ¢) the packing of a 2 - 2 - 2 unit cell from b-axis view is shown, (S)-Pregabalin right,
(R)-Pregabalin left. Carbon atoms are depicted in grey, hydrogen atoms in white, nitrogen atoms in blue and oxygen

atoms in red.

Figure S2. Electron densily and Hirshfeld surfaces of (S)- and (R)-Pregabalin. a) shows the electron density and
Hirshfeld surface of the sole symmetrically inequivalent Pregabalin molecule in the (S)-Pregabalin lattice from two
sides. b) shows the electron density and Hirshfeld surface of the sole symmetrically inequivalent Pregabalin

molecule in the (R)-Pregabalin lattice from two sides.
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(R)-Pregabalin,.
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Figure S3. Powder pattern of (S)-Pregabalin recorded (red) compared to a simulated pattern by single crystal data
(blue) and powder pattern of (R)-Pregabalin (purple) compared to a simulated pattern by single crystal data (green)
in a range of 5° — 40°. (S)-Pregabalin was recrystallized from water leading to preferential directions while (R)-
Pregabalin was measured after stirring in acetone/water mixture for 40 h as by the racemic separation process
described in this work leading to more uniform sized particles and distribution of signal intensities. The simulated
pattern for (S)-Pregabalin was customized regarding hkl distribution to account for preferential directions (hkl = 4,
4, 0, March-Dollase parameter = 4).

1.2 Phenibut (2)

The structural properties of (rac)-Phenibut are revaluated regarding the herein discussed items
based on our published structure in ZAAC 2021.1 Needle shaped single crystals were
obtained from aqueous solution by slow evaporation of the solvent. The lattice and
measurement parameters are shown in Table S3. Interaction distances and angles, including
those for m-interactions, are shown in Table S4. The asymmetric unit consisting of a single
Phenibut molecule as well as the crystal packing from axis a — ¢ is shown in Figure S4.
(rac)-Phenibut behaves very similar in terms of its packing compared to the Pregabalin
enantiomers. Two axes, in the case of Phenibut the a- and c-axis, are relatively short at below
10 A considering the large c-axis at 27.505(3) A. While in Pregabalin the longest axis is
18.504(4) A the difference is easily explained by the number of molecules in the unit cell, Z.
Contrary to enantiomerically pure Pregabalin forms (rac)-Phenibut contains 8 molecules in its
unit cell.
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Table S3. Lattice and measurement parameters of (rac)-Phenibut.

Parameters (rac)-Phenibut
Formula Cio Hiz N O;

M, [g mol] 179.21
Temperature [K] 140(2)
System/space group Orthorhombic, Pbca
a(A) 9.384(7)

b (A) 6.978(10)

c (A) 27.505(3)

B (°) 90

V (A3) 1801.4(4)

Z|Z’ 8/1

Density [g/cm?] 1.322

p [mm] 0.092

Tnin/Tmax 0.7990/ 1.0000

F (000) 768

Crystal size [mm] 0.06 - 0.10 - 0.60
20 range [°] 2.63 -25.17
Completeness [%] 99.8

Recorded refl. 6997
Independent refl. 1609
Goodness-of-fit F? 1.013

X-Ray Source Mo Ka (A =0.71073)
R1 [%] 'WR: [%] /S 4.81/11.97/1.013

Table S4. Hydrogen bond and edge-to-face interaction distances and angles in (rac)-Phenibut.

D-H(A) H...A [A] D...A[A] D-H...A[]
HB
N1-H6...02 0.95(3) 1.84(3) 2.775(3) 172(3)
N1-H7...01 1.13(3) 1.64(3) 2.732(3) 160(3)
N1-H8...02 0.96(4) 1.84(4) 2.795(3) 173(2)
C-H...w H...Cg [A] C...Cg[A] C-H...Cg []
C8-H11..Cg1 | 2.85(3) 3.845(3) 170(2)

Contrary to Pregabalin, Phenibut has a further phenyl residue as opposed to Pregabalins
isobutyl chain. Therefore, next to the HB interactions, Tr-interactions can be performed possibly
strengthening the overall molecular attractions. The HB-network in (rac)-Phenibut is very
similar to that in the Pregabalin entities. Three distinct HB with the different ammonium subunit
hydrogens towards the two carboxylate oxygens are formed. HB lengths are nearly non-
distinguishable from those in Pregabalin at about 2.7 A between nitrogen and oxygen atoms.
The angles in Phenibut are also very close apart from N1-H7...01 at 160° slightly further from
the “ideal” 180° as compared to all other angles in Phenibut and Pregabalin at about 170°. The

edge-to-face m-interaction between C8-H11...Cg1 is the distinctive feature of (rac)-Phenibut
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interactions compared to Pregabalin. Electron density- and Hirshfeld surface confirm the
discussed intermolecular bonding motif (Figure S5). Higher-than-average electron density and
close atom proximity can be observed right around the relevant molecular subunits. The
additional close range or high electron density spots indicate a closer packing as compared to
the Pregabalin enantiomers. In the latter, some close ranges could be observed along the
GABA chain that do not contribute to attractive interactions but none along the isobutyl subunit.
In Phenibut however, more of these spots can be observed on both surface types which also
indicates a closer packing as discussed in regard to the lattice properties.
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Figure S4. The asymmetric unit of (rac)-Phenibut is shown in a): from top to bottom a-axis, b-axis, c-axis. In b) the
packing of a 2 - 2 - 2 unit cell from a-axis view is shown. In ¢) the packing of a 2 - 2 - 2 unit cell from b-axis view is
shown. Carbon atoms are depicted in grey, hydrogen atoms in white, nitrogen atoms in blue and oxygen atoms in

“ﬁete

Figure S5. Electron density and Hirshfeld surfaces of (rac)-Phenibut. a) shows the electron density surface of the
sole symmetrically inequivalent Phenibut molecule in the (rac)-Phenibut lattice from two sides. b) shows the
Hirshfeld surface of the same entity.
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Figure S6. Powder pattern of (rac)-Phenibut as recorded (red) compared to a simulated pattern by single crystal
data (green) in a range of 5°— 40°.

1.3 Homo- and heterochiral Pregabalin:mandelic acid (1:3), ratio (1:1)

Four Pregabalin:mandelic acid multicomponent systems were obtained. The homochiral (R, R)
and (S, S) as well as the heterochiral (R, S) and (S, R) are isostructural. In each case single
crystals were obtained by dissolving equimolar amounts of enantiomerically purified
Pregabalin and mandelic acid in water and subsequent slow evaporation of the solvent.
Thereby, colourless elongated plates were obtained. The lattice and measurement parameters
for (R, R) and (S, S) are given in Table S5 and intermolecular interactions for them are shown
in Table S6 while lattice and measurement parameters for (S, R) and (R, S) are presented in
Table S7 and their intermolecular interactions are depicted in Table S8.

The asymmetric unit and packing of homochiral compound (S, S)-1:3 is shown in Figure S7,
heterochiral compound (R, S)-1:3 is depicted in Figure S8. The homochiral systems crystallize
in the same space group with the same unit cell parameters, as do the heterochiral forms
respectively. In homochiral forms, Pregabalin and mandelic acid keep their default protonation
status, while in heterochiral forms both molecules become formally charged. Notable is the
occurrence of an uncommon packing phenomenon in Z' = 2. Z’ is defined as the number of

formula units in the unit cell divided by the number of independent general positions and a
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value larger than 1 could indicate a non-optimal structure in terms of stability or symmetry, as

defined by Steed and Desiraju respectively.5

Table S5. Lattice and measurement parameters of (R, R)- and (S, S)-Pregabalin:-mandelic acid systems.

Parameters (R, R)-1:3 (S, S)-1:3
Formula Cs Hiz N Oz, Cg Hs O3 Cs Hi7 N Oz, Cs Hg O3
M: [g mol] 311.37 311.37
Temperature [K] 100(2) 100(2)
System/space group Monoclinic, P24 Monaclinic, P24
a(A) 6.252(7) 6.245(5)

b (A) 27.384(8) 27.388(0)

c (A) 9.960(3) 9.962(4)

B () 90.483(0) 90.462(2)

V (A3) 1705.43(4) 1704.03(5)

21z 4/2 4/2

Density [g/cm?®] 1.221 1.214

M [mm] 0.738 0.739

Tmin/Tmax 0.458/1.000 0.560/1.000

F (000) 672 672

Crystal size [mm] 0.40-0.11-0.09 0.59-0.22-0.07
20 range [°] 3.2-77.7 3.2-77.8
Completeness [%] 99.9 99.9

Recorded refl. 47481 19149
Independent refl. 6627 6561

Flack x -0.02(5) 0.15(11)
Goodness-of-fit F? 1.035 1.084

X-Ray Source Cu Ko (A =1.54184) Cu Ka (A = 1.54184)
R1 [%] /WR:2 [%] /S 2.78/6.89/ 1.035 4.58/ 11.86/ 1.084

There are two symmetrically distinct Pregabalin and mandelic acid molecules. HB are the
dominating intermolecular attraction force. Twelve distinct HB interactions occur in the (S, S)
variant and fourteen in the (R, R) system. The discrepancy in the number of interactions
between (S, S)- and (R, R)-Pregabalin:mandelic acid might have two reasons. In (R, R) an
additional interaction is added for N1A-HBA...O3C and N1B-H8B...03D. Both interaction
distances are larger than 3 A in (R, R) and thus may not have been recognized as interactions
by PLATON in (S, S). Mercury however, measures distances of 3.003 A and 3.033 A for the
former and the latter interaction. It should further be noted that the melting points of both
systems differ, which could be accounted to by these differences. It is notable that the shortest
interactions occur from the non-ionic mandelic acid oxygens O1C and O3D and to Pregabalin
carboxylate Oxygen O1A or B. The distances range from 2.487(3) A - 2.690(3) Ain (S, S) and
from 2.489(7) A - 2.695(2) A in (R, R). When these distance values are compared to HB formed
between two oppositely charged molecular fragments like N1A-H7A...02B at 2.770(4) A in
(S, S) or the corresponding N1A-H7A...02B at 2.767(2) A in (R, R) it is highlighted that

assumed charge assistance between two charged sub molecular entities does not result in the
8
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shortest interaction distances in both systems. In the heterochiral (S, R) and (R, S)-forms HB
are also the main occurring bonding interaction and the same 14 types are observable in both

compounds.
Table S6. Hydrogen bond distances and angles in (S, S) as well as (R, R) Pregabalin.mandelic acid cosystems.

Bold written entities are charged at their oxygen or nitrogen atoms. A and B indices mark the different Pregabalin
molecules, C and D the different mandelic acid molecules.

D-H[A] H...A [A] D...A[A] D-H..A[°]
(S, S)-1:3
N1A-H6A...02C 0.87(4) 1.93(4) 2.787(4) 165(3)
N1A-H7A...02B 0.88(5) 1.89(5) 2.770(4) 175(4)
N1A-H8A...O1B 0.88(4) 2.24(4) 3.036(4) 151(4)
N1A-H8A...02A 0.88(4) 2.40(4) 2.940(4) 120(3)
N1B-H6B...02A 1.07(6) 1.72(6) 2.780(4) 171(5)
N1B-H7B...01A 0.90(5) 2.26(4) 3.033(4) 144(4)
N1B-H7B...02B 0.90(5) 2.30(5) 2.906(4) 125(4)
N1B-H8B...02D 0.86(4) 1.96(4) 2.802(4) 168(4)
O1C-H1C...01A 0.97(8) 1.52(8) 2.487(3) 174(2)
03C-H2C...01B 0.92(6) 1.80(6) 2.690(3) 161(6)
O1D-H1D...01B 0.93(6) 1.56(6) 2.492(3) 178(9)
03D-H2D...01A 0.87(6) 1.82(8) 2.682(4) 169(5)
(R, R)-1:3
N1A-H6A...02C 0.91(3) 1.88(3) 2.786(2) 171(3)
N1A-H6A...03C 0.91(3) 2.55(3) 3.006(2) 111(2)
N1A-H7A...02B 0.98(3) 1.79(3) 2.767(2) 171(3)
N1A-H8A...O1B 0.87(3) 2.26(3) 3.038(2) 148(3)
N1A-H8A...02A 0.87(3) 2.37(3) 2.934(2) 123(2)
N1B-H6B...02A 0.96(3) 1.83(3) 2.783(2) 176(2)
N1B-H7B...01A 0.91(3) 2.23(3) 3.035(2) 148(3)
N1B-H7B...02B 0.91(3) 2.33(3) 2.906(2) 121(2)
N1B-H8B...02D 0.88(3) 192(3) 2.798(2) 172(3)
N1B-H8B...03D 0.88(3) 2.56(3) 3.031(2) 114(2)
O1C-H1C...01A 0.97(4) 1.53(4) 2.489(7) 172(4)
0O3C-H3C...01B 0.84(3) 1.88(3) 2.695(2) 166(3)
O1D-H1D...01B 0.92(3) 1.58(3) 2.497(9) 177(3)
03D-H2D...01A 0.89(4) 1.81(4) 2.682(2) 166(4)

9

133



Table S7. Lattice and measurement parameters of (S, R) and (R, S) Pregabalin:mandelic acid cosystems.

Parameters (S, R)-1:3 (R, S)-1:3
Formula Cs His N Oz, Cs H; O3 CsHis N Oz, Cs H; O3
M [g mol'] 311.37 311.37
Temperature [K] 100(2) 100(2)
System/space group Monoclinic, P2; Monoclinic, P24
a (A) 6.077(1) 6.051(7)

b (A) 29.926(5) 29.898(9)

c (A) 9.306(6) 9.306(9)

B(°) 92.662(0) 92.641(0)

V (A3) 1690.73(4) 1682.19(4)

2i1Z 4/2 4/2

Density [g/cm?] 1.223 1.229

M [mm] 0.745 0.748

Tmin/Tmax 0.351/1.000 0.580/ 1.000

F (000) 672 672

Crystal size [mm] 0.54 -0.38 - 0.15 0.31-0.12-0.09
20 range [°] 3.0-77.8 3.0-77.1
Completeness [%] 100 99.8

Recorded refl. 21324 25468
Independent refl. 6745 6336

Flack x -0.05(12) -0.15(7)
Goodness-of-fit F? 1.050 1.048

X-Ray Source Cu Ka (A =1.54184) Cu Ka (A= 1.54184)
Ri [%] /WRz [%] /S 4.97/12.05/1.05 3.00/7.33/1.05

Consideration of HB interaction distances shows no especially noticeable deviations from
(S,S) and (R, R) systems HB network. The shortest distances occur between carboxyl
Pregabalin donors and carboxylate mandelic acid acceptor oxygens at 2.570(3) A for
0O1B-H1B...01D (S, R) and (R, S). This highlights that the shortest contacts occur between a
charged and a neutral subunit as is the case in the (S, S) and (R, R) systems. Interactions
where both subunits are charged like N1A-H7A...0O1D, N1A-HOA...02D, N1B-H7B...02C and
N1B-H8B...01C with values around 2.7 — 2.8 A lie in a median range compared to all shown
interactions in Tables S2, S4, S6 and S8. To further elucidate on the binding interactions,
Hirshfeld surfaces and electron density surfaces of homo- and heterochiral systems were
calculated (Figures S9 & S10). Again, the closest interactions as derived from the Hirshfeld
surface occur around the HB interactions sites, where the highest electron density can also be
located. In homochiral forms, neither close distances nor electron density accumulations can
be observed around the mandelic acid phenyl subunits. However, C7D-H7D in (S, S) and (R,
R) mandelic acid phenyl rings are directed towards the phenyl ring centre of gravity of their
respective symmetry unrelated mandelic acid molecule C. While this possible interaction is not
recognized by PLATON analysis, Mercury measures a distance C7D-H7D...Cgc of 3.672 A or
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C7D...Cgc of 4.664 A for (S, S) and 3.707 A as well as 4.658 A in (R, R). This could suggest
possible weak edge-to-face C-H...mr influences in both systems.
Table S8. Hydrogen bond distances and angles in (S, R) as well as (R, S) Pregabalin:mandelic acid cosystems.

Bold written entities are charged at their oxygen or nitrogen atoms. A and B indices mark the different Pregabalin
molecules, C and D the different mandelic acid molecules.

D-H[A] H...A [A] D..A[A] D-H..A[°]
(S, R)-1:3
N1A-H7A...01D 0.85(4) 1.91(4) 2.736(3) 163(4)
N1A-H8A...01B 0.84(4) 2.45(3) 2.916(3) 116(3)
N1A-H8A...02A 0.84(4) 2.19(4) 2.876(3) 139(3)
N1A-H9A...02D 0.92(4) 1.92(5) 2.786(3) 158(4)
N1B-H7B...02C 0.94(4) 1.82(4) 2.757(3) 173(4)
N1B-H8B...01C 0.96(6) 1.87(5) 2.812(3) 167(5)
N1B-H9B...02A 0.91(4) 2.35(4) 3.004(3) 129(3)
N1B-H9B...03D 0.91(4) 2.44(4) 3.012(3) 121(3)
O1A-H1A...01C 0.89(6) 1.72(6) 2.578(3) 161(5)
0O1B-H1B...01D 0.97(5) 1.60(5) 2.570(3) 179(6)
03C-H2C...02B 0.77(4) 2.23(4) 2.880(3) 143(4)
03C-H2C...02C 0.77(4) 2.19(4) 2.645(3) 118(4)
03D-H2D...01A 0.84(4) 2.19(4) 2.963(3) 152(4)
0O3D-H2D...02D 0.84(4) 2.19(4) 2.645(3) 114(3)
(R, S)-1:3
N1A-H7A...01D 0.93(3) 1.83(3) 2.734(2) 163(3)
N1A-H8A...01B 0.87(3) 2.44(2) 2.905(3) 115(2)
N1A-H8A...02A 0.87(3) 2.19(3) 2.881(2) 136(2)
N1A-H9A...02D 0.94(3) 1.92(3) 2.782(2) 153(3)
N1B-H7B...02C 0.95(3) 1.81(3) 2.758(2) 169(3)
N1B-H8B...01C 0.98(4) 1.84(4) 2.807(2) 166(3)
N1B-H9B...02A 0.92(3) 2.35(3) 2.993(2) 127(2)
N1B-H9B...03D 0.92(3) 2.34(3) 3.006(2) 129(2)
O1A-H1A...01C 0.92(4) 1.70(4) 2.588(2) 163(3)
O1B-H1B...01D 0.92(4) 1.66(4) 2.570(2) 174(4)
03C-H2C...02B 0.87(4) 2.18(3) 2.881(3) 138(2)
03C-H2C...02C 0.87(4) 2.10(3) 2.642(2) 120(3)
03D-H2D...01A 0.86(3) 2.17(3) 2.958(2) 152(3)
03D-H2D...02D 0.86(3) 2.16(3) 2.648(2) 115(2)

The heterochiral systems contrast the (S, S) and (R, R) forms, the phenyl subunits are not
tilted in a favourable angle to engage into C-H...1 interactions with each other. As again no
such interaction is identified by PLATON analysis, the measured distances between Cgheny-H
and close Cgnenyi atoms lie between 3.060 A and 3.204 A with Mercury software calculations.
Centroid distances are not taken into consideration this time as the angles between possible
Cphenyi-H and close centroids are too unfavourable. While the distances of these possible edge-
to-edge interactions seem reasonably short the charge distribution, which is alike on all phenyl
rings, makes them unlikely.!"!
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Figure S7. The asymmetric unit of (S, S)-Pregabalin:mandelic acid species is shown in a): from top to bottom a-
axis, b-axis, c-axis. In b) the packing of a 2 - 2 - 2 unit cell from a-axis view is shown. In ¢) the packingofa2-2-2

unit cell from c-axis view is shown. Carbon atoms are depicted in grey, hydrogen atoms in white, nitrogen atoms in
blue and oxygen atoms in red.

iy
E

Figure S8. The asymmetric unit of (R, S)-Pregabalin:mandelic acid species is shown: from top to bottom a-axis, b-
axis, c-axis. In b) the packing of a 2 - 2 - 2 unit cell from a-axis view is shown. In ¢) the packing of a 2 - 2 - 2 unit
cell from c-axis view is shown. Carbon atoms are depicted in grey, hydrogen atoms in white, nitrogen atoms in blue
and oxygen atoms in red.
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Figure S9. Electron density and Hirshfeld surfaces of (S, S)- and (R, R) Pregabalin:mandelic acid species. a) and
b) show the electron density surface of the two symmetrically inequivalent Pregabalin molecules in the (S, S) and
(R, R) lattice respectively, from two sides. ¢) and d) show the corresponding Hirshfeld surfaces. e) and f) show the
electron density surface of the two symmetrically inequivalent mandelic acid molecules in the (S, S) and (R, R)
lattice respectively, from two sides. g) and h) show the corresponding Hirshfeld surfaces.
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Figure $10. Electron density and Hirshfeld surfaces of (S, R)- and (R, S) Pregabalin:mandelic acid species. a) and
b) show the electron density surface of the two symmetrically inequivalent Pregabalin molecules in the (S, R) and
(R, S) lattice respectively, from two sides. ¢) and d) show the corresponding Hirshfeld surfaces. e) and f) show the
electron density surface of the two symmetrically inequivalent mandelic acid molecules in the (S, R) and (R, S)
lattice respectively, from two sides. g) and h) show the corresponding Hirshfeld surfaces.
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Figure S11. Powder pattern of (S, S) Pregabalin:mandelic acid as recorded (green) compared to simulated patterns
of (S, S) (red) and (R, R) (blue) systems single crystal data in a range of 5°— 40°. Only (S, S)rec is shown for clarity.
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Figure S12. Powder pattern of (S, R) Pregabalin:mandelic acid as recorded (green) compared to simulated patterns
of (S, R) (red) and (R, S) (blue) systems single crystal data in a range of 5°— 40°. Only (S, R)rec is shown for clarity.
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1.4 Phenibut:mandelic acid (2:3), ratio (1:1)

A single crystal of (R)-Phenibut:(S)-mandelic acid was obtained by dissolving equimolar
amounts of (rac)-Phenibut and (S)-mandelic acid in aqueous solution. Elongated, diffraction
quality crystalline plates were obtained by slow evaporation of the solvent. Table 89 shows
lattice and measurement parameters. Supramolecular interactions involving HB- and
T-interactions are shown in Table S10.

Table S9. Lattice and measurement parameters of (R)-Phenibut:(S)-mandelic acid.

Parameters (R, S)-2:3
Formula Cio Hiz N Oz, Cg Hs O3
M: [g mol] 331.36
Temperature [K] 100(2)
System/space group Monoclinic, P24
a (A) 10.130(7)

b (A) 6.353(9)

c (A) 13.063(3)

B (%) 95.469(2)

V (A3) 837.06(2)

Z/Z 2/1

Density [g/cm?®] 1.315

M [mm™] 0.794

Tmin/Tmax 0.239/ 1.000

F (000) 352

Crystal size [mm] 0.52-0.37-0.12
20 range [°] 3.4-77.9
Completeness [%] 99.9

Recorded refl. 19556
Independent refl. 3246

Flack x 0.00(10)
Goodness-of-fit F2 1.068

X-Ray Source Cu Ka (A = 1.54184)
R1 [%] /wR2 [%] /S 3.15/8.24/ 1.070
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Table S10. Hydrogen bond and edge-to-face interaction distances and angles in (R)-Phenibut:(S)-mandelic acid.
Bold written entities are charged at their oxygen or nitrogen atoms. A indices mark Phenibut molecules, B mandelic
acid molecules.

D-H(A) H...A[A] D...A[A] D-H..A[°]
HB
N1A-H6A...02A 0.90(3) 2.36(3) 2.929(2) 121(2)
N1A-H6A...01A 0.90(3) 2.21(3) 2.998(3) 146(3)
N1A-H7A...02B 0.91(3) 1.92(3) 2.808(2) 163(3)
N1A-H7A...03B 0.91(3) 2.50(3) 3.020(2) 117(2)
N1A-H8A...02A 0.97(3) 1.83(3) 2.801(3) 177(3)
O1B-H1B...01A 0.99(4) 1.52(4) 2.504(2) 175(4)
O3B-H3B...01A 0.95(4) 1.77(3) 2.689(2) 163(3)
C-H...w H...Cg [A] C...Cg [A] C-H...Cg [’]
C5B-H5B...Cg1* 2.57(3) 3.354(2) 136(2)
C7A-H10A...Cg2* 2.88(3) 3.582(2) 133(2)
C9A-H12A...Cg1* 2.98(3) 3.657(2) 129(2)

Asymmetric unit and packing are shown in Figure S13. The protonation status of Phenibut and
mandelic acid stays in its default state, zwitterionic and neutral respectively. However, contrary
to 1:3 species, a heterochiral species with these characteristics is received. The
Phenibut:mandelic acid system could not be accessed as readily as its Pregabalin analogues.
PXRD data shows that disregarding the mandelic acid chirality in the crystallization attempt if
a multicomponent structure is formed at all, all possible chiral permutations lead to an
isostructural form (Figure $15). The number of HB with 7 distinct types is halved compared to
Pregabalin:mandelic acid systems. The shortest interaction distance derives from the carboxy!
mandelic acid donor to the carboxylate Phenibut acceptor in the O1B-H1B...O1A interaction
with 2.504(2) A. In this case the corresponding angle at 175(4)° is also close to 180°. It can be
noted that this HB is not between two subunits of opposing charges but rather between a
charged and a neutral subunit. Interactions formed with the positively charged ammonium
subunit lead to median ranged distances of about 2.8 A — 3 A which includes charged-charged
HB. Furthermore, the angles exhibited for HB in this structure show a distribution of values
close to 180°. In contrast to other multicomponent species, strong evidence for m-interactions
is shown in the lattice. While each Phenibut phenyl Cg1 is in interaction twice being connected
to another Phenibut phenyl and additionally a mandelic acid phenyl Cg2, the latter solely
interacts once with Phenibut. The C5B-H5B...Cg1 edge-to-face interaction is also the shortest
in H...Cg as well as C...Cg distance at 2.57(3) A and 3.354(2) A respectively, between all
described compounds. Clear evidence for edge-to-face interactions is visible upon
examination of Hirshfeld and electron density surface (Figure S14). In the former, close
contacts occur around Phenibut and Mandelic Acid phenyl subunits and in the latter, higher

electron density can be observed on the same spots.
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Figure S$13. The asymmetric unit of (R)-Phenibut:(S)-mandelic acid is shown in a): from top to bottom a-axis, b-axis,
c-axis. In b) the packing of a 2- 2 2 unit cell from b-axis view is shown. In ¢) the packing of a 2 - 2 - 2 unit cell from
c-axis view is shown. Carbon atoms are depicted in grey, hydrogen atoms in white, nitrogen atoms in blue and
oxygen atoms in red.

Figure S14. Electron density and Hirshfeld surfaces of (R)-Phenibut:(S)-mandelic acid. a) shows the electron
density and Hirshfeld surface of the sole symmetrically inequivalent Phenibut molecule in the lattice from two sides.

b) shows the electron density and Hirshfeld surface of the sole symmetrically inequivalent mandelic acid molecule
in the lattice from two sides.
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Figure S15. Powder pattern of (R)-Phenibut:(S)-mandelic acid simulated from single crystal data (green) compared
to a recorded pattern of a (rac)-Phenibut:(R)-mandelic acid co-crystallization attempt (red) in a range of 5° — 40°.
The comparison to a pattern received by an attempted crystallization with (R)-mandelic acid to the simulated pattern
with (S)-mandelic acid while (rac)-Phenibut was used in both cases highlights isostructural crystallization. The
presence of less intense Phenibut and mandelic acid signals at low angles shows the problematic crystallization of
the multicomponent system. The multicomponent system seems to be not favourable and cannot always be
obtained.

1.5 Homo- and heterochiral Pregabalin:malic acid (1:4), ratio (1:1)

Single crystals of (S)-Pregabalin and (R)- as well as (S)-malic acid were grown from aqueous
solution. Diffraction quality, plate shaped crystals were obtained by slow evaporation of the
solvent. During the conducted experiments the Pregabalin:malic acid entities exhibited a
similarly problematic crystallization behaviour as the Phenibut:mandelic acid system. While the
latter could sometimes not be obtained and always showed impurities of its precursors in the
powder pattern, the former can take weeks or even months to crystallize. Lattice and
measurement parameters for (S, S) and (S, R)-Pregabalin:malic acid systems are shown in

Table S11, HB properties are shown in Table S12.

The asymmetric unit shows one symmetry independent and charged Pregabalin and malic
acid molecule in both homo- and heterochiral 1:4 (Figure S16). Pregabalin units are
intertwined with malic acid in closely HB-connected rows, with the alkylic residues of
Pregabalin being shifted towards each other and away from the HB interacting subunits. There

are 8 distinct HB present in each compound. The shortest interaction in the presented
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structures is between two malic acid molecules, connected via carboxyl donor to a carboxylate
of an identical molecule via O1B-H1B...0O5B in (S, S) and O1B-H1B...04B in (S, R) at
2.446(4) A and 2.475(2) A respectively. Furthermore, as is the case in heterochiral

Pregabalin:mandelic acid, uncharged HB interactions are present in both discussed entities

even though all participating molecules are formally charged. The comparison between (S, S)

and (S, R) reveals differences in the interaction motif that are larger than those present in

homochiral Pregabalin:mandelic acid forms and more akin to differences between homo- and

heterochiral Pregabalin:mandelic acid.

Table S11. Lattice and measurement parameters of (S, S) and (S, R) Pregabalin:malic acid co-systems.

Temperature [K]
System/space group
a(A)

b (A)

c (A)

B ()

V (A3

ydr4

Density [g/cm?]

M [mm]

Tmin/Tmax

F (000)

Crystal size [mm]
20 range [°]
Completeness [%]
Recorded refl.
Independent refl.
Flack x
Goodness-of-fit F2
X-Ray Source

Ri [%6] /'WR:2 [%] /S

100(2)
Orthorhombic, P212124
7.500(9)
7.558(1)
26.180(5)

90

1484.24(3)

4/1

1.313

0.915
0.535/1.000

632

0.26 - 0.22 - 0.05
3.4-77.7

99.4

8059

2826

0.01(6)

1.053

Cu Ka (A = 1.54184)
2.49/ 5.94/1.05

Parameters (S, S)-1:4 (S, R)-1:4
Formula Cs His N Oz, Cs Hs Os Cs His N Oz, C4Hs Os
M [g mol] 293.31 293.31

100(2)
Orthorhombic, P212124
7.440(4)
7.703(9)
25.956(6)

90

1487.83(3)

4/1

1.309

0.913
0.500/1.000

632

0.36-0.16- 0.08
6.0-77.8

99.6

22743

3009

0.01(5)

1.109

Cu Ka (A = 1.54184)
3.01/7.78/ 1.11
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Table S12. Hydrogen bond distances and angles in (S, S) and (S, R) Pregabalin:malic acid cosystems. Bold written
entities are charged at their oxygen or nitrogen atoms. A indices mark Pregabalin molecules, B malic acid
molecules.

D-H(A) H...A[A] D..A[A] D-H..A[°]
(S, S)-1:4
N1A-H7A...03B 0.90(2) 2.46(3) 3.065(2) 125(2)
N1A-H7A...04B 0.90(2) 1.94(2) 2.792(6) 157(2)
N1A-H8A...03B 0.93(2) 2.11(2) 2.976(1) 155(2)
N1A-H9A...04B 0.93(2) 1.87(2) 2.761(0) 161(2)
O1A-H1A...02B 0.90(4) 1.85(4) 2.733(4) 168(3)
O1B-H1B...05B 1.07(4) 1.39(4) 2.446(4) 172(3)
O1B-H1B...04B 1.07(4) 2.59(3) 3.154(3) 112(2)
O3B-H5B...02A 0.81(3) 1.88(3) 2.688(9) 175(3)
(S, R)-1:4
N1A-H7A...02B 0.86(3) 2.15(3) 2.880(2) 142(3)
N1A-H7A...03B 0.86(3) 2.52(3) 3.103(2) 127(3)
N1A-H8A...O3B 0.93(3) 1.94(3) 2.850(2) 166(3)
N1A-H9A...04B 0.87(3) 2.09(3) 2.920(2) 161(3)
N1A-H9A...04B 0.87(3) 2.33(3) 2.854(2) 119(2)
O1A-H1A...05B 0.97(4) 1.64(4) 2.609(2) 174(4)
O1B-H1B...04B 0.90(4) 1.58(4) 2.475(2) 175(3)
O3B-H5B...02A 0.85(4) 1.86(4) 2.693(2) 166(4)

A Hirshfeld and electron density surface analysis was conducted (Figure $S17). Close contacts
and electron density maxima occur around the HB interaction sites. The close packing of the
Pregabalin:malic acid systems leads to closer contacts around alkylic Pregabalin residues,
which can be derived from both surface types. However, actual binding interactions with Caiy-H
are highly unlikely. The high connectivity stemming from the large sum of possible HB donors
and acceptors leads to close distances for large parts of both molecules which results in these
short contacts.
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Figure S16. The asymmetric unit of (S, S)-Pregabalin:malic acid is shown in a): top to bottom a-axis, b-axis, c-axis.
In e) the same for (S, R)-Pregabalin:malic acid is presented. In b) and e) the packing of a 2 - 2 - 2 unit cell from a-
axis view is shown, for (S, S) and (S, R) respectively. In ¢) and f) the packing of a 2- 2 - 2 unit cell from b-axis view
is shown, for (S, S) and (S, R) respectively. Carbon atoms are depicted in grey, hydrogen atoms in white, nitrogen
atoms in blue and oxygen atoms in red.
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Figure S17. Electron density and Hirshfeld surfaces of (S, S)- and (S, R) Pregabalin:malic acid species. a) and b)
show the electron density surface of the Pregabalin and malic acid molecules in (S, S) from two sides. ¢) and d)
show the corresponding Hirshfeld surfaces. e) and f) show the electron density surface of Pregabalin and malic
acid molecules in the (S, R) from two sides. g) and h) show the corresponding Hirshfeld surfaces.
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Figure S18. Powder pattern of (S)-Pregabalin:(S)-malic acid (red) and (S)-Pregabalin:(R)-malic acid (purple) as
recorded compared simulated from single crystal data of (S)-Pregabalin:(S)-malic acid (green) and
(S)-Pregabalin:(R)-malic acid (blue) in a range of 5°— 40°.

2 Physical properties

2.1 Determination of melting points with differential scanning calorimetry
Table S13 shows all melting points that could be determined via DSC.

Table S13. Melting points of all examined substances as determined by DSC.

Substance name Melting point [°C]
(S)-Pregabalin 185
(R)-Pregabalin 187
(rac)-Phenibut* -
(S)-mandelic acid 133
(R)-mandelic acid 133
(S)-malic acid 106
(R)-malic acid 106
(S)-Pregabalinz(S)-mandelic acid 138
(R)-Pregabalin:(R)-mandelic acid 132
(S)-Pregabalin:(R)-mandelic acid 111
(R)-Pregabalin:(S)-mandelic acid 105
(S)-Pregabalin:(S)-malic acid 85
(S)-Pregabalin:z(R)-malic acid 95
(R)-Phenibut:(S)-mandelic acid 150

* = (rac)-Phenibut decomposes prior to melting at about 200 °C, as such no melting point could be determined.
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Corresponding DSC-curves are shown in Figures S19 — S21.

feso feso
185°C 187°C
180 185 190 195 200 205| 180 185 19 195 200 205
L. q Temperature [°C|
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133°C 133°C
125 130 135 140 145 150 f 125 130 135 140 145 150
ra i el
R 106 °C
5 100 105 110 11s 120 125 130) 95 100 105 mne 115 120 125 1
Temperature [°C] Temperature [°C]

Figure S19. Differential Scanning Calorimetry of a) (S)-Pregabalin b) (R)-Pregabalin ¢) (S)-mandelic acid, d)
(R)-mandelic acid, e) (S)-malic acid and f) (R)-malic acid. The samples were heated with 5 °C/min, specific ranges
including the measured melting signal are depicted. Background has been subtracted.
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Figure S20. Differential Scanning Calorimetry of a) (S, S)-Pregabalin:mandelic acid b) (R, R)-Pregabalin:mandelic
acid ¢) (S, R)-Pregabalin:mandelic acid, d) (R, S)-Pregabalin:mandelic acid, e) (S, S)-Pregabalin:malic acid and f)
(S. R)-Pregabalin:malic acid. The samples were heated with 5 °C/min, specific ranges including the measured
melting signal are depicted. Background has been subtracted.
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Figure S21. Differential Scanning Calorimetry of (R)-Phenibut:(S)-mandelic acid. The sample was heated with
5 °C/min, the range from 120 °C — 170 °C is depicted. Melting starts at 150 °C. Background has been subtracted.

2.2 Determination of solubility with 'H-NMR-spectroscopy

Solubilities of the discussed compounds were determined by 'H-NMR. Powdery samples of
each system were layered with phosphate buffer at pH 6.8 in such a way that the solid did not
dissolve completely after multiple days. The dispersion was left in an incubator at 37 °C and
shaken at 60 min-'. After 1, 2 and in some cases 3 and 4 days 50 pL of solution were taken
from the sample and added to 450 pL of D-O. 'H-NMR was measured from these samples.
The processes were repeated twice for each system. Solubility was determined by comparing
the integrals of water to that of the investigated substance. For this, a prevalent signal was
integrated and the corresponding value of the water signal was taken from the spectrum. The
following Equation 1 was used to determine the solubility in gL

MIO
Sp = i Pw (1)
3
Where S, is the products solubility in the buffer at pH 6.8 and 37 °C in gL', M, is the molar

mass of the investigated substance in gmol”, I, is the value of the water integral taken from
the '"H-NMR spectrum, M,, the molar mass of water and p. the density of water at 37 °C of
993.33 gL". The used model does not consider trace impurities of water in the D-O as well as
the error of the micropipette. For each system 4 values were calculated based on 2 spectra
recorded after 1 and 2 days or 3 and 4 days, based on when stability of the received values
was reached. The average of these values is given as the final solubility. A standard deviation

on these 4 values was calculated by Equation 2.
_ | 2G—x)?
V= / =y 2
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With V as the standard deviation, x the average of the 4 values, x the singular values and n
the number of all values, four. Table S14 shows solubilities and their standard deviations as
well as the borders set for the integral of the Pregabalin or Phenibut signal. The water signal
was always integrated between 4.830 and 4.750 ppm. A "H-NMR spectrum for each compound
is shown in Chapter 5.

Table S14. Solubilities and their standard deviations for the examined compounds and integral borders set for the
'H-NMR signal integrals of the investigated substance in the spectra.

Substance name So'”::\:g’;?;ir‘[:iﬁ Integral borders [ppm]
(S)-1 35 +0.4 0.865/0.870 — 0.910
(R)-1 33+0.3 0.865-0.915
(rac)-2*1 18 +1 2.520 - 2.665
(S)/(R)-3 203 +3 7.370 — 7.500
(S)/(R)-4 2061 £76 2.760 — 2.900
(S, S)-1:3 37 +1 0.865/0.870 — 0.910/0.915
(R, R)-1:3 40 +4 0.865-0.915
(S, R)-1:3 316 +18 0.850/0.860/0.890 — 0.910/0.920/0.950
(R, S)-1:3 307 +6 0.855/0.860 — 0.905/0.910
(S, S)-1:4*2 >800 0.825/0.845 - 0.890/0.910
(S, R)-1:4*2 >800 0.835/0.845/0.850 — 0.900/0.910/0.915
(R, S)-2:3 71 3 2.650 — 2.800

“1= solubility equilibrium was reached after 3 and 4 days respectively. ** = a maximum solubility could not be
determined. Complete dissolution of the substance always occurred. At higher concentrations a highly viscous
substance was received with which reliable measurement was impossible.

3 Lattice energies

3.1 Model description and verification
To calculate lattice energies, an adapted method based on Marchese Robinson et al.®! and
Voronin et al.l¥! was used. Step by step, the following actions were performed:

* Recording of crystal structure in .cif format and subsequent conversion to QE readable
.gein input format.

+ Self-consistent field (SCF) calculations were performed on the files for (S)-Pregabalin,
(rac)-Phenibut, (R, R)/(R, S)-Pregabalin:mandelic acid, (S, S)-Pregabalin:malic acid
and (R, S)-Phenibut:mandelic acid to determine a uniform energy convergence
threshold (ecutrho) and force convergence threshold (ecutwic) (Table S15).

e K-points were set to form a grid of about 20 - 25 A® around the first Brillouin zone for
each compound, see Table S15.

e Geometric optimization using the ‘variable cell relax’ (vc-relax) command in QE of the

examined structures as well as some literature known validation examples was
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performed with the determined threshold and K-point grids to receive the ideal static
solid energy Eiss.

¢ Geometry parameters for each singular geometrically independent molecule in each
structure were gathered from the previously received outputs. For each of these
molecules, a further optimization was performed in a fixed 20 A® otherwise empty cell
with the ‘relax command in QE to calculate the energy of the ideal static gas for this
molecule, Eis,.

e Equation 3, 5 or 6 were then used to calculate the lattice energy Eia: from the received
values. These equations shall be explained in detail in the upcoming remarks.

SCF calculations were performed on the described systems with an energy convergence
threshold starting at 30 Ry and a force convergence threshold starting at 3 Ry subsequently
adding 10 Ry or 1 Ry up until 100 Ry and 10 Ry were reached. Based on the received energy
values for these calculations it was determined that 60 Ry and 6 Ry were acceptable values
to reach convergence for all examined systems.

Table S15. Variables ecutrho, ecutwfc and chosen K-point grid for each calculated sample. All values were used in
SCF calculations and geometry optimizations. For the simulated gas phase calculations K-points were neglected.

Sample ecutroh [Ry] ecutwfc [Ry] K-point grid
Aspirin[ 2.4-
Glycine-al'!
Glycine-pl'2
Glycine-y!*3!
Benzoic acid!"
Naphthalene!'!
Carbendazim Maleate!®!
Fenamic acid!®!
(S)-Pregabalin/(1)
(R)-Pregabalin/(1)
(rac)-Phenibut/(2)
(S, S)-Pregabalin:malic acid/(1:4)
(S, R)-Pregabalin:malic acid/(1:4)
(S, S)-Pregabalin:mandelic acid/(1:3)
(R, R)-Pregabalin:mandelic acid/(1:3)
(S, R)-Pregabalin:mandelic acid/(1:3)
(R, S)-Pregabalin:mandelic acid/(1:3)
(R, S)-Phenibut:mandelic acid/(2:3)

60 6
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Naphthalene, aspirin and benzoic acid were chosen as model compounds that are commonly
used to verify energy models, they show similar capabilities for intermolecular interactions as
the investigated compounds. Glycine polymorphs were chosen because they are well
investigated amino acids that exhibit zwitterionicity and as polymorphs should be energetically
close regarding each other. Carbendazim maleate was examined by Voronin et al. and serves
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to verify that the model works for multicomponent entities. Fenamic acid exhibits Z' = 2 and
was energetically investigated by Yang et al. in the past,['”l thus enabling its use as a model
compound for systems with this characteristic. The necessary crystallographic information files
(.cif) for these compounds were gathered from the crystal structure database via Mercury
2020.2.0.°-'81 A geometric optimization and subsequent simulated gas phase of the
geometrically optimized singular molecules was performed using the determined parameters
to receive values for Eiss and Eisg, sufficient to calculate Eix as shown in Equation 3 for
naphthalene, aspirin, benzoic acid and the glycine polymorphs.

Eje = % - Eisg )
Where Z is the crystallographic Z, describing the formular units in the unit cell. For further
validation purposes, it was assumed that systems that are highly comparable by means of the
participating molecules could be used to obtain AEx values without the need to calculate Eisg
by variation of Equation 3 under the assumptions that Eisq values for the same molecules

would be negligible as shown in Equation 4.

AEiqe = Ejgrr — Erare

Eissl Eissz
DBy = (2 = Eigg) — (2 — Eisg)
lat 21 isg ZZ isg
AElat — Eissl _ Eissz (4)

Z Zy

These values could then be used to verify lattice energy differences calculated by Ej. values
obtained via Equation 3. It was further attempted to consider the influence of Z'. In systems
where Z' > 1 Eiss has to be adjusted by Z’ via division to obtain correct values for Eix in the
presented model (Equation 5).

Eiss Eisg (5)

Ejqe = — ~ 7

Finally, for multicomponent species each crystallographcally distinct molecule has to be

considered by their Ejsy values to obtain Ea, which can be achieved by summation of the

different contributions. Equation 6 considers all discussed influences.

% _ Z Eisgn (6)
Z zZ'

Tables $16 shows Eiss and Eisg values on the model compounds obtained by the described

Ejqt =

model, Table S17 shows corresponding lattice energies.
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Table S16. Resulting values of Eiss and Eisg for the validation compounds. In carbendazim maleate, carbendazim
entities are marked with ‘C’ and maleate entities are marked with ‘M’. In fenamic acid, the crystallographically
independent molecules are marked as A and B.

Sample yi Eiss[Ry]  Eisq (neutral) [Ry] Eisg (zwitt./ Cha[rg;;
Aspirin 4 -1348.01234 -336.89571 -
Benzoic acid 4 -864.49243 -216.03921 -
Naphthalene 2 -380.81223 -190.34592 -
Carbendazim -317.81712¢ -318.65171¢
maleate 4 -2238.98103 -241.69462 -240.74749

. . -351.18464* -
Fenamicacid | 4 -1405.17232 -351.18407° i
Glycine-a 4 -580.77370 -145.06565 -145.06563
Glycine-B 2 -290.38351 -145.06570 -145.06570
Glycine-y 3 -435.58159 -145.05057 -145.06558

Table S17. Resulting values of Eia for the validation compounds. Literature values were obtained from the cited

sources.

Eiat Ejat (zwitt./ Ewt (neutral) Eiat (zwitt./ Eiut (Iit)
Sample (neutral) charge) [kdmol'] charge) [kJmol]
[Ry] [Ry] [kdmol]
Aspirin -0.10737 - -140.96 - -131.270081
Benzoic acid -0.08389 - -110.14 - -96.01"9
Naphthalene -0.06020 - -79.03 - -79.4019
Carbendazim -278.361
maleate -0.23351 -0.34606 -306.54 -454.29 625,009
Fenamic acid -0.10873 - -142.73 - -136.5017
Glycine-a -0.12777 -0.12779 -167.73 -167.76 -144.9320
Glycine-pB -0.12606 -0.12605 -165.48 -165.48 -143.13020
Glycine-y -0.14329 -0.12829 -188.11 -168.41 -144 12120

* = the cited sources give a plethora of values obtained through differing models and equations. The closest one to
the calculated results was picked for this presentation. For Carbendazim maleate the lattice energy values based
on neutral molecules and charged molecules are given.

The model's accuracy for polymorphic substances was tested on glycine polymorphs

assuming zwitterionic conditions for Eisy using Equations 3 & 4 (Table S18).

Table S18. AElat as calculated by Equation 3 & Equation 4 for permutations of the Glycine polymorphs, the
zwitterionic state energy values were used.

Sample AEit (Eq. 3) [kdmol']  AEa (Eq. 4) [kdmol"] Deviation [kJmol']

Glycine-a -
Glycine-B -2.28 -2.19 0.09
Glycine-a - 0.58 0.65 0.17
Glycine-y
Glycine-p - 2.93 2.77 0.16
Glycine-y
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3.2 Compound categorization and model application

After verification of the used model its principles were applied to the central Pregabalin and
Phenibut based compounds. First, the compounds were categorized based on some of their
properties which could influence the calculation results. Category A contains (S)-Pregabalin,
(R)-Pregabalin and (rac)-Phenibut. These are the simplest examined compounds as they
exhibit only one type of molecule in the unit cell, Z’ = 1 and each molecule is in its default
zwitterionic state. In Category B only (R, S)-Phenibut:mandelic acid is placed. Here, two
different kinds of molecules occur in the unit cell but Z' remains 1 and each molecule keeps its
default state with zwitterionic Phenibut and neutral mandelic acid. (S, S)- and
(S, R)-Pregabalin:malic acid are placed in Category C. Here, two types of molecules occur in
the cell, Z’ = 1 but each species contains a formal charge. Category D is composed of (S, S)-
and (R, R)-Pregabalin:mandelic acid. These systems are formed from two different molecular
species and four crystallographically inequivalent molecules but Z° = 2 and default charge
status on the molecules is retained. Lastly, Category E consists of (S, R)- and
(R, S)-Pregabalin:mandelic acid. All previously established complications are applied to this
category, as there are two different kinds of molecules and four crystallographically
inequivalent ones, Z' = 2 and formal charges are present on each molecule. A comprehensive

overview on the categories, the involved samples and properties is shown in Table $19.

Table S$19. Characteristics of the determined categories: contained samples, number of different molecular species,
Z’value as determined by PLATON software and information on whether the molecular species are charged (neither
zwitterionic nor neutral).

Samples Molecule types Z’ Charge
Category A | (S)-, (R)-Pregabalin, (rac)-Phenibut 1 1 No
Category B | (R)-Phenibut:(S)-mandelic acid 2 1 No
Category C | (S, S)-, (S, R)-Pregabalin:malic acid 2 1 Yes
Category D | (S, S)-, (R, R)-Pregabalin:mandelic acid 2 2 No
Category E | (S, R)-, (R, S)-Pregabalin:mandelic acid 2 2 Yes

It was determined that Category A would not require any additional effort to apply the used
model on, as its characteristics are the same as those of the model compounds. For
Category B — E it was assumed that Eiy; would be determined by summation of
Eisgn + Eisg + ... + Eisgn for all geometrically independent molecules. For each category it was
furthermore examined whether neutral, zwitterionic or, if applicable, charged states on isolated
molecules would lead to the most consistent results. Additionally, for Category D and E it was

attempted to consider the influence of Z'.

32

156



Category A

Table S20. Resulting values of Eiss and Eisg for the Category A compounds.

Sample z Eiss [RY] Eisq (neutral) [Ry] Eis, (2witt.) [Ry]
(S)-Pregabalin (1) [ 4 -1071.82432 -267.79802 -267.80748
(R)-Pregabalin (1) | 4 -1071.82525 -267.79161 -267.80764
(rac)-Phenibut (2) | 8 -2396.20653 -299.23844 -299.12074

Table S21. Resulting values of Ejat as calculated by Equation 6 for the Category A compounds.
sample Eiat (neutral) Ejat (zwitt.) Ejat (neut_:al) Ejat (zwi_t1t.)
[Ry] [Ry] [kJmol] [kJmol]
(S)-Pregabalin (1) -0.15806 -0.14860 -207.50 -195.08
(R)-Pregabalin (1) -0.16470 -0.14867 -216.21 -195.17
(rac)-Phenibut (2) -0.16238 -0.28008 -213.16 -367.68

Table S22. Comparison of AEja values obtained by Equation 6 and Equation 4 for Category A compounds (S)-

and (R)-Pregabalin.

AE;a: (Eq. 3) AEa (Eq. 4) Deviation

[kdmol] [kdmol] [kdmol']
(S)-1 - (R)-1 (neutral) -8.71 031 8.40
(S)-1 - (R)-1 (zwitt.) -0.09 ' 0.22

Category B & C

Table S23. Resulting values of Eiss and Eisq for the Category B & C compounds crystallographically independent

occurring molecular species.

Eisq (neutral) Eisg (zwitt.) Eisq (charged)
Sample Eis[R 9 9 9
P Ryl [Ry] [Ry] [Ry]

(S,S)-1:4(Z=4)
(S)-Pregabalin -267.79195 -267.80910 -268.61130
(S)-malic acid 2213.33805 -285.25372 - -284.27132
(S,R)-1:4(Z2=4)
(S)-Pregabalin -267.79369 -267.80880 -268.61136
(R)-malic acid 2213.34508 -285.25091 - -284.22893
(R,S)-2:3(Z2=2)
(R)-Phenibut -299.24119 -299.24904 -
(S)-mandelic acid 1154.28106 -277.63003 - -
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Table S24. Resulting values of Eiat as calculated by Equation 6 for the Category B & C compounds using the Eisg
values of singular molecules depicted in Table S$23.

Sample Eiat (neutral) [Ry] Eiat (zwitt.) [Ry] Ei (charged) [Ry]
(S, S)-1:4 -0.28884 -0.27169 -0.45190
(S, R)-1:4 -0.29166 -0.27656 -0.49598
(R, S)-2:3 -0.26931 -0.26146 -
Eix (neutral) Eiax (zwitt.) Eix (charged)
[kdmol'] [kdmol] [kdmol]
(S, S)-1:4 -379.17 -356.66 -593.23
(S, R)-1:4 -382.88 -363.05 -651.10
(R, S)-2:3 -353.54 -343.23 -

Table S25. Comparison of AE.t values received by Equation 6 and Equation 4 for Category C compounds (S, S)-
and (S, R)-Pregabalin:malic acid.

AE.t (Eq. 3 AE. (Eq. 4 Deviation

Sample [kdrfwcli"] ) [kJn('loCI"‘] ) [kJmol']
(S, S)-1:4 — (S, R)-1:4 (neutral) 371 1.40
(S, S)-1:4 — (S, R)-1:4 (zwitt.) 6.39 231 4.08
(S, S)-1:4 — (S, R)-1:4 (charged) 57.87 55.66
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Category D & E

Table S26. Resulting values of Eiss and Eisg for the Category D & E compounds crystallographically independent
occurring molecular species.

Eisy (neutral) Eisg (zwitt.) Eisq (charged)
Sample Eiss [Ry] [Ry] Ryl IRyl

(S, S)-1:3(Z=4)
(S)-Pregabalin 1 -267.79208 -267.80897 -
(S)-Pregabalin 2 -267.79387 -267.80898 -
(S)-mandelic acid 1 -2182.72832 -277.62920 - -
(S)-mandelic acid 2 -277.62893 - -
(R, R)-1:3(Z=4)
(R)-Pregabalin 1 -267.79375 -267.80898 -
(R)-Pregabalin 2 -267.79208 -267.80900 -
(R)-mandelic acid 1 218273030 o7 60018 - -
(R)-mandelic acid 2 -277.82695 - -
(S, R)-1:3(Z = 4)
(S)-Pregabalin 1 -267.79976 -267.80809 -268.64999
(S)-Pregabalin 2 2182.68327 -267.81182 -267.80928 -268.59870
(R)-mandelic acid 1 -277.62918 - -276.65999
(R)-mandelic acid 2 -277.63009 - -276.63286
(R, S)-1:3(Z=4)
(R)-Pregabalin 1 -267.79397 -267.80932 -268.59859
(R)-Pregabalin 2 2182.68421 -267.79977 -267.80897 -268.65003
(S)-mandelic acid 1 -277.62918 - -276.64477
(S)-mandelic acid 2 -277.62575 - -276.63280

Table S27. Resulting values of Eiat as calculated by Equation 6 for the Category D & E compounds using the Eisg
values of singular molecules depicted in Table S26.

Sample Eia: (neutral) [Ry] Eiat (zwitt.) [Ry] Eia: (charged) [Ry]
(S, 5)-1:3 -0.26004 -0.24404 -
(R, R)-1:3 -0.26095 -0.24452 -
(S, R)-1:3 -0.23540 -0.23208 -0.40005
(R, S)-1:3 -0.24672 -0.23445 -0.40796
Eiat (neutral) Ejat (zwitt.) Eixt (charged)
[kJmol] [kdmol] [kdmol ]
(S, S)-1:3 -341.37 -320.36 -
(R, R)-1:3 -342.09 -320.99 -
(S, R)-1:3 -309.02 -305.66 -525.17
(R, S)-1:3 -323.88 -307.77 -535.55
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Table S28. Comparison of AE values received by Equation 6 and Equation 4 for Category D & E compounds
inside the respective categories and between both categories in varying permutations.

AEa: (Eq. 5) AEs (Eq. 4) Deviation

Sample [kJmol] [kdmol] [kdmol]
(S, S)-1:3 - (R, R)-1:3 (neutral) 0.72 0.65 0.07
(S, S)-1:3 - (R, R)-1:3 (2witt.) 0.63 ' 0.02
(S, R)-1:3- (R, S)-1:3 (neutral) 14.86 14.55
(S, R)-1:3 - (R, S)-1:3 (zwitt.) 2.11 0.31 1.80
(S, R)-1:3 - (R, S)-1:3 (charged) 10.38 10.07
(S, S)-1:3 - (S, R)-1:3 (neutral) 32.35 470 17.56
(S, S)-1:3 - (S, R)-1:3 (zwitt.) 15.71 ' 0.92
(S, S)-1:3 - (R, S)-1:3 (neutral) 17.49 4 3.01
(S, S)-1:3 - (R, S)-1:3 (zwitt.) 12.59 ' 1.89
(R, R)-1:3 - (S, R)-1:3 (neutral) 33.07 o4 17.63
(R, R)-1:3 - (S, R)-1:3 (zwitt.) -16.33 ’ 0.89
(R, R)-1:3 - (R, 5)-1:3 (neutral) 18.21 513 3.08
(R, R)-1:3 - (R, S)-1:3 (2witt.) 13.22 ' 1.91

It was determined that the most overall consistent results can be obtained by application of
zwitterionicity on Pregablin/Phenibut molecules and neutral charge status on mandelic- or
malic acid.
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4 Applications: enantiopurification of (rac)-Pregabalin hydrate

Detailed PXRD pattern comparisons of products received during enantiopurification steps | —
Il are presented in Figures S22 — S24.

Form 2: (S, S) or (R, R),

Milling Product,.,

Form 1: (S, R) or (R, S),c

5 10 15 20 25 30 35 40
20 7]

Figure S22. Powder pattern of the milling product of racemic Pregabalin hydrate and (S)-mandelic acid (green). A
comparison to the two co-crystalline compounds is shown for (S, R)-Pregabalin:mandelic acid (red) as well as

(S, S)-Pregabalin:mandelic acid (blue). Thus, the milling product is identified as a mixture. The depicted angle range
is 5°—40°.
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Third Wash

Second Wash

First Wash

5 10 15 20 25 30 35 40
20 [°]

Figure S23. Powder pattern of the milling product of racemic Pregabalin hydrate and (R)-mandelic acid after
subsequent washing and drying procedure from 5°— 40°. The signals of the more soluble heterochiral co-crystalline
entity vanish from red — blue pattern, easily visible in the lowest ° signal.

enantiopure Pregabalingy

enantiopure Pregabalin,

L U racemic Pregabalin hydrate,..
10 15 20 25 30 35

5

40
20 [°]

Figure S24. Powder pattern of the final (R)-Pregabalin (green) after removal of (R)-mandelic acid) compared to a
simulated pattern from single crystal data (blue) and the recorded pattern of the racemic Pregabalin hydrate (red)
in a range of 5°— 40°.
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5 Addendum

Table S29. Bijvoet-analysis for confirmation of chiral purity conducted with PLATON software.

(S)-1 (R)-1 (5,513 | (R,R-1:3 |(S,R-1:3 | (R, S)1:3 | (S,S)-1:4 |(S,R-1:4 | (R, S)-2:3

Flack x 0.03(11) -0.04(19) 0.15(11) -0.02(5) -0.05(12) -0.15(7) 0.01(6) 0.01(5) 0.00(10)
Parsons z 0.06(11) 0.00(18) 0.14(9) -0.04(5) 0.05(8) -0.17(6) -0.01(6) -0.01(4) -0.01(8)
Bijvoet Pairs 663 696 3038 3150 3209 2991 1133 1210 1412
Coverage 84 88 86 89 91 85 86 91 87
DiffCalcMax. 6.47 6.58 18.43 18.07 28.52 30.71 38.34 39.17 10.17
Outlier Crit. 12.94 13.16 36.85 36.14 57.03 61.43 76.67 78.33 20.34
Sigma Crit. 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Select Pairs 84 27 86 528 99 322 280 464 167
Number Plus 55 18 55 352 58 208 179 313 106
Number Minus 29 9 31 176 41 114 101 151 61
Slope 0.908 1.525 0.709 1.024 1.175 1.358 0.949 0.951 1.091
Sample Size 653 686 3028 3140 3199 2981 1123 1200 1402
Corr. Coeff. 0.997 0.999 0.999 1.000 0.999 1.000 0.999 0.998 0.997
Intercept 0.018 -0.065 0.014 -0.034 -0.004 -0.065 -0.076 0.033 -0.151
Slope 0.854 0.840 0.911 0.947 1.009 1.034 0.870 0.944 0.985
Student_T Nu 100 32 9 32 7 32 100 99 19
Select Pairs 663 696 3038 3150 3209 2991 1133 1210 1412
Theta_min 9.32 9.30 5.49 3.23 2.95 2.96 8.50 8.46 7.76
Theta_Max 76.05 76.13 77.15 76.90 77.53 75.38 76.51 77.79 76.14
P2 (true) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
P3 (true) 1.000 0.995 1.000 1.000 1.000 1.000 1.000 1.000 1.000
P3 (rac-twin) 0.3E-04 0.005 0.3E-03 0.1E-32 0.9E-06 0.1E-21 0.2E-17 0.9E-30 0.8E-08
P3 (false) 0.2E-20 0.3E-09 0.3E-21 0.1E-121 0.22E-23 0.4E-70 0.3E-70 0.2E-120 0.2E-31
G 0.8773 0.9606 0.7438 1.0754 1.0198 1.3180 1.0004 0.9897 1.0117
G (su) 0.1916 0.2946 0.1728 0.0871 0.1929 0.1270 0.1107 0.0840 0.1652
Hooft y 0.06(10) 0.02(15) 0.13(9) -0.04(4) -0.01(10) -0.16(6) 0.00(6) 0.01(4) -0.01(8)
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'H-NMR spectroscopy

(S)-Pregabalin
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Figure $25. 'H-NMR spectrum of (S)-Pregabalin recorded in D20. The range between 0.25 ppm and 3.75 ppm is

depicted, the signals are marked by letters according to the position on the molecule.
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Figure S26. 'H-NMR spectrum of (R)-Pregabalin recorded in D20. The range between 0.25 ppm and 3.75 ppm is
depicted, the signals are marked by letters according to the position on the molecule.
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(rac)-Phenibut

D20

D (m) B (m) A(m)
7.40 3

o]
0s7

0 474{

70 65 60 55 50 45 40 35 3.0 25
Chemical Shift (ppm)

Figure S27. 'H-NMR spectrum of (rac)-Phenibut recorded in D20. The range between 2.00 ppm and 7.75 ppm is
depicted, the signals are marked by letters according to the position on the molecule.

(S)-Mandelic Acid

B (m) Als)
735 5.10
—— -
g

P
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Chemical Shift (ppm)

Figure S28. 'H-NMR spectrum of (S)-mandelic acid recorded in Dz20. The range between 4.8 ppm and 7.8 ppm is
depicted, the signals are marked by letters according to the position on the molecule.
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(R)-Mandelic acid

HOa A _COOH

B B [

N ,L
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Chemical Shift (ppm)

Figure S29. 'H-NMR spectrum of (R)-mandelic acid recorded in D20. The range between 4.8 ppm and 7.8 ppm is
depicted, the signals are marked by letters according to the position on the molecule.

(S)-Malic acid

A g ~COOH
HOOC/Y
/ OH

B (dd) A(m)
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4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8
Chemical Shift (ppm)

Figure S30. '"H-NMR spectrum of (S)-Malic acid recorded in D20. The range between 2.6 ppm and 4.7 ppm is
depicted, the signals are marked by letters according to the position on the molecule.
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(R)-Malic acid
A

OH By

B (dd)
4.52
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Chemical Shift (ppm)

4.6 4.4 4.2

Figure S31. '"H-NMR spectrum of (R)-Malic acid recorded in D:0. The range between 2.6 ppm and 4.7 ppm is
depicted, the signals are marked by letters according to the position on the molecule.

IR-Spectroscopy

(R)-Pregabalin

(S)-Pregabalin

800 400
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Figure S32. |R-spectra of (S)-Pregabalin (red) and (R)-Pregabalin (green). The range from 400cm to 4000 cm'

is depicted.
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(R)-Mandelic acid

(S)-Mandelic acid

"
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2800 2400 2000
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Figure S33. /R-spectra of (S)-mandelic (red) and (R)-mandelic acid (green). The range from 400cm’’ to 4000 cm'’

is depicted.

(R)-Malic acid

(S)-Malic acid
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2800 2400 2000
Wavenumber [cm™]

1600 1200

800 400

Figure S34. IR-spectra of (S)-malic (red) and (R)-malic acid (green). The range from 400cm™ to 4000 cm™ is

depicted.
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(R)-Phenibut:(S)-mandelic acid

=

(rac)-Phenibut

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [em™]

Figure S35. IR-spectra of (rac)-Phenibut (red) and (R, S)-Phenibut:mandelic acid (green). The range from 400cm’’
to 4000 cm’' is depicted,

\/\\///

(R)-Pregabalin:(R)-mandelic acid

(S)-Pregabalin:(S)-mandelic acid
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Figure S36. /R-spectra of (S, S)-Pregabalin:mandelic acid (red) and (R, R)-Pregabalin:mandelic acid (green). The
range from 400cm’’ to 4000 cm’' is depicted.
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(R)-Pregabalin:(S)-mandelic acid

(S)-Pregabalin:(R)-mandelic acid

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [em™]

Figure S37. /R-spectra of (S, R)-Pregabalin.mandelic acid (red) and (R, S)-Pregabalin:mandelic acid (green). The
range from 400cm’ to 4000 cm’ is depicted.

(S)-Pregabalin:(R)-malic acid

(S)-Pregabalin:(S)-malic acid

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [cm™|

Figure S38. IR-spectra of (S, S)-Pregabalin:malic acid (red) and (S, R)-Pregabalin:malic acid (green). The range
from 400cm’" to 4000 cm' is depicted
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Table S30. Eiss in aspirin, benzoic acid, naphthalene, carbendazim and fenamic acid.

Aspirin Benzoic acid Naphthalene Carbendazim Maleate | Fenamic acid
Total energy -336.89571169 Ry -864.48414572 Ry -380.80902318 Ry -2238.93849076 Ry -1405.14750341 Ry
Estimated scf accuracy 9.5E-10 Ry 6.3E-09 Ry 4.0E-09 Ry 3.6E-09 Ry 2.5E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1312.88831935 Ry
666.38808897 Ry
-75.71501968 Ry
474.77906097 Ry

-0.01546025 Ry

-431.66148218 Ry
288.25452830 Ry
-202.93841066 Ry
-280.15301891 Ry

-0.19853529 Ry

-151.00679470 Ry
111.67278034 Ry
-102.34427854 Ry
-121.17790015 Ry

-0.12203006 Ry

-1356.79696542 Ry
865.02235307 Ry
-522.41418926 Ry
-699.48265014 Ry
-0.46184980 Ry

-729.97165977 Ry
491.21003984 Ry
-350.97309805 Ry
-435.89581744 Ry

-0.836727809 Ry

One-center paw
contribution

-89.44406235 Ry

-237.78722698 Ry

-117.83080007 Ry

-524.80518921 Ry

-379.14968990 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

27.95344349 Ry
-27.92749991 Ry
-30.96576143 Ry
13.26792153 Ry
666.41403255 Ry
-93.41285959 Ry

112.86367996 Ry
-112.54564220 Ry
-95.09279017 Ry
41.22003547 Ry
288.57256606 Ry
-256.81116536 Ry

46.89218991 Ry
-46.84845552 Ry
-51.68945232 Ry
22.18801792 Ry
111.71651473 Ry
-131.84571294 Ry

140.64296658 Ry
-140.30422592 Ry
-126.04609233 Ry

54.48770059 Ry

865.36109373 Ry

-593.97258100 Ry

84.07972051 Ry
-84.00187446 Ry
-92.95386241 Ry
39.85979623 Ry
491.28788589 Ry
-404.06716423 Ry

Table S31. Eiss in glycine polymorphs a— y.

Glycine a

Glycine B

Glycine y

Total energy
Estimated scf accuracy

-580.75928600 Ry
2.5E-09 Ry

-290.37728560 Ry
1.4E-09 Ry

-435.57100873 Ry
6.9E-10 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-214.06562382 Ry
161.38931511 Ry
-133.72136785 Ry
-274.25350224 Ry

-0.15132600 Ry

-110.70421627 Ry
82.32377227 Ry
-66.86096752 Ry
-135.08390726 Ry
-0.07472014 Ry

-173.43139417 Ry
126.72740778 Ry
-100.28869051 Ry
-198.50249159 Ry

-0.11108147 Ry

One-center paw
contribution

~119.95678120 Ry

59.97724668 Ry

-89.96475877 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

18.36286775 Ry
-18.34599330 Ry
-20.57600967 Ry

8.78096894 Ry

161.40618955 Ry

-145.51640859 Ry

18.33019638 Ry
-18.31334187 Ry
-20.56792933 Ry

8.77300925 Ry

82.34062678 Ry

-78.65588760 Ry

65.24929324 Ry
-64.97916769 Ry
-43.28660728 Ry
18.91587444 Ry
126.99753334 Ry
-124.65942334 Ry
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Table S32. Eiss in (S)- and (R)-Pregabalin and (rac)-Phenibut

(S)1

(R)-1

(rac)-2

Total energy
Estimated scf accuracy

-1071.80165524 Ry
5.1E-09 Ry

-1071.80170922 Ry
5.5E-09 Ry

-2395.20650159 Ry
0.00000016 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-577.36224332 Ry
387.44493557 Ry
-277.66481361 Ry
-342.65463124 Ry

-0.32003300 Ry

-577.93818768 Ry
387.65747211 Ry
-277.65938926 Ry
-342.29766682 Ry

-0.31943849 Ry

-1174.63541450 Ry
811.05092165 Ry
-604.74515244 Ry
-809.28613616 Ry
-0.68856853 Ry

One-center paw
contribution

-261.24486964 Ry

-261.24449907 Ry

-616.90215161 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

129.27305249 Ry
-128.94468573 Ry
-115.21439958 Ry

49.57481541 Ry
387.77330234 Ry
-343.30439778 Ry

129.26729739 Ry
-128.93889306 Ry
-115.21241556 Ry

49.57288647 Ry

387.98587643 Ry

-343.29891835 Ry

148.84527047 Ry
-148.49765287 Ry
-136.12237355 Ry

58.66198700 Ry
811.39853925 Ry
-682.20553899 Ry

Table S33. Eiss in (S, S)-, (R, R)-, (S, R)- and (R, S)-Pregabalin:mandelic acid.

(S, S)1:3

(R, R)-1:3

(S,R)-13

(R,S)1:3

Total energy
Estimated scf accuracy

-2182.72816251 Ry
1.3E-09 Ry

-2182.72828907 Ry
1.8E-09 Ry

-2182.68324007 Ry
9.5E-09 Ry

-2182.68437385 Ry
8.0E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-15633.51665515 Ry
956.64051386 Ry
-534.05440736 Ry
-512.26754807 Ry

-0.55923671 Ry

-1549.49021097 Ry
964.50310881 Ry
-534.04862113 Ry
-504.16306644 Ry
-0.55880178 Ry

-1814.50402550 Ry
1097.70041506 Ry
-534.00508650 Ry
-372.32105602 Ry

-0.56773385 Ry

-1813.82535919 Ry
1097.23254769 Ry
-533.99359867 Ry
-372.54636041 Ry

-0.56710848 Ry

One-center paw
contribution

-558.97082908 Ry

-558.97069756 Ry

-558.98575325 Ry

-558.98449480 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

262.04303170 Ry
-261.15762810 Ry
-202.21748403 Ry

87.81410231 Ry
957.52591746 Ry
-648.45778908 Ry

129.73847311 Ry
-129.40728577 Ry
-115.29581401 Ry

49.65568953 Ry

964.83429615 Ry

-599.68874561 Ry

270.35132574 Ry
-269.46383582 Ry
-212.40131788 Ry

92.09786596 Ry
1098.58790498 Ry
-654.30853843 Ry

242.94333815 Ry
-242.18723498 Ry
-196.00997753 Ry
84.94470266 Ry
1097.98865086 Ry
-645.05887354 Ry
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Table S34. Eiss in (S, S)- and (S, R)-Pregabalin:malic acid and (R, S)-Phenibut:mandelic acid.

(S, S)-1:4

(S,R)-1:4

(R, S)23

Total energy
Estimated scf accuracy

-2213.33656663 Ry
1.3E-09 Ry

-2213.34434886 Ry
1.0E-08 Ry

-1154.26774184 Ry
1.6E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

~1432.30160955 Ry
901.97731634 Ry
-514.37445599 Ry
-630.60581621 Ry
-0.51310661 Ry

-1411.01995314 Ry
891.31218524 Ry
-514.40952926 Ry
-641.20468387 Ry
-0.51584702 Ry

-662.88344334 Ry
431.46603161 Ry
-279.31815141 Ry
-340.16377027 Ry

-0.28393580 Ry

One-center paw
contribution

-537.51889461 Ry

-537.50652081 Ry

-303.08447264 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

280.18921538 Ry
-279.18535867 Ry
-208.23496725 Ry

90.51428806 Ry
902.98117305 Ry
-632.09513518 Ry

280.30096324 Ry
-279.29446844 Ry
-208.24379479 Ry

90.52373303 Ry
892.31868004 Ry
-632.12959102 Ry

159.32291534 Ry
-158.85326536 Ry
-132.16104066 Ry

57.25806117 Ry

431.93568158 Ry

-354.22113089 Ry

Table S35. Eisq in aspirin, benzoic acid and naphthalene.

Aspirin

Benzoic acid

Naphthalene

Total energy
Estimated scf accuracy

-336.89571169 Ry
9.5E-10 Ry

-216.03921007 Ry
4.8E-09 Ry

-190.34591573 Ry
1.2E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1312.88831935 Ry
666.38808897 Ry
-75.71501968 Ry
474.77906097 Ry

-0.01546025 Ry

-739.41836998 Ry
376.18668573 Ry
-50.59087816 Ry
257.24406025 Ry
-0.00788014 Ry

-736.59527298 Ry
374.44538692 Ry
-51.06730146 Ry
281.79361367 Ry

-0.00959746 Ry

One-center paw
contribution

-89.44406235 Ry

-59.45282779 Ry

-58.91274441 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

27.95344349 Ry
-27.92749991 Ry
-30.96576143 Ry
13.26792153 Ry
666.41403255 Ry
-93.41285959 Ry

56.37489016 Ry
-56.11525462 Ry
-33.04993323 Ry

14.57723675 Ry
376.44632128 Ry
-69.06357463 Ry

28.13589881 Ry
-28.10975625 Ry
-31.01244409 Ry
13.31273914 Ry
374.47152947 Ry
-68.76700641 Ry
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Table S36. Eisq in Carbendazim maleate, Carbendazim charged, Carbendazim neutral, maleic acid charged and maleic acid neutral.

Carbendazim (neutral)

Carbendazim (charge)

Maleic acid (neutral)

Maleic acid (charge)

Total energy
Estimated scf accuracy

-317.81712031 Ry
5.4E-09 Ry

~318.65170796 Ry
1.4E-09 Ry

~241.69462491 Ry
8.6E-09 Ry

~240.74748977 Ry
2.6E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1331.80840675 Ry
675.48840558 Ry
-80.09207190 Ry
489.82645736 Ry

-0.01432587 Ry

-1349.82911878 Ry
677.97198443 Ry
-80.33880782 Ry
504.77755561 Ry

-0.01529829 Ry

-750.38874570 Ry
381.58547061 Ry
-50.11394916 Ry
237.21931250 Ry

-0.00631915 Ry

-741.67106561 Ry
383.02285946 Ry
-49.86629580 Ry
227.76142495 Ry

-0.00561997 Ry

One-center paw
contribution

-71.21717873 Ry

-71.21802311 Ry

-59.99039401 Ry

-59.98879279 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

0.00000000 Ry
0.00000000 Ry
0.00000000 Ry
0.00000000 Ry
675.48840558 Ry
-80.09207190 Ry

0.00000000 Ry
0.00000000 Ry
0.00000000 Ry
0.00000000 Ry
677.97198443 Ry
-80.33880782 Ry

56.55146170 Ry
-56.29063300 Ry
-33.07681606 Ry
14.60409227 Ry
381.84629932 Ry
-68.58667296 Ry

55.97546094 Ry
-55.71544737 Ry
-32.98567477 Ry
14.51384719 Ry
383.28287303 Ry
-68.33812339 Ry

Table S37. Eisq in fenamic acid, molecule A and molecule B as well as Glycine a, neutral and zwitterionic.

Fenamic acid A

Fenamic acid B

Glycine a (neutral)

Glycine a (zwitt.)

Total energy
Estimated scf accuracy

-351.18463954 Ry
6.6E-09 Ry

-351.18406565 Ry
8.5E-10 Ry

-145.06565496 Ry
2.0E-09 Ry

-145.06563313 Ry
5.3E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1464.34559523 Ry
743.17809909 Ry
-87.54431237 Ry
552.33753090 Ry

-0.01986038 Ry

-1464.03566170 Ry
743.04041847 Ry
-87.54001696 Ry
552.16178021 Ry

-0.01987773 Ry

-444.69888481 Ry
226.93765648 Ry
-33.25141345 Ry
135.94233456 Ry

-0.00368100 Ry

-444.67960905 Ry
206.92649777 Ry
-33.25068021 Ry
135.93350594 Ry

-0.00368579 Ry

One-center paw
contribution

-94.79050154 Ry

-94.79070794 Ry

-29.99166675 Ry

-29.99166178 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

37.19247007 Ry
-37.15820627 Ry
-41.26733921 Ry
17.67303721 Ry
743.21236288 Ry
-111.13861438 Ry

27.85123707 Ry
-27.82543755 Ry
-30.94234266 Ry

13.24517069 Ry
743.06621799 Ry
-105.23718894 Ry

18.22767627 Ry
-18.21084902 Ry
-20.54299767 Ry

8.74823976 Ry
226.95448372 Ry
-45.04617137 Ry

18.22421611 Ry
-18.20739007 Ry
-20.54215868 Ry

8.74740701 Ry
226.94332381 Ry
-45.04543188 Ry
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Table S38. Eisg in Glycine B, neutral and zwitterionic as well as Glycine y, neutral and zwilterionic.

Glycine B (neutral)

Glycine B (zwitt.)

Glycine y (neutral)

Glycine y (zwitt.)

Total energy
Estimated scf accuracy

~145.06569801 Ry
6.9E-09 Ry

~145.06570159 Ry
1.8E-09 Ry

~145.05056883 Ry
4.9E-09 Ry

~145.06557827 Ry
6.8E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-444.75995154 Ry
226.97201711 Ry
-33.25476841 Ry
135.97232156 Ry

-0.00367606 Ry

-444.62073980 Ry
226.90162080 Ry
-33.25109138 Ry
135.89987598 Ry

-0.00367672 Ry

-441.73616736 Ry
225.42566450 Ry
-33.22831266 Ry
134.48347770 Ry

-0.00395088 Ry

~444.81722053 Ry
226.99643361 Ry
-33.25077079 Ry

136.00136033 Ry

-0.00368777 Ry

One-center paw
contribution

-29.99164066 Ry

-29.99169048 Ry

-29.99128013 Ry

-29.99169313 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

18.23912880 Ry
-18.22229626 Ry
-20.54581868 Ry
8.75102687 Ry
226.98884964 Ry
-45.04956022 Ry

18.22323513 Ry
-18.20640903 Ry
-20.54192591 Ry

8.74717092 Ry
226.91844690 Ry

-45.04584637 Ry

56.42606530 Ry
-56.16667109 Ry
-33.05806132 Ry
14.58523343 Ry
225.68505871 Ry

-51.70114056 Ry

56.36291519 Ry
-56.10418032 Ry
-33.04778665 Ry

14.57528354 Ry
227.25516848 Ry
-51.72327390 Ry

Table S39. Eisq in (S)-Pregabalin, neutral and zwitterionic, (R)-Pregabalin, neutral and zwitterionic as well as (rac)-Phenibut, neutral and zwitterionic.

(S)-1 (neutral)

(S)-1 (zwitt.)

(R)-1 (neutral)

(R)-1 (zwitt.)

(rac)-2 (neutral)

(rac)-2 (zwitt.)

Total energy
Estimated scf accuracy

-267.79801705 Ry
1.0E-09 Ry

-267.80747791 Ry
8.1E-09 Ry

-267.79160852 Ry
1.6E-09 Ry

-267.80763781 Ry
1.1E-09 Ry

-299.23843736 Ry
3.8E-09 Ry

-299.12073572 Ry
2.5E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1132.97801838 Ry
576.18367680 Ry
-69.16008416 Ry
423.49226678 Ry

-0.02235537 Ry

~1137.10596586 Ry
577.94914245 Ry
-69.18545259 Ry
42586835966 Ry
-0.02261513 Ry

-1139.37899930 Ry
579.17479627 Ry
-69.15366478 Ry
426.90277629 Ry

-0.02260823 Ry

-1137.15690002 Ry
577.96962803 Ry
-69.18727646 Ry
425.90049677 Ry

-0.02262865 Ry

-1233.30321001 Ry
626.59819637 Ry
-75.30456653 Ry
459.90584669 Ry

-0.02054518 Ry

-1243.07956735 Ry
631.59450463 Ry
-75.28054105 Ry
464.78434800 Ry

-0.02103308 Ry

One-center paw
contribution

-65.31350272 Ry

-65.31094644 Ry

-65.31390877 Ry

-65.31095748 Ry

-77.11415871 Ry

-77.11844687 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

65.42093235 Ry
-65.15326146 Ry
-43.30887949 Ry

18.93592371 Ry
576.45134769 Ry
-93.53303994 Ry

65.47325474 Ry
-65.20405897 Ry
-43.31644828 Ry

18.94489265 Ry
578.21833823 Ry
-93.55700822 Ry

65.40966588 Ry
-65.14206060 Ry
-43.30718024 Ry
18.93411522 Ry
579.44240155 Ry

-93.52672979 Ry

65.46862311 Ry
-65.19944719 Ry
-43.31556576 Ry

18.94402132 Ry
578.23880394 Ry
-93.55882090 Ry

37.40491936 Ry
-37.26504078 Ry
-26.80943871 Ry
11.67352971 Ry
626.73807495 Ry
-90.44047553 Ry

36.88010451 Ry
-36.74389647 Ry
-26.72862750 Ry
11.59424725 Ry
631.73071267 Ry
-90.41492130 Ry
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Table S40. Eisg in (S, S)-Pregabalin:mandelic acid, Pregabalin molecule A neutral and zwitterionic, Pregabalin molecule B neutral and zwitterionic, mandelic acid molecule A and mandelic acid molecule B.

(S)-1_A (neutral)

(S)-1_A (zwitt.)

(S)-1_B (neutral)

(S)-1_B (zwilt.)

(S)-3_A (neutral)

(S)-3_B (neutral)

Total energy
Estimated scf accuracy

-267.79207687 Ry
8.4E-09 Ry

-267.80896808 Ry
9.6E-09 Ry

-267.79386670 Ry
1.4E-09 Ry

~267.80897994 Ry
7.2E-09 Ry

~277.62920472 Ry
8.4E-09 Ry

-277.62892955 Ry
8.2E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1146.57467144 Ry
582.84266957 Ry
-69.15187735 Ry
430.42887044 Ry

-0.02309849 Ry

-1149.12964591 Ry
584.04851409 Ry
-69.18326169 Ry
431.78954630 Ry

-0.02287750 Ry

-1150.27288277 Ry
584.64607854 Ry
-69.16093982 Ry
432.33012274 Ry

-0.02321006 Ry

-1149.76744088 Ry
584.36864185 Ry
-69.18745151 Ry
432.11151848 Ry

-0.02290010 Ry

-1029.52101511 Ry
523.17133645 Ry
-63.90041076 Ry
367.07359829 Ry

-0.01230029 Ry

-1029.30778810 Ry
523.06281742 Ry
-63.89877731 Ry
366.96757988 Ry

-0.01227256 Ry

One-center paw
contribution

-65.31396958 Ry

-65.31124336 Ry

-65.31303533 Ry

-65.31134778 Ry

-74.44041329 Ry

-74.44048887 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

65.39274545 Ry
-65.12532377 Ry
-43.30298523 Ry
18.93003382 Ry
583.11009124 Ry
-93.52482877 Ry

65.45833287 Ry
-65.18933924 Ry
-43.31464608 Ry
18.94297919 Ry
584.31750773 Ry
-93.55492858 Ry

65.43766939 Ry
-65.16942296 Ry
-43.30937372 Ry
18.93652996 Ry
584.91432497 Ry
-93.53378358 Ry

65.46017095 Ry
-65.19119186 Ry
-43.31535966 Ry
18.94368674 Ry
584.63762094 Ry
-93.55912444 Ry

8458268227 Ry
-84.19016010 Ry
-49.57454296 Ry
21.86736942 Ry
523.56385862 Ry
-91.60758429 Ry

84.58009975 Ry
-84.18763805 Ry
-49.57420263 Ry

21.86699399 Ry
523.45527912 Ry

-91.60598595 Ry

Table S41. Eisq in (R, R)-Pregabalin:mandelic acid, Pregabalin molecule A neutral and zwitterionic, Pregabalin molecule B neutral and zwitterionic, mandelic acid molecule A and mandelic acid molecule B.

(R)-1_A (neutral)

(R)-1_A (zwitt.)

(R)-1_B (neutral)

(R)-1_B (zwitt.)

(R)-3_A (neutral)

(R)-3_B (neutral)

Total energy
Estimated scf accuracy

-267.79375084 Ry
4.5E-09 Ry

-267.80898302 Ry
1.2E-09 Ry

-267.79208315 Ry
8.4E-09 Ry

-267.80900234 Ry
1.7E-09 Ry

-277.62918420 Ry
4.2E-09 Ry

-277.62894959 Ry
2.3E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1150.18357840 Ry
584.60436837 Ry
-69.16129377 Ry
432 28297207 Ry

-0.02319512 Ry

~1149.37655749 Ry
584.17203235 Ry
-69.18656757 Ry
431.91632775 Ry
-0.02287986 Ry

-1146.61835649 Ry
582.86745891 Ry
-69.15378472 Ry
430.44963452 Ry

-0.02309843 Ry

-1149.27662069 Ry
584.12180134 Ry
-69.18739558 Ry
431.86736104 Ry

-0.02287231 Ry

-1029.64141539 Ry
523.23017098 Ry
-63.90315362 Ry
367.13794787 Ry

-0.01230760 Ry

-1029.31076807 Ry
523.06429268 Ry
-63.89762768 Ry
366.96786671 Ry

-0.01227643 Ry

One-center paw
contribution

-65.31302397 Ry

-65.31133819 Ry

-65.31393693 Ry

-65.31127615 Ry

-74.44042645 Ry

-74.44043679 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

65.43436647 Ry
-65.16609918 Ry
-43.30861886 Ry
18.93578963 Ry
584.87263565 Ry
-93.53412301 Ry

65.45507206 Ry
-65.18611142 Ry
-43.31433639 Ry

18.94268044 Ry
584.44099299 Ry
-93.55822352 Ry

65.39334619 Ry
-65.12588796 Ry
-43.30285552 Ry
18.92991494 Ry
583.13491713 Ry
-93.52672531 Ry

65.46939876 Ry
-65.20034783 Ry
-43.31665117 Ry

18.94496975 Ry
584.39085227 Ry
-93.55907699 Ry

84.59206754 Ry
-84.19946124 Ry
-49.57601963 Ry
21.86883673 Ry
523.62277728 Ry
-91.61033652 Ry

84.57999025 Ry
-84.18751782 Ry
-49.57417644 Ry

21.86697238 Ry
523.45676512 Ry

-91.60483174 Ry
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Table S42. Eisg in (S, R)-Pregabalin:mandelic acid, Pregabalin molecule A neutral, zwitterionic and charged as well as Pregabalin molecule B neutral, zwitterionic and charged.

(S)-1_A (neutral)

(S)-1_A (zwitt.)

(S)-1_A (charge)

(S)-1_B (neutral)

(S)-1_B (zwitt.)

(S)-1_B (charge)

Total energy
Estimated scf accuracy

-267.79975583 Ry
2.6E-09 Ry

-267.80894456 Ry
3.7E-09 Ry

-268.64998668 Ry
4.5E-09 Ry

~267.79703425 Ry
6.3E-09 Ry

~267.80927522 Ry
1.2E-09 Ry

~268.59869837 Ry
1.4E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1150.32791801 Ry
584.88706105 Ry
-69.16647533 Ry
432.14302255 Ry

-0.02306737 Ry

-1144.52122571 Ry
581.71822027 Ry
-69.18155183 Ry
429.50919174 Ry

-0.02269933 Ry

-1157.74153844 Ry
582.42093762 Ry
-69.41358892 Ry
441.41688917 Ry

-0.02362598 Ry

-1061.81071755 Ry
540.85882190 Ry
-69.16717044 Ry
387.65948308 Ry

-0.02360571 Ry

-1170.79281370 Ry
594.89073189 Ry
-69.19667954 Ry
442.62496333 Ry

-0.02410924 Ry

-1175.44653807 Ry
591.44772100 Ry
-69.36887551 Ry
450.10991996 Ry

-0.02498421 Ry

One-center paw
contribution

-65.31237873 Ry

-65.31087970 Ry

-65.30906012 Ry

-65.31384553 Ry

-65.31136797 Ry

-65.31594154 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

65.49651598 Ry
-65.22864191 Ry
-43.31230587 Ry
18.94509686 Ry
585.15493511 Ry
-93.53368433 Ry

65.35817895 Ry
-65.08926967 Ry
-43.27938939 Ry
18.91257740 Ry
581.98712956 Ry
-93.54836382 Ry

65.73962312 Ry
-65.46853461 Ry
-43.33943230 Ry
18.97314775 Ry
582.69202613 Ry

-93.77987347 Ry

65.38430547 Ry
-65.11687067 Ry
-43.30085731 Ry
18.92766341 Ry
541.12625670 Ry
-93.54036434 Ry

65.41420775 Ry
-65.14561066 Ry
-43.30791188 Ry
18.93618130 Ry
595.15932898 Ry
-93.56841013 Ry

65.45657948 Ry
-65.18980703 Ry
-43.31980347 Ry
18.94662604 Ry
591.71449345 Ry
-93.74205294 Ry

Table S43. Eisq in (S, R)-Pregabalin:mandelic acid, mandelic acid molecule A. neutral and charged, as well as mandelic acid molecule B, neutral and charged.

(R)-3_A (neutral)

(R)-3_A (charge)

(R)-3_B (neutral)

(R)-3_B (charge)

Total energy
Estimated scf accuracy

-277.62952062 Ry
9.8E-09 Ry

-276.65200500 Ry
1.8E-09 Ry

-277.63008521 Ry
5.7E-09 Ry

-276.63285774 Ry
0.00000095 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-984.02556825 Ry
500.53925577 Ry
-63.91233143 Ry
344.22059760 Ry

-0.01254664 Ry

-836.65595354 Ry
431.98760346 Ry
-63.65826059 Ry
266.12644157 Ry

-0.01182641 Ry

-1033.27892563 Ry
525.05776382 Ry
-63.91244102 Ry
368.95578786 Ry

-0.01256058 Ry

-1015.73101764 Ry
522.32497785 Ry
-63.62993845 Ry
354.85796838 Ry

-0.01144589 Ry

One-center paw
contribution

-74.43892767 Ry

-74.44000949 Ry

-74.43970966 Ry

-74.44340199 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

84.68111468 Ry
-84.28761471 Ry
-49.58968685 Ry
21.88259150 Ry
500.93275574 Ry
-91.61942678 Ry

83.61206042 Ry
-83.22235287 Ry
-49.41921197 Ry

21.71404709 Ry
43237731101 Ry

-91.36342547 Ry

84.64220632 Ry
-84.24910181 Ry
-49.58361938 Ry
21.87654439 Ry

525.45086832 Ry
-91.61951601 Ry

83.33311012 Ry
-82.94553301 Ry
-49.37621997 Ry
21.67079171 Ry
522.71255496 Ry
-91.33536671 Ry
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Table S44. Eisg in (R, S)-Pregabalin:mandelic acid, Pregabalin molecule A neutral, zwitterionic and charged as well as Pregabalin molecule B neutral, zwitterionic and charged.

(R)-1_A (neutral) (R)-1_A (zwitt.) (R)-1_A (charge) (R)-1_B (neutral) (R)-1_B (zwitt.) (R)-1_B (charge)
Total energy -267.79396641 Ry -267.80931677 Ry -268.59858887 Ry -267.79977164 Ry -267.80896960 Ry -268.65003203 Ry
Estimated scf accuracy 4.0E-09 Ry 7.7E-10 Ry 8.0E-09 Ry 6.1E-09 Ry 2.4E-09 Ry 1.4E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1153.10618141 Ry
586.31973900 Ry
-69.15451484 Ry
433.48355758 Ry

-0.02323917 Ry

-1170.83568908 Ry
594.91086176 Ry
-69.19512398 Ry
442.64608092 Ry

-0.02411122 Ry

-1175.35713834 Ry
591.41405146 Ry
-69.36695264 Ry
450.05223978 Ry

-0.02498764 Ry

-1151.10825527 Ry
585.27837240 Ry
-69.16943185 Ry
432.53498839 Ry
-0.02309794 Ry

-1144.69063057 Ry
581.80257085 Ry
-69.18286439 Ry
429.59556094 Ry

-0.02270447 Ry

-1158.22261487 Ry
582.65951124 Ry
-69.41795409 Ry
441.66382314 Ry

-0.02364287 Ry

One-center paw
contribution

-656.31332757 Ry

-65.31133516 Ry

-65.31580150 Ry

-65.31234738 Ry

-65.31090194 Ry

-65.30915459 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

65.38648975 Ry
-65.11894629 Ry
-43.30046858 Ry
18.92728254 Ry
586.58728247 Ry
-93.52770087 Ry

65.42178049 Ry
-65.15316949 Ry
-43.30947470 Ry
18.93772130 Ry
595.17947276 Ry
-93.56687738 Ry

65.46347958 Ry
-65.19662209 Ry
-43.32057164 Ry
18.94743884 Ry
591.68090895 Ry

-93.74008544 Ry

65.42252282 Ry
-65.15426466 Ry
-43.30306322 Ry
18.93057606 Ry
585.54663056 Ry
-93.54191901 Ry

65.47250700 Ry
-65.20327838 Ry
-43.31621869 Ry
18.94465890 Ry
582.07179947 Ry
-93.55442418 Ry

65.75107390 Ry
-65.47967284 Ry
-43.35300760 Ry
18.98099465 Ry
582.93091231 Ry
-93.78996704 Ry

Table S45. Eisq in (R, S)-Pregabalin:mandelic acid, mandelic acid molecule A. neutral and charged, as well as mandelic acid molecule B, neutral and charged.

(S)-3_A (neutral)

(S)-3_A (charge)

(S)-3_B (neutral)

(S)-3_B (charge)

Total energy
Estimated scf accuracy

-277.62917802 Ry
1.8E-09 Ry

-276.64477180 Ry
2.3E-09 Ry

-277.62574657 Ry
1.2E-09 Ry

-276.63279628 Ry
8.7E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1032.66358245 Ry
524.74114097 Ry
-63.90590518 Ry
368.65199764 Ry

-0.01242153 Ry

-1015.49434460 Ry
522.28819002 Ry
-63.64845335 Ry
354.66134689 Ry

-0.01169329 Ry

-1029.31666511 Ry
523.03937919 Ry
-63.90083528 Ry
367.00633024 Ry

-0.01226152 Ry

-1015.84614954 Ry
522.38115878 Ry
-63.62862274 Ry
354.91564817 Ry

-0.01145176 Ry

One-center paw
contribution

-74.44040748 Ry

-74.43981747 Ry

-74.44169408 Ry

-74.44337920 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

84.60083134 Ry
-84.20818012 Ry
-49.57735772 Ry
21.87018418 Ry
525.13379219 Ry
-91.61307873 Ry

83.58818023 Ry
-83.19857792 Ry
-49.41527993 Ry

21.71022287 Ry
522.67779234 Ry

-91.35351042 Ry

84.51268735 Ry
-84.12089990 Ry
-49.56417359 Ry
21.85672289 Ry

523.43116664 Ry
-91.60828599 Ry

83.32830041 Ry
-82.94079809 Ry
-49.37532787 Ry
21.66997428 Ry
522.76866110 Ry
-91.33397632 Ry
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Table S46. Eisq in (S, S)-Pregabalin:malic acid, Pregabalin neutral, zwitterionic and charged, as well as malic acid neutral and charged.

(S)-1 (neutral)

(S)-1 (zwitt.)

(S)-1 (charge)

(S)-4 (neutral)

(S)-4 (charge)

Total energy
Estimated scf accuracy

~267.79195190 Ry
6.9E-10 Ry

-267.80910065 Ry
8.4E-09 Ry

-268.61129733 Ry
5.7E-09 Ry

-285.25372379 Ry
1.7E-09 Ry

~284.27132001 Ry
4.4E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1136.31452856 Ry
577.57489783 Ry
-69.15816236 Ry
425.44242786 Ry

-0.02283875 Ry

-1145.23419082 Ry
582.07656352 Ry
-69.18910101 Ry
429.87147012 Ry

-0.02270041 Ry

-1149.91381033 Ry
578.72969549 Ry
-69.37979494 Ry
437.28987967 Ry

-0.02381648 Ry

-950.21680717 Ry
483.26247560 Ry
-58.94285641 Ry
309.73863934 Ry

-0.00965105 Ry

-935.83302748 Ry
482.11646018 Ry
-58.66689854 Ry
297.20839694 Ry

-0.00883028 Ry

One-center paw
contribution

-656.31374792 Ry

-65.31114206 Ry

-65.31345074 Ry

-69.08552410 Ry

-69.08742084 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

65.41975252 Ry
-65.15208371 Ry
-43.30944981 Ry
18.93635720 Ry
577.84256664 Ry
-93.53125497 Ry

65.47797193 Ry
-65.20880712 Ry
-43.31787678 Ry
18.94625060 Ry
582.34572833 Ry
-93.56072719 Ry

65.59295620 Ry
-65.32452334 Ry
-43.33918912 Ry

18.96680997 Ry
578.99812834 Ry
-93.75217409 Ry

56.20194601 Ry
-55.94103201 Ry
-33.02222717 Ry
14.55058100 Ry
483.52338960 Ry
-77.41450259 Ry

56.03295602 Ry
-55.77213855 Ry
-32.99354773 Ry

14.52276720 Ry
482.37727766 Ry
-77.13767908 Ry

Table S47. Eisq in (S, R)-Pregabalin:malic acid, Pregabalin neutral, zwitterionic and charged, as well as malic acid neutral and charged.

(S)-1 (neutral)

(S)-1 (zwitt.)

(S)-1 (charge)

(R)-4 (neutral)

(R)-4 (charge)

Total energy
Estimated scf accuracy

-267.79369461 Ry
1.6E-09 Ry

-267.80879947 Ry
3.6E-09 Ry

-268.61135562 Ry
1.0E-09 Ry

-285.25091193 Ry
1.9E-09 Ry

-284.22893057 Ry
9.8E-10 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

-1131.28671043 Ry
575.19633096 Ry
-69.15608675 Ry
422.78905988 Ry

-0.02257561 Ry

~1143.86090533 Ry
581.38466378 Ry
-69.18925831 Ry
429.19015031 Ry
-0.02266884 Ry

-1149.82367760 Ry
578.68652083 Ry
-69.37972215 Ry
437.24272236 Ry

-0.02379310 Ry

-952.95477737 Ry
484.68449087 Ry
-58.94229589 Ry
311.05700150 Ry

-0.00974501 Ry

-939.85881162 Ry
484.06054389 Ry
-58.63695052 Ry
299.30453850 Ry

-0.00955013 Ry

One-center paw
contribution

-65.31371266 Ry

-65.31078108 Ry

-65.31340595 Ry

-69.08558604 Ry

-69.08870068 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

65.43919007 Ry
-65.17159110 Ry
-43.31264115 Ry

18.93954975 Ry
575.46392994 Ry
-93.52917815 Ry

65.48267393 Ry
-65.21334090 Ry
-43.31764738 Ry
18.94609891 Ry
581.65399680 Ry
-93.56080677 Ry

65.59452810 Ry
-65.32605466 Ry
-43.33959060 Ry

18.96723529 Ry
578.95499427 Ry
-93.75207746 Ry

56.82543535 Ry
-56.56252940 Ry
-33.11632309 Ry

14.64453392 Ry
484.94739682 Ry
-77.41408506 Ry

56.02910396 Ry
-55.77055731 Ry
-32.99343133 Ry
1452167757 Ry
484.31909053 Ry
-77.10870427 Ry

55

179



Table S48. Eisg in (R, S)-Phenibut:mandelic acid, Phenibut neutral and zwitterionic as well as mandelic acid neutral.

(R)-2 (neutral)

(R)-2 (zwitt.)

(S)-3 (neutral)

Total energy
Estimated scf accuracy

-299.24118523 Ry
2.0E-09 Ry

-299.24903734 Ry
5.2E-09 Ry

~277.63003077 Ry
4.4E-09 Ry

One-electron contribution
Hartree contribution

Xc contribution

Ewald contribution
DFT-D3 Dispersion

1241.39331178 Ry
630.84461220 Ry
-75.31692750 Ry
463.75757796 Ry

-0.02048529 Ry

-1237.67805463 Ry
628.70733242 Ry
-75.33402510 Ry
462.18718074 Ry
-0.02027812 Ry

-1030.68394340 Ry
523.76518044 Ry
-63.90941862 Ry
367.65037561 Ry

-0.01241815 Ry

One-center paw
contribution

-77.11265082 Ry

-77.11119265 Ry

-74.43980665 Ry

PAW Hartree energy AE
PAW Hartree energy PS
PAW xc energy AE
PAW xc energy PS
Total E_H with PAW
Total E_XC with PAW

65.42696385 Ry
-65.15878090 Ry
-43.30416156 Ry
18.93168269 Ry
631.11279515 Ry
-99.68940637 Ry

65.47298401 Ry
-65.20386654 Ry
-43.31677390 Ry

18.94518322 Ry
628.97644989 Ry
-99.70561579 Ry

84.63610579 Ry
-84.24306855 Ry
-49.58274610 Ry
21.87563244 Ry
524.15821768 Ry
-91.61653228 Ry

56
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The fourth paper deals with the crystallization of GABA and all its derivatives studied
with maleic acid. It was found that all these substances are capable of forming a
maleate salt. Nevertheless, the physicochemical properties of the obtained salts vary
greatly, and their supramolecular structure is also not uniform. Furthermore, it was
compared whether a solvent crystallization route or a mechanochemical crystallization
should be preferred to receive the described maleates. The work shows that similarities
in crystallization behaviour of related substances often remain superficial, but for single
cases, improvements in desired physicochemical properties are possible. Additionally,
it is shown that it can be beneficial to investigate which specific crystal synthesis route
to use best, as in some cases a better product quality is attainable mechanochemically

and in some cases through the solution crystallization.

182



Contributions-list:

e Conceptualization of this work based on literature research and feedback from
Dr. Vera Vasylyeva-Shor.

e Experimental work, including single crystal synthesis, mechanochemical and
solvent-based crystallization of the investigated compounds together with Ebru
Taskiran.

e Measurement of SCXRD and PXRD, FT-IR spectroscopy, DSC, and 1H-NMR
solubilities.

e Data evaluation of the recorded analyses.

e Manuscript preparation, including text writing, figure and table preparation,
literature research and providing the supporting information.

e Revision process of the manuscript together with Dr. Vera Vasylyeva-Shor.

183



“’{1 materials

Article

Maleic Acid as a Co-former for Pharmaceutically Active GABA
Derivatives: Mechanochemistry or Solvent Crystallization?

Daniel Komisarek 1, Ebru Taskiran ! and Vera Vasylyeva 1*

Citation: To be added by editorial

staff during production.

Academic Editor: Firstname Last-

name

Received: date
Revised: date
Accepted: date
Published: date

Copyright: © 2023 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution  (CC  BY)  license
(https://creativecommons.org/license
s/by/4.0/).

! Heinrich-Heine-University; Inorganic and Structural Chemistry [
Daniel.Komisarek@hhu.de, Ebru.Taskiran@hhu.de
* Correspondence: Vera.Vasylyeva-Shor@hhu.de

Abstract: In this work we compare mechanochemical and classical solvent crystallization for male-
ates of GABA and its pharmaceutically active derivatives Pregabalin, Gabapentin, Phenibut and
Baclofen. Maleate salt formation is a common and effective tool to increase solubilities of active
pharmaceutical ingredients. Structural analysis in the form of single crystal and powder x-ray dif-
fraction is used in conjunction with IR-spectroscopy to identify structural peculiarities of grinding
and solvent evaporation products. Thermal properties are investigated by differential scanning cal-
orimetry and in selected cases thermogravimetric analysis. Furthermore, solubilities in aqueous me-
dium for all compounds and their maleates are determined via 'H-NMR spectroscopy. Our work
shows that the crystal synthesis route can potentially have manifold effects. Next to more obvious
results such as obtaining of different crystal modifications, the sample condition can be affected
impactfully, which in turn influences thermodynamic properties in a nonnegligible manner.

Keywords: Solubility; Crystal Engineering; Mechanochemistry; Crystal Synthesis

1. Introduction

Solubility increase, and therefore improved bioavailability, for active pharmaceutical
ingredients (APIs) remains a core objective in medicinal science. Manifold methods ad-
dressing this concern have been established, including use of prodrugs,[1-5] nanosuspen-
sions,[6-9] or complexation of an APL[10-14] Modification of the solid API phase itself is
another common approach. Formation of API salts, co-crystals, or amorphous systems
may enhance the targeted drug solubility properties.[15-25] Product solubility is influ-
enced by various thermodynamic and kinetic factors such as solubilities of the co-formers,
solvent environment, and molecular characteristics like polarization or ioniza-
tion.[17,26,27] Furthermore, when producing salts or co-crystals for pharmaceutical ap-
plications the counterion or co-former should not show any unwanted or damaging prop-
erties. The list of Generally Recognized As Safe (GRAS) compounds offers a variety of
U.S. Food and Drug Administration (FDA) approved substances which can be added to
API formulations without need of additional risk assessments.[28] Maleic acid is a simple
dicarboxylic acid, a GRAS-list member and a popular choice in salt or co-crystal for-
mation.[29-33] As a dicarboxylic acid maleic acid shows a pKai value of 1.74 and a pKa:
value of 5.81.[34] This makes maleic acid relatively reliable to form maleate salts instead
of co-crystalline compounds, as larger ApKa values between maleic acid and possible co-
formers shift products in the salt direction on the salt-cocrystal continuum.[35] Such pre-
dictability is beneficial in the pharmaceutical field. Because of its afore mentioned quali-
ties in conjunction with its low-cost maleic acid, among many other uses, has been applied
to form maleates of APIs derived from y-amino butanoic acid (GABA). GABA is a small
non-essential amino acid that plays a role in regulation of sleep, pain and stress impulses
in various life forms.[36—40] APIs derived from GABA include for example Gabapentin,
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Pregabalin, Baclofen and Phenibut. Gabapentin and Pregabalin are mainly used for treat-
ment of epilepsy, neuropathic pain and anxiolytic effects.[41-43] Baclofen is a muscle re-
laxant with potential in treatments of different addictions,[44-46] and Phenibut is a anti-
convulsant with mood elevating effects.[47—49] Peterson et al. have patented a maleate of
Gabapentin received through grinding methods evidenced via powder x-ray diffraction
(PXRD) and differential scanning calorimetry (DSC) in 2004.[50] For (S)-Pregabalin, Sal-
aman et al. have described single crystal x-ray structures (SCXRD) of a maleate hydrate
and an anhydrous form.[51] Additionally, Gendron et al. and Bathori et al. have described
maleates of enantiopure and racemic Baclofen respectively.[52,53] These past works high-
light the promising prospect of forming maleates of other related substances as well.
GABA, Gabapentin, Pregabalin, Baclofen and Phenibut share similar pKa values around
4 regarding their acid function. [5,52,54-56] According to Childs et al. they should likely
form salt like entities with maleic acid by the ApKa values between these substances,
which is confirmed through the maleate systems described in the literature.[35,50-53] This
establishes maleic acid as a promising candidate for the reliable salt production with phar-
maceutically active GABA derivatives, which sets it apart from other GRAS-List co-for-
mers such as tartaric or malic acid. These commonly used dicarboxylic acids have been
shown to have a tendency to produce unreliable phase mixtures in the past with Baclofen
and Phenibut and the latter tends to form viscous residues with Pregabalin.[56,57] Other
important factors in crystal phase production in addition to predictability are time and
waste reduction. Classically, salts or other crystalline modifications would be gained
through solvent-based methods. Mechanochemistry offers a quick crystallization process
and requires no or minimal solvent wastes.[58-60] However, mechanochemically pre-
pared systems may show higher amorphicity, more crystalline defects or morphology
changes, which could all affect product properties.[61-63] Similar observations could be
conducted by our group for Baclofen and Phenibut, where different thermal properties
were detected for multicomponent forms received by grinding or through solvent-based

methods in some cases.[57]
*H3N/\/\COO‘
1

*HaN coo *HaN coO"
HoOC COOH
MA
cl
*HaN COO"  *HyN coo

(rac)-3 (5)-3

Scheme 1. Investigated compounds maleic acid (MA), GABA (1), Gabapentin (2), Pregabalin (3), Phenibut
(4) and Baclofen (5).

In the course of the present work, salts of maleic acid (MA) with GABA (1), Gabapentin
(2), Pregabalin (3), Phenibut (4) or Baclofen (5) were produced with the goal of improving
API solubility. Novel phases were received for a GABA maleate (1-MA), a Gabapentin
maleate hydrate (2-MA * H20), two (rac)-Pregabalin maleates ((rac)-3-MA-I and
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(rac)-3-MA-II) as well as a Phenibut maleate (4-MA) and known phases could be repro-
duced. It was further investigated whether the received maleates could be obtained
through grinding as well as by solvent-based methods. The obtained substances were
characterized by powder- and single crystal x-ray diffraction (PXRD and SCXRD) as well
as Fourier transformed infrared spectroscopy (FTIR). Their thermal properties were in-
vestigated via differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) in selected cases. Solubilities in aqueous medium at 25 °C were determined
through proton magnetic resonance spectroscopy (*H-NMR) for saturated solutions after
three days. Solubilities and thermal properties of maleates from their solution crystalliza-
tion were compared to those gained through the mechanochemical approach. Our work
highlights how maleic acid serves as an excellent co-former for simple production of API
salts for the investigated compounds. Furthermore, we discuss what pro and contra points
might speak for or against the mechanochemical versus solvent-based production of these
substances.

2. Materials and Methods

Chemicals: Maleic acid was purchased from TCI, GABA from J&K scientific, Gabapentin
and (rac)-Pregabalin from abcr, Phenibut from BLDpharm and Baclofen from Flurochem.
(S)-Pregabalin was synthesized from (rac)-Pregabalin hydrate according to our previously
reported approach.[56]

Maleate Preparation: All systems 1-MA — 5-MA were prepared by mixing of equimolar
ratios of maleic acid and APIs. Solution products were grown from aqueous solution by
slow evaporation of the solvent at ambient temperature. Grinding products were pro-
duced in a Retsch MM400 ball mill with 10 mL stainless steel vessels and two ZrO:balls
(diameter: 1 cm) via neat grinding (for (S)-3-MA * H:0 liquid-assisted grinding with
54 uL water) at 25 Hz for 30 min. 1-MA was produced using 5 mmol of either substance;
2-MA, 2-MA + Hz0, (rac)-3-MA-I, (rac)-3-MA-II and 4-MA using 4 mmol of either sub-
stance; (S)-3-MA * H20 and 5-MA using 3mmol of either substance. Attempts at produc-
ing 2-MA ¢ H:zO by liquid-assisted grinding similar to (5)-3-MA ¢ H:20 and producing 2-
MA from solution were unsuccessful. It was not possible to successfully separate
(rac)-3-MA-I and (rac)-3-MA-II under the investigated experimental conditions.

PXRD: Powder patterns were recorded on a Rigaku Miniflex 300 powder diffractometer
with a Cu-Source and Ka radiation at 1.54184 A in ©/20-geometry. Measurements were
conducted at ambient temperature in a range of 5 — 50° 20.

SCXRD: Crystals suitable for single crystal diffraction were selected under a polarized-
light microscope, covered in protective oil, and mounted on a cryo-loop. The single crystal
diffraction data were recorded on a Rigaku XtaLAB Synergy S diffractometer with Hybrid
Pixel Arrow detector and a Photon]Jet X-ray source using Cu-Ka radiation (A = 1.54182 A)
at 100.0 + 0.1 K with w-scans. Plate-shaped colourless crystals were selected for measure-
ment: T-MA (0.2 ¢ 0.19 ¢ 0.05 mm), 2-MA ¢« Hz0 (0.38 « 0.33 * 0.07 mm), (rac)-3-MA-I
(0.22 » 0.11 » 0.02 mm), (5)-3-MA <« H2O (0.52 ¢ 0.1 * 0.06 mm), 4-MA (0.21  0.17
0.08 mm) and 5-MA (0.21 ¢ 0.11 * 0.06 mm). Data reduction and absorption correction
were conducted via CrysAlisPRO v. 42 software, with numerical absorption correction
based on gaussian integration over a multifaceted crystal model and empirical absorption
correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling algo-
rithm.[64] Structure analysis was performed by direct methods (SHELXT-2015), full-
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matrix least-squares refinements on F2 were done using the SHELXL2017/1 program pack-
age, and structure solution and refinements were done using Olex2-1.5 software.[65-67]
Hydrogen atoms were freely refined except for C-H hydrogens with the following atomic
displacement parameter: Uiso(Hcn)=1.2 Ueq. Figures were prepared with Mercury software
v. 2022.3.0.[68] The crystallographic data for the structures were deposited in the Cam-
bridge Crystallographic Data Centre (CCDC-numbers 2221363- 2221368) and can be ob-
tained free of charge via www.ccdc.cam.ac.uk/data_request/cif.

FT-IR: Infrared spectra were recorded on a Bruker Tensor 27 Fourier transformed IR spec-
trometer using attenuated total reflectance mode in the range 4000 cm™ to 400 cm. Sam-
ples grown from solution were measured after evaporation of the solvent and subsequent
drying at ambient temperature over two weeks, for (§)-3-MA ¢ H:0 and (rac)-3-MA forms
several spectra were recorded at earlier and later points in time.

Thermal properties: Differential scanning calorimetry was performed on a NETZSCH
DSC 204F1 Phoenix device in pierced alumina crucibles at heating rates of 5 Kmin. Tem-
perature calibration was applied and a reference crucible with a mass of 34.728 mg were
used. Crucible and sample masses were recorded, and calculation of peak enthalpies was
conducted through NETZSCH Proteus software based on measured DSC curves. Meas-
urements of DSC samples were performed from samples that were dried at ambient con-
ditions for two weeks after removal from the mother liquid. Thermogravimetric analysis
was performed for samples (S)-3-MA « Hz0 and (rac)-3-MA on a Netzsch TG 209 F3 Tar-
sus with 10 Kmin~ in a temperature range from 30 °C - 350 °C.

Solubilities: Determination of substance solubilities was performed through 'H-NMR
spectroscopy with a Bruker Avance [l NMR-spectrometer at 600 MHz. Saturated solutions
of crystalline material were placed in an incubator at 25 °C and moved with 60 min-l. Three
samples of each investigated substance were left for three days at these conditions. Subse-
quently, 50 pL of solution were removed from the samples and added to 450 pL of D=0 for
TH-NMR measurements. Solubility was determined by ratio of integrated solvent to sub-
stance peak. Solubility values are presented as averages over the recorded samples with

the error margin according to their standard deviation.

3. Results
3.1 Structural Properties

Maleates of GABA and its pharmaceutically active derivatives (Scheme 1) were pro-
duced by crystallization through evaporation of the solvent from aqueous solution as well
as neat- or liquid-assisted grinding. Single crystals could be received by solvent evapora-
tion for most systems. The exceptions are a presumedly anhydrous form of 2-MA, which
was only obtainable through neat grinding, and (rac)-3-MA-II which occurs concomitant
with (rac)-3-MA-I, disregarding of the crystallization method. Furthermore, in case of 3
crystallization of the enantiomerically pure (S)-form leads to different results than using
the racemate. A phase pure maleate hydrate can be obtained by mechanochemical as well
as solvent-based synthesis. For the mechanochemical route, liquid-assisted grinding must

be performed to receive the product as otherwise crystal synthesis of a new phase fails.
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Crystal structures of the various obtained MA salts differ in some respects. For example,
there are simple rows of molecules present in 1-MA and 4-MA (Figure 1). These follow the
pattern A-B-A-B in the former, while A-B-B-A rows are formed in the latter. Hydrogen
bonds (HBs) are the main attractive interaction, but in 4-MA edge-to-face m-interactions
connect phenyl subunits. In 2-MA * H20 and (rac)-3-MA-I, pairs of MA molecules are
surrounded by API molecules, and for 2-MA * H20 specifically, there are additional water
molecules which connect the MA pairs via HBs (Figure 2). For (§)-3-MA ¢ H20 and 5-MA
the motif is more complex (Figure 3). (5)-3-MA * Hz0 breaks the encirclement of maleic
acid pairs through the introduction of water in its lattice. Water entities and half of the MA
molecules form a straight row, thus pushing apart the (5)-3 molecules that surround MA
pairs in (rac)-3-MA-I. In (5)-3-MA ¢ H:0 dimers of Pregabalinium cations are formed via
carboxyl/carboxyl HBs, while in (rac)-3-MA-I similar dimers are formed which are con-
nected along their GABA-subunits through carboxyl/ammonium HBs. Exclusive interac-
tion behaviour can also be observed in 5-MA. The packing could either be interpreted as
shifting rows of 5 and MA molecules or cavities of Baclofenium cations that are filled with
MA entities.

(a) (b)
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r‘.w"
.‘M
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Figure 1. Packing in (1) 1-MA, view along a-axis and (b) 4-MA view along b-axis. Rows are highlighted
according to the chosen colour-scheme; oxygen atoms are depicted in red, nitrogen atoms in white, carbon

atoms in grey and hydrogen atoms in white.
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Figure 2. Packing in (a) 2-MA * H:0, view along c-axis and (b) (rac)-3-MA view along b-axis. Motifs are

highlighted according to the chosen colour-scheme; oxygen atoms are depicted in red, nitrogen atoms in white,

carbon atoms in grey and hydrogen atoms in white.

Figure 3. Packing in (a) (S)-3-MA = H:0, view along c-axis and (b) 5-MA view along c-axis. Motifs are
highlighted according to the chosen colour-scheme; oxygen atoms are depicted in red, nitrogen atoms in white,

carbon atoms in grey and hydrogen atoms in white.

Using either the mechanochemical or the solvent crystallization route can affect which
product is formed, the sample condition and properties or the degree of crystallinity of
the sample. For 1-MA, (5)-3-MA * H:0, 4-MA, and 5-MA the same system is received by
both synthesis routes (see supporting information for 1-MA, 4-MA and 5-MA). Different
phases are obtained for 2 and (rac)-3 based maleates. When crystallized from water
2-MA * H:0 will form, while mechanochemical synthesis leads to the presumedly anhy-
drous 2-MA (Figure 4). Attempts of liquid-assisted grinding crystallization that work for
(5)-3-MA * H20 are unsuccessful for 2-MA * H20 and lead to phase mixtures. In case of
(rac)-3 the distinction of the phases is not as simple as in 2-MA systems. Crystallization
via both means leads to a phase mixture, as neither diffraction pattern can be clearly as-

signed to simulated diffraction data from single crystal analysis (Figure 5).
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Figure 4. Powder patterns of 2 based maleates. Sample of 2-MA ¢ H20 obtained by solution crystallization

(a), simulated pattern based on single crystal data (b), and sample of 2-MA obtained by mechanochemical

crystal synthesis (c). Powder patterns were recorded in a range of 5° —40° 20.

L
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Figure 5. Powder patterns of (rac)-3 based maleates. Sample of (rac)-3-MA obtained by solution crystalliza-

tion, larger amount of form I (a), simulated pattern of (rac)-3-MA-I based on single crystal data (b), and
sample of (rac)-3-MA obtained by mechanochemical crystal synthesis, larger amount of form II (c). Powder

patterns were recorded in a range of 5°—40° 20.
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Contrary to the 2-MA systems the (rac)-3-MA forms undergo a phase transition over time.
Interestingly, the simulated powder pattern of (rac)-3-MA-I fits better with the more com-
monly obtained but apparently less stable form. During the conducted experiments it was
unreliable whether a larger degree of (rac)-3-MA-I or (rac)-3-MA-II was formed in the
samples. Each system was prepared thrice through solvent evaporation and mechano-
chemically, but only once for a mechanochemical synthesis a larger part of (rac)-3-MA-II
was formed. Given enough time (rac)-3-MA-I converts to (rac)-3-MA-II (see supporting
information). As such it seems unlikely that (rac)-3-MA-II is a hydrate like 2-MA * H20
or (5)-3-MA * H:0, and a true polymorphic conversion occurs. While the same phase is
received reliably by both crystal synthesis routes, for (5)-3-MA * H20 their influence on
the sample condition is strong. Mechanochemical production with liquid-assisted grind-
ing forms a powder of uniform quality. Crystallization through evaporation from solution
is more difficult for this species. A mixture of pasty residue and brittle crystalline material
is received that holds water residues for exceedingly long times (Figure 6). Even if solid
(5)-3-MA * H20 is removed from its mother liquid and left to dry at ambient conditions
it does not become a uniformly dry substance after days or even weeks. The compound
can be dried under vacuum and heating, but the temperature must not be too high because
melting occurs at low temperatures, as will be elaborated on in the upcoming paragraphs.
Additionally, powder patterns of mechanochemically produced samples show a higher
degree of crystallinity by their signal resolution compared to those of samples received

through solvent evaporation (Figure 7).

Figure 6. Comparison of 3 products received by solution and grinding crystallization: (5)-3-MA ¢ Hz0 three
days of drying at ambient temperature after removal from mother liquid (a), and produced mechanochemically

(c), (rac)-3-MA three days of drying at ambient temperature (b), and (rac)-3-MA after grinding (d).
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Figure 7. Powder patterns of (5)-3 based maleates. Sample of (5)-3-MA * Hz0 obtained by solution crystal-

lization (a), simulated pattern based on single crystal data (b), and sample of (S)-3-MA * H20 obtained by

mechanochemical crystal synthesis (c). Powder patterns were recorded in a range of 5° — 40° 26.

In case of 4-MA both synthesis routes lead to the same product. However, powder patterns
received by mechanochemical and solution crystallization show bad signal resolutions and
thus a low degree of crystallinity. Furthermore, even though the same phase is obtained
through both means, not all Bragg-reflections can be attributed to the simulated pattern
from single crystal data (Figure 8). These signals cannot be assigned to precursor material
4 or MA either. Thus, it appears that an additional crystallization product forms here
which is not yet characterized by single crystal diffraction. Past works have shown that 4
tends to form non-pure phases more commonly, probably due to a comparatively high

lattice energy that makes formation of a multicomponent phases unfavourable.[56,57]
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Figure 8. Potwder patterns of 4 based maleates. Sample of 4-MA obtained by solution crystallization (a), sim-
ulated pattern based on single crystal data (b), and sample of 4-MA obtained by mechanochemical crystal

synthesis (c). Powder patterns were recorded in a range of 5° — 40° 20.

3.2. Thermodynamic Properties

Thermodynamic properties are mostly dependent on the received crystal phase, but
the crystal synthesis route plays a role as well. What all systems have in common, is that
they do not recrystallize upon cooling in a DSC. DSC-thermograms reveal differences in
melting behaviour and in some cases indicate the presence of impurities that were not vis-
ible in PXRD and IR analyses (Figures 9 & 10, Table 1). For example, a DSC measurement
of 2-MA reveals that next to the main signal with an onset of 96 °C an additional badly
resolved transition signal with an onset of 41 °C exists. While this is lower than in 2-
MA * H:0 with its well-defined melting signal and an onset of 65 °C, it is still probable
that hydrate impurities exist in 2-MA. The peak positions of the small signal in 2-MA and
the melting signal in 2-MA * Hz0 are closer to each other than onsets with 61 °C and 68 °C
for anhydrous phase and hydrate respectively. It appears likely that adsorbed water from
the milling vessels was sufficient to form the hydrate at least partially. For (rac)-3-MA
species, the distinction is more difficult yet again. Both species (rac)-3-MA-I and (rac)-3-
MA-II appear to always exist concomitantly regardless of the synthesis route, and both
forms seem to have very closely related melting points. The onset for these products was
determined at 98 °C, but the signal width in the solvent sample with 7 °C is nearly double
that of the mechanochemical sample with 4 °C. It is possible that the large peak width in
the solvent sample covers an additional signal that would otherwise be visible due to the
higher content of form I. This would then highlight how thermodynamically similar both

forms are and that the difference in phase stability is minimal.
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Figure 9. DSC-thermograms of selected MA systems: 2-MA ¢ H20 synthesized from solution (a), 2-MA ob-
tained mechanochemically (b), (rac)-3-MA synthesized from solution (c), and mechanochemically (d),
(S)-3-MA = H:0 synthesized from solution (e), and via grinding (f). For better visibility, only the relevant

temperature range is depicted.
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Figure 10. DSC-thermograms of MA systems showing similar thermal behaviour independent of the synthetic
route: 1-MA synthesized from solution (a), and mechanochemically (b), 4-MA synthesized from solution (c),
and via grinding (d), 5-MA synthesized from solution (e), and mechanochemically (f). For better visibility,

only the relevant temperature range is depicted.

A much larger distinction regarding the melting signals is actually present in
(5)-3-MA * H:0 entities. The DSC signal confirms the lower degree of crystallinity that
was also indicated in powder patterns for the solvent sample. It is not as well resolved as
the milling sample melting signal and the melting enthalpy is lowered by 34 Jg to a value
of 53 Jg from 87 Jg! in the mechanochemically prepared product. The onset with 46 °C
for the solvent sample also occurs at lower temperatures than in the grinding one with
58 °C. This might be due to the higher water content still present in the sample even after
prolonged drying for two weeks, after which no evidence of excess water was present in
any other sample except for 3 forms (see supporting information). The early onset might

indicate that dissolution in the residual water starts due to the increase in temperature.
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Table 1. Overview on the recorded DSC parameters for all investigated samples. Temperature values have been rounded to full numbers.
Sample Melting-En- Onset [C] End [°C] Peak [°C] Peak- Peak-Height
thalpy [Jg*l Width[°C]  [mWmg?]

1-MA 176 105 113 111 5 3.242
1-MA_M 178 108 112 111 3 4.673
2-MA * H:0 135 65 70 68 3 2.864
2-MA_M (Peak 1) 14 41 65 61 16 0.095
2-MA_M (Peak 2) 85 96 103 101 5 1.345
(rac)-3-MA 125 98 107 104 7 1.619
(rac)-3-MA_M 132 98 104 102 4 2.610
(9)-3-MA + H:0 53 46 61 57 13 0.454
(8)-3-MA * H:0_M 87 58 6l 60 2 3.439
4-MA 165 133 141 139 6 1.850
4-MA_M 181 134 139 138 4 2.945
5-MA 376 163 174 170 8 3.708
5-MA_M 362 163 168 167 4 5.252

TGA-analysis was performed for 3 based maleates (Figure 11). The thermal decomposition
reveals a higher content of water with a mass loss of 7 % at 125 °C in (5)-3-MA * H20 com-
pared to the other 3 maleates that show losses of only 2 — 3 %. The compound can be dried
forcefully at 40 °C in a vacuum atmosphere, low temperature has to be chosen due to the
low melting point, thus the drying procedure takes a long time (see supporting infor-
mation). The TGA-analysis further confirms that (rac)-3-MA forms I and II behave rather
similar regarding their thermal properties. While the solvent sample starts to lose water at
a lower temperature of 57 °C compared to 68 °C in the mechanochemical sample, the mass
loss is only at 3 % and 2 % respectively. As the crystal structure of (rac)-3-MA-I could be
determined and does not incorporate lattice water, this probably stems from adsorbed wa-
ter. In the grinding sample, this water might be explained by lattice water of (rac)-3 « H20,
with which it was prepared. The slightly higher water content in the solvent sample prob-
ably rather stems from excess water from solution. Thermal analyses of the less distinctive
maleates reveal some significant characteristics as well. 1-MA shows slightly different
melting points for the different synthesis routes, with onsets of 105 °C and 108 °C for solu-
tion crystallization and grinding respectively. However, the peak positions are identical at
111 °C, and as there are no variations in powder patterns or IR-spectra, the most probable
explanation is a more uniform dispersion of crystallite sizes in the mechanochemical sam-
ple, leading to a sharper melting signal. For 4-MA, the presence of impurities is confirmed.
Next to intense melting signals with onsets of 133 °C and 134 °C there are smaller signals
in a very close range to the main one. Both samples show a small phase transition that
partly overlaps with the large melting peak, starting at ca. 142 °C. In the mechanochemi-
cally prepared sample, an even smaller phase transition occurs at about 127 °C. As the
melting signal in the solvent sample is again dispersed over a larger temperature area, it

seems possible that it covers the smaller signal here. However, even though no pure phase
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is obtainable of 4-MA by either synthesis route, both means lead to the same, impure end.
More surprising is the result for 5-MA. Diffraction patterns and IR-spectra show no dis-
tinctive features regardless of the crystallization method, except for a worse Bragg reflec-
tion resolution for the grinding sample. Still, an additional phase transition after the main
melting signal with an onset of 163 °C in both samples is visible in the grinding product at
ca. 170 °C. It seems possible this signal is again covered in the solvent sample, as the signal
peak area with 8 °C is double than that of the milling one with 4 °C.
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Figure 11. Thermogravimetric analyses of 3 based maleates, recorded after two weeks of drying at ambient
conditions. A solvent sample (a) and a mechanochemically prepared sample (b) of (5)-3-MA * H20, a solvent
sample (c) and a mechanochemically prepared sample (d) of (rac)-3-MA. Decomposition was recorded in a

range of 30 °C — 350 °C. The red dotted line indicates the mass loss at 125 °C.

Solubility in aqueous medium determined for the different maleates shows that increases
are always present, except for 1-MA (Figure 12, Table 2). However, 1 alone is exceedingly
well soluble in water with a determined solubility of 2261 + 23 gL-'. On the other hand, the
solubility of MA was measured as 687 + 44 gL!. Solubilities of multicomponent crystalline
species mostly fall in between that of their co-formers, so it appears this is the probable
explanation here. The largest discrepancies occur between different phases for 2 and (rac)-
3 based systems and for (§)-3 milling and solution crystallization forms. The solubilities of
2-MA ¢+ H:0 and 2-MA only differ slightly, and they are just outside of each other’s error
margin with 241 +8 gL.* and 218 + 8 gL! respectively. The difference is even higher be-
tween (rac)-3-MA obtained from solution and by grinding with 719 + 10 gL for a sample
that contains a larger degree of form I and 556 + 19 gL-! for a sample that contains more of

form II. These values show that both forms increase the content of (rac)-3 in solution
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substantially, but they are influenced by each other’s presence and thus it is difficult to say
whether form I could be even more soluble and form II maybe slightly less. The largest
influence of the crystal synthesis route on a system that exhibits the same diffraction pat-
tern is present for (5)-3-MA ¢ H20. The solubility of the solvent product with 977 + 79 g1
is definitely higher than that of the grinding product with 809 + 8 gL-1. As was shown, this
can be explained by the sample condition. The solvent product shows a higher degree of
amorphicity and contains a higher amount of water from the start. This might ease the
hydration of (S)-3 molecules and thereby increase the dissolution speed compared to
mechanochemically produced (S)-3-MA * H:0. All solubilities were determined from
three samples stored for three days at 25 °C under slight shaking. However, subsequent
observation of the samples showed that (5)-3-MA ¢ Hz:0 samples dissolve even further
after longer time. Addition of more solid material led to it dissolving even further. The
result is a strongly viscous goo. This observation highlights how viscid residue formation
makes it is so difficult to obtain a uniform product of (5)-3-MA * Hz0 from solution. For
substances 4-MA and 5-MA uniform increases in solubility occur. For the former, this
shows that the same phase mixture is received via mechanochemical as well as solvent
evaporation crystallization. For the latter, the increase in both cases is high regarding per-
centage with 100 % each but considering total numbers the solubility is still very low with
6 gL-1. Still, similarly to 1 based forms, the crystallization route for maleate production does

not influence the product properties of 4-MA and 5-MA meaningfully.

Table 2. Solubility values, error margins and de- or increases of API solubilities in the investigated maleates.

Sample Solubility [gL] Error [%] Error [gL1]

MA 687 6 44
1 2261 1 23
2 174 4 7
(rac)-3 » H.O 33 4 1.3
(5)-3 41 2 0.7
4 15 2 0.3
5 3 3 0.1
1-MA 704 8 60
1-MA_M 680 7 46
2-MA * H:0 241 3 8
2-MA M 218 4 8
(rac)-3-MA 719 14 10
(rac)-3-MA_M 556 3 19
(5)-3-MA * H20 977 8 79
(5)-3-MA » H:O_M 809 1 8
4-MA 124 3 4
4+-MA M 128 6 8
5-MA 6 4 0.3
5-MA_M 6 10 0.6
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Figure 12. Recorded solubilities of the investigated samples in gL-1 regarding their API solubility of (a) 1, (b)
2, (c) (rac)-3, (d), (S)-3, (e) 4, and (f) 5 based compounds. Solubilities were determined by preparation of
saturated dispersions of target compounds in aqueous solution at 25 °C after three days through 'H-NMR

spectroscopy against the water signal.
4. Discussion

The results of this work can be summarized into two key aspects. This first one is that
maleic acid can serve as an excellent co-former for GABA related APIs. In many cases
there are multiple phases obtainable, sometimes dependant and sometimes independent
of the synthesis route. Furthermore, these maleates do not require a high effort to produce,
and maleate formation can increase the solubility of the different APIs substantially. The
second and arguably more valuable point that can be made is that it is worthwhile to
investigate different synthesis routes for various API maleates. It was shown that the syn-
thesis route affects certain properties for 2 and 3 based systems. For 1 and 5 maleates, the
synthesis method does not matter, and a similarly good result is obtainable for either way.
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In case of 4-MA a pure, single-phase maleate cannot be obtained regardless of whether
mechanochemical or classical solvent crystallization is used. The most interesting effects
are certainly present for 2-MA * H20 and 2-MA, (rac)-3-MA-I and (rac)-3-MA-II, as well
as (§)-3-MA * H:0. The 2 maleates are an example where mechanochemically an anhy-
drous salt is formed, while the solvent route leads to a salt hydrate. However, both sys-
tems are easily distinguishable, and we could not find evidence for phase transitioning or
decomposition over time in them. Solubility experiments showed that both increase the
solubility of 2 in a similar manner. Forms I and II of (rac)-3-MA are a more difficult case.
In the conducted experiments it was not possible to obtain a completely pure entity of
either modification. While it appears that I, given enough time, undergoes a phase transi-
tion to II a full conversion could not be observed. The mechanochemical route can seem-
ingly lead to (rac)-3-MA-I with greater likelihood, but this could only be achieved once
out of three grinding samples and the cause for this is unclear. Here, a completely different
route should be established to reliably obtain the observed polymorphs. The highest im-
pact of the synthesis route is maybe present in case of (S§)-3-MA * H20. Contrary to its
(rac)-3 based counterpart the same phase is always observable by diffraction and IR anal-
yses of grinding and solvent evaporation products. Still, large discrepancies were rec-
orded concerning their thermodynamic properties. The mechanochemical product is a
powder, melts higher and with a sharper melting signal but the maximum solubility of
the product is lower. The solvent product is of a moist and pasty consistency, melts lower
and irregularly, but shows higher overall solubility after the same time frame compared
to the grinding sample. Even if maximum solubility is higher in the solution form there is
a clear advantage of the milling route in this case. The processability of the milling product
is much better and why should time and energy be spent on drying pasty solvent grown
(5)-3-MA + H20 when it could be produced mechanochemically instantly and in a uni-
form condition? Both solubilities are very high compared to pure (5)-3 regardless. The
choice of the crystal synthesis route can affect the received product quite impactfully and
should be reconsidered for each new product.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/sl, Figure S1: Powder pattern comparison of (a) recorded GABA pattern, (b)
GABA maleate as produced from aqueous solution, (c) GABA maleate pattern simulated by single
crystal data, (d) GABA maleate as produced by neat grinding, and (e) recorded maleic acid pattern.
A 20 range from 5 - 40 ° is depicted.; Figure 52: FT-IR spectra of (a) GABA, (b) GABA maleate as
produced from aqueous solution, (c) GABA maleate as produced by neat grinding and (d) maleic
acid. Spectra are recorded between 4000 cm™! — 400 cm,; Figure S3: Powder pattern comparison of
(a) recorded Gabapentin pattern, (b) Gabapentin maleate hydrate as produced from aqueous solu-
tion, (c) Gabapentin maleate hydrate pattern simulated by single crystal data with hkl =04 0 and
March-Dollase parameter of 0.5, (d) Gabapentin maleate as produced by neat-grinding, and (e) rec-
orded Gabapentin pattern. A 2@ range from 5 — 40 ° is depicted.; Figure S4: Powder pattern com-
parison of (a) recorded Gabapentin pattern, (b) Gabapentin maleate as produced by neat grinding,
(c) Gabapentin maleate hydrate and maleate mixture as produced by liquid-assisted grinding, (d)
Gabapentin maleate hydrate as produced from aqueous solution and (e) recorded maleic acid pat-
tern. A 20 range from 5-40 ° is depicted.; Figure S5: FT-IR spectra of (a) Gabapentin, (b) Gabapentin
maleate hydrate as produced from aqueous solution, (c) Gabapentin maleate as produced by neat
grinding and (d) maleic acid. Spectra are recorded between 4000 cm™ — 400 em™,; Figure 56: Powder
pattern comparison of (a) recorded (rac)-Pregabalin pattern, (b) (rac)-Pregabalin maleate as pro-
duced from aqueous solution, (c) (rac)-Pregabalin maleate I pattern simulated by single crystal data
with hkl =4 15 2 and March-Dollase parameter of 4, (d) (rac)-Pregabalin maleate pattern produced
via neat grinding with higher content of II, and (e) recorded maleic acid pattern. A 20 range from 5
- 40 © is depicted.; Figure S7: Various recorded powder patterns of solvent grown (a), (b) as well as
mechanochemically prepared (d), (e) (rac)-Pregabalin maleates compared to the once received phase
containing more of form II (c).; Figure S8: FT-IR spectra of (a) (rac)-Pregabalin hydrate, (b) (rac)-
Pregabalin maleate as produced from aqueous solution, (c) (rac)-Pregabalin maleate as produced by
neat grinding containing more of form IT and (d) maleic acid. Spectra are recorded between 4000 cm!
- 400 cm,; Figure S9: FT-IR spectra of (a) (rac)-Pregabalin maleate as produced from aqueous solu-
tion after, days drying, (b) (rac)-Pregabalin maleate as produced from aqueous solution, two weeks
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drying, (c) (rac)-Pregabalin maleate as produced from aqueous solution, two weeks drying and sub-
sequent vacuum drying at 40 °C for 2 h, and (d) (rac)-Pregabalin maleate as produced by neat grind-
ing containing more of form II. Spectra are recorded between 4000 cm™ —400 cm™.; Figure S10: Pow-
der pattern comparison of (a) recorded (S)-Pregabalin pattern, (b) (S)-Pregabalin maleate hydrate as
produced from aqueous solution, (c) (S)-Pregabalin maleate hydrate pattern simulated by single
crystal data with hkl =011 and March-Dollase parameter of 2, (d) (S)-Pregabalin maleate hydrate
as produced by liquid-assisted grinding and (e) recorded maleic acid pattern. A 20 range from 5 -
40 ° is depicted.; Figure S11: Powder pattern comparison of (a) recorded (S)-Pregabalin pattern, (b)
(S)-Pregabalin maleate hydrate as produced by liquid-assisted grinding, (c) (5)-Pregabalin maleate
pattern produced by neat grinding and (d) recorded maleic acid pattern. A 2@ range from 5 — 40 °
is depicted.; Figure S12: FT-IR spectra of (a) (S)-Pregabalin, (b) (S)-Pregabalin maleate hydrate as
produced from aqueous solution, (c) (S)-Pregabalin maleate hydrate as produced by liquid-assisted
grinding and (d) maleic acid. Spectra are recorded between 4000 cm™ — 400 cm™.; Figure 513: FT-IR
spectra of (a) (S)-Pregabalin maleate hydrate as produced from aqueous solution, three days drying,
(b) (S)-Pregabalin maleate as produced from aqueous solution, vacuum drying and (c) (S)-Pregaba-
lin maleate hydrate as produced by liquid-assisted grinding. Spectra are recorded between 4000 cm!
— 400 cm!.; Figure 514: Powder pattern comparison of (a) recorded Phenibut pattern, (b) Phenibut
maleate as produced from aqueous solution, (c) Phenibut maleate pattern simulated by single crys-
tal data with hkl =18 1 and March-Dollase parameter of 0.65, (d) Phenibut maleate as produced by
neat grinding and (e) recorded maleic acid pattern. A 2@ range from 5 - 40 ° is depicted.; Figure 515:
FT-IR spectra of (a) Phenibut, (b) Phenibut maleate as produced from aqueous solution, (c) Phenibut
maleate as produced by neat grinding and (d) maleic acid. Spectra are recorded between 4000 cm™
— 400 cm™; Figure S16: Powder pattern comparison of (a) recorded Baclofen pattern, (b) Baclofen
maleate as produced from aqueous solution, (c) Baclofen maleate pattern simulated by single crystal
data with hkl = 0 0 7 and March-Dollase parameter of 4, (d) Baclofen maleate as produced by neat
grinding and (e) recorded maleic acid pattern. A 2@ range from 5 - 40 ° is depicted.; Figure 517: FT-
IR spectra of (a) Baclofen, (b) Baclofen maleate as produced from aqueous solution, (c) Baclofen
maleate as produced by neat grinding and (d) maleic acid. Spectra are recorded between 4000 cm!
- 400 em!,; Figure 518: Depiction of the asymmetric unit in each compound that could be character-
ized by SCXRD: (a) GABA maleate, (b) Gabapentin maleate hydrate, (c) (rac)-Pregabalin maleate,
(d) (S)-Pregabalin maleate hydrate, () Phenibut maleate, and (f) Baclofen maleate. Carbon atoms
are depicted in grey, hydrogen atoms in white, nitrogen atoms in blue, oxygen atoms in red, and
chlorine atoms in green. Hydrogen bonds occurring in the asymmetric units are shown as light blue
dotted lines.; Figure 519: 'H-NMR spectrum of GABA recorded in D20 at 600 MHz.; Figure 520: 'H-
NMR spectrum of Gabapentin recorded in D20 at 600 MHz.; Figure 521: "H-NMR spectrum of (S)-
Pregabalin recorded in D20 at 600 MHz. Also represents (rac)-Pregabalin.; Figure 522: H-NMR
spectrum of Phenibut recorded in D20 at 600 MHz.; Figure S23: '"H-NMR spectrum of Baclofen rec-
orded in D20 at 600 MHz,; Figure 524: '"H-NMR spectrum of GABA maleate recorded in D20 at 600
MHz. Sample grown from solution.; Figure 525: '"H-NMR spectrum of Gabapentin maleate hydrate
recorded in D20 at 600 MHz.; Figure 526: '"H-NMR spectrum of Gabapentin maleate recorded in
D20 at 600 MHz.; Figure 527: "H-NMR spectrum of (rac)-Pregabalin maleate recorded in D20 at 600
MHz. Sample grown from solution.; Figure 528: "TH-NMR spectrum of (rac)-Pregabalin maleate rec-
orded in D20 at 600 MHz. Sample grown via grinding.; Figure 529: 'TH-NMR spectrum of (S)-Pregab-
alin maleate hydrate recorded in D20 at 600 MHz. Sample grown from solution.; Figure 530: 'H-
NMR spectrum of (S)-Pregabalin maleate hydrate recorded in D20 at 600 MHz. Sample grown via
grinding.; Figure 531: 'TH-NMR spectrum of Phenibut maleate recorded in D20 at 600 MHz. Sample
grown from solution.; Figure S32: '"H-NMR spectrum of Baclofen maleate recorded in D20 at 600
MHz. Sample grown from solution.; Table S1: Single crystal measurement details for GABA male-
ate.; Table S2: Single crystal measurement details for Gabapentin maleate hydrate.; Table S3: Single
crystal measurement details for (rac)-Pregabalin maleate.; Table S4: Single crystal measurement de-
tails for (S)-Pregabalin maleate hydrate.; Table S5: Single crystal measurement details for Phenibut
maleate.; Table S6: Single crystal measurement details for Baclofen maleate.; Table S7: Solubilities
of GABA and its derivatives on their own and in form of the investigated maleates and their stand-
ard deviations. The integral borders for the product peaks used for solubility calculations of samples
51— 53 are given.
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Supporting Information

Maleic Acid as a Co-former for Pharmaceutically
Active GABA Derivatives

Daniel Komisarek, Ebru Taskiran and Vera Vasylyeva*

1 GABA maleate

Table S1. Single crystal measurement details for GABA maleate.

Parameters 1-MA

Formula Cg Hia N O¢
Formula moiety CsHio N 02, CsHz Oy
M; [g mol"'] 219.19
Temperature [K] 100(1)
System/space group monoclinic, P2i/c
a (A) 5.5757(1)

b (A) 6.6352 (1)

c (A) 26.3554(5)

B () 94.060(2)

V (A3 972.59(3)

Z/Z 41

Density [g/cm?®] 1.497

M [mm] 1.121

Tmin/Tmax 093836/ 093836
F (000) 464

Crystal size [mm] 0.2-0.19-0.05
20 range [°] 3.4-67.0
Completeness [%] 100.0

Recorded refl. 9108
Independent refl. 1744
Goodness-of-fit F? 1.050

X-Ray Source Cu Ka (A =1.54184)
R+ [%] 'wWR:2 [%] /S 2.96/ 8.02/ 1.05

GABA maleate was received by either crystallization from aqueous solution or neat grinding of
equimolar amounts of GABA and maleic acid (516 mg, 5 mmol and 581 mg, 5 mmol). The

same product is received in both cases.
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Figure S1. Powder pattern comparison of (a) recorded GABA pattern, (b) GABA maleate as produced from aqueous
solution, (c) GABA maleate pattern simulated by single crystal data, (d) GABA maleate as produced by neat
grinding, and (e) recorded maleic acid pattern. A 20 range from 5 — 40 ° is depicted.
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Figure S2. FT-IR spectra of (a) GABA, (b) GABA maleate as produced from aqueous solution, (¢) GABA maleate
as produced by neat grinding and (d) maleic acid. Spectra are recorded between 4000 cm’ — 400 cm.
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2 Gabapentin maleate hydrate

Table S2. Single crystal measurement details for Gabapentin maleate hydrate.

Parameters 2-MA « H:0
Formula Ci1aHaa N O7
Formula moiety Co Hig N Oz, C4 Hz O4, HO
M: [g mol] 305.32
Temperature [K] 100(1)
System/space group triclinic, P1

a (A) 6.0214(2)

b (A) 11.7991(6)

c (A) 12.1015(5)

a () 64.406(4)

B(°) 80.251(3)

Y (%) 83.629(4)

V (A3) 763.52(6)

iz 2/

Density [g/cm?] 1.328

M [mm] 0.913

Tmin/Tmax 0.88604/ 0.88604
F (000) 328

Crystal size [mm] 0.38-0.33-0.07
26 range [°] 42 —-67.1
Completeness [%] 98.8

Recorded refl. 7622
Independent refl. 2686
Goodness-of-fit F? 1.053

X-Ray Source Cu Ka (A=1.54184)
R1 [%] /WR2 [%] /S 3.71/10.27/1.05

Gabapentin maleate hydrate was received by crystallization of equimolar amounts of
Gabapentin and maleic acid from agueous solution and an anhydrous form was received via
neat grinding of equimolar amounts of Gabapentin and maleic acid (685 mg, 4 mmol and
464 mg, 4 mmol). Both products show clear differences in PXRD patterns as well as FT-IR
spectra. Attempts at producing Gabapentin maleate hydrate through liquid-assisted grinding
result in a phase mixture of the maleate and the maleate hydrate.
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Figure S3. Powder pattern comparison of (a) recorded Gabapentin pattern, (b) Gabapentin maleate hydrate as
produced from aqueous solution, (c) Gabapentin maleate hydrate pattern simulated by single crystal data with hk!

=040 and March-Dollase parameter of 0.5, (d) Gabapentin maleate as produced by neat-grinding, and (e) recorded
Gabapentin pattern. A 20 range from 5 — 40 ° is depicted.
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Figure S4. Powder pattern comparison of (a) recorded Gabapentin pattern, (b) Gabapentin maleate as produced
by neat grinding, (c) Gabapentin maleate hydrate and maleate mixture as produced by liquid-assisted grinding, (d)
Gabapentin maleate hydrate as produced from aqueous solution and (e) recorded maleic acid pattern. A 2@ range
from 5 — 40 °is depicted.
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Figure S5. FT-IR specira of (a) Gabapentin, (b) Gabapentin maleate hydrate as produced from aqueous solution,
(c) Gabapentin maleate as produced by neat grinding and (d) maleic acid. Spectra are recorded between 4000 cm’
—400cm.
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3 (rac)-Pregabalin maleate

Table S3. Single crystal measurement details for (rac)-Pregabalin maleate.

Parameters (rac)-3-MA-|
Formula Ci2 Hz21 N Os
Formula moiety CgHig N Oz, C4H3 N Oy
M [g mol] 275.30
Temperature [K] 100(1)
System/space group | triclinic, P1

a (A) 5.8681(2)

b (A) 11.1369(3)

c (A) 11.2720(3)

a(°) 88.527(2)

B (°) 79.402(2)

vy (©) 75.521(2)

V (A%) 700.93(4)

iz 21

Density [g/cm?] 1.304

M [mm] 0.882

Tmin/Tmax 0.97036/ 0.97036
F (000) 296

Crystal size [mm] 0.22-0.11-0.02
26 range [°] 4.0-67.1
Completeness [%] 99.5

Recorded refl. 16382
Independent refl. 2484
Goodness-of-fit F? 1.075

X-Ray Source Cu Ka (A =1.54184)
R1 [%] /WR2 [%] /S 4.23/11.35/1.08

(rac)-Pregabalin maleate mixtures of form | and Il were received by either crystallization from
agueous solution or neat grinding of equimolar amounts of (rac)-Pregabalin hydrate and maleic
acid (637 mg, 4 mmol and 464 mg, 4 mmol). The same product is received in both cases,
though in one grinding experiment the content of form |l was higher. IR-spectra highlight phase
shifts between the two forms.
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Figure S6. Powder pattern comparison of (a) recorded (rac)-Pregabalin pattern, (b) (rac)-Pregabalin maleate as
produced from aqueous solution, (c) (rac)-Pregabalin maleate | pattern simulated by single crystal data with hkl =
4 15 2 and March-Dollase parameter of 4, (d) (rac)-Pregabalin maleate pattern produced via neat grinding with
higher content of Il, and (e) recorded maleic acid pattern. A 20 range from 5 — 40 ° is depicted.
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Figure S7. Various recorded powder patterns of solvent grown (a), (b) as well as mechanochemically prepared (d),
(e) (rac)-Pregabalin maleates compared to the once received phase containing more of form Il (c).
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Figure S8. FT-IR spectra of (a) (rac)-Pregabalin hydrate, (b) (rac)-Pregabalin maleate as produced from aqueous
solution, (c) (rac)-Pregabalin maleate as produced by neat grinding containing more of form Il and (d) maleic acid.
Spectra are recorded between 4000 cm'’ — 400 cm'.
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Figure S9. FT-IR spectra of (a) (rac)-Pregabalin maleate as produced from aqueous solution after, days drying, (b)
(rac)-Pregabalin maleate as produced from aqueous solution, two weeks drying, (c) (rac)-Pregabalin maleate as
produced from aqueous solution, two weeks drying and subsequent vacuum drying at 40 °C for 2 h, and (d) (rac)-
Pregabalin maleate as produced by neat grinding containing more of form Il. Spectra are recorded between
4000 cm™ — 400 cm’,
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4 (S)-Pregabalin maleate * H-O

Table 84. Single crystal measurement details for (S)-Pregabalin maleate hydrate.

Parameters (S5)-3-MA « H:0
Formula Co4 Has N2 Oq3
Formula moiety 2(Cs Hig N Oy), 2(C4 Hz O4), 2(H20 * 0.5)
M: [g mol] 568.61
Temperature [K] 100(1)
System/space group | monoclinic, C2
a(A) 29.9006(3)

b (A) 5.5788(1)

c (A 18.0925(2)

B (°) 102.615(1)

V (A% 2945.14(7)

ZiZ 4/2

Density [g/cm®] 1.282

H [mm™] 0.881

Tmin/Tmax 0.629/ 1.000

F (000) 1224

Crystal size [mm] 0.52-0.10 - 0.06
20 range [°] 25-671
Completeness [%] 99.9

Recorded refl. 44205
Independent refl. 5271

Flack x 0.01(3)
Goodness-of-fit F? 1.033

X-Ray Source Cu Ka (A=1.54184)
R1 [%] /wR:2 [%] /S 3.50/9.02/1.03

(S)-Pregabalin maleate hydrate was received by either crystallization from aqueous solution
or liquid-assisted grinding of equimolar amounts of (S)-Pregabalin and maleic acid (477 mg
3 mmol and 384 mg 3 mmol). The same product is received in both cases, though the presence
of water is visible in FT-IR spectra of samples grown through solvent evaporation. Attempts
at producing (S)-Pregabalin maleate hydrate through neat grinding result in lower crystallinity
and an incomplete conversion of the co-formers. The solvent product can be dried at 40 °C
under vacuum conditions of 10 bar.
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Figure S10. Powder pattern comparison of (a) recorded (S)-Pregabalin pattern, (b) (S)-Pregabalin maleate hydrate
as produced from aqueous solution, (c) (S)-Pregabalin maleate hydrate pattern simulated by single crystal data
with hkl = 0 1 1 and March-Dollase parameter of 2, (d) (S)-Pregabalin maleate hydrate as produced by liquid-
assisted grinding and (e) recorded maleic acid pattern. A 20 range from 5 — 40 ° is depicted.
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Figure S11. Powder pattern comparison of (a) recorded (S)-Pregabalin pattern, (b) (S)-Pregabalin maleate hydrate
as produced by liquid-assisted grinding, (c) (S)-Pregabalin maleate pattern produced by neat grinding and (d)
recorded maleic acid pattern. A 20 range from 5 — 40 ° is depicted.
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Figure §12. FT-IR spectra of (a) (S)-Pregabalin, (b) (S)-Pregabalin maleate hydrate as produced from aqueous
solution, (c) (S)-Pregabalin maleate hydrate as produced by liquid-assisted grinding and (d) maleic acid. Spectra
are recorded between 4000 cm’’ — 400 cm'.

(a)

(b)

(©)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [cm']

Figure S13. FT-IR spectra of (a) (S)-Pregabalin maleate hydrate as produced from aqueous solution, three days
drying, (b) (S)-Pregabalin maleate as produced from aqueous solution, vacuum drying and (c) (S)-Pregabalin
maleate hydrate as produced by liquid-assisted grinding. Spectra are recorded between 4000 cm’” — 400 cm.
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5 Phenibut maleate

Table S5. Single crystal measurement details for Phenibut maleate.

Temperature [K]
System/space group
a (A)

b (A)

c (A)

B ()

V (A3)

21z

Density [g/cm?®]

p [mm™]

Tmin/Tmax

F (000)

Crystal size [mm]
20 range [°]
Completeness [%]
Recorded refl.
Independent refl.
Goodness-of-fit F?
X-Ray Source

R1 [%] 'WR2 [%] /S

Parameters 4-MA

Formula Cia Hi7 N Os

Formula moiety Cio H1a N Oz, C4 H3 O4
M; [g mol] 295.28

100(1)
monoclinic, P21/c
5.7053(1)
36.4004(5)
7.2941(2)
112.200(2)
1402.51(5)

41

1.398

0.932

0.77073/ 1.00000
624

0.21-0.17 - 0.08
24-779

98.9

15078

2748

1.117

Cu Ka (A =1.54184)
4.22/10.10/ 1.12

Phenibut maleate was received by either crystallization from aqueous solution or liquid-

assisted grinding of equimolar amounts of Phenibut and maleic acid (717 mg, 4 mmol and

464 mg, 4 mmol). Both received phases must be considered impure as they do not fit the

powder pattern simulated by single crystal data.
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Figure S14. Powder pattern comparison of (a) recorded Phenibut pattern, (b) Phenibut maleate as produced from
aqueous solution, (¢) Phenibut maleate pattern simulated by single crystal data with hkl = 1 8 1 and March-Dollase
parameter of 0.65, (d) Phenibut maleate as produced by neat grinding and (e) recorded maleic acid pattern. A 20
range from 5— 40 °is depicted.
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Figure S15. FT-IR spectra of (a) Phenibut, (b) Phenibut maleate as produced from aqueous solution, (c) Phenibut
maleate as produced by neat grinding and (d) maleic acid. Spectra are recorded between 4000 cm’ — 400 cm''.
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6 Baclofen maleate

Table S6. Single crystal measurement details for Baclofen maleate.

Temperature [K]
System/space group
a (A)

b (A)

c (A)

B ()

V (A3)

21z

Density [g/cm®]

p [mm™]

Tmin/Tmax

F (000)

Crystal size [mm]
20 range [°]
Completeness [%]
Recorded refl.
Independent refl.
Goodness-of-fit F2
X-Ray Source

R1 [%] 'WR2 [%] /S

Parameters 5-MA

Formula CisHis CIN Og

Formula moiety Cio Hiz3 CIN Oz, C4 H3 O4
M; [g mol] 329.73

100(1)
monoclinic, P21
5.7000(1)
13.5881(2)
9.6176(1)
106.886(1)
712.787(18)

21

1.536

2.667
0.96014/0.96014
344

0.21-0.11 - 0.06
48-67.1

99.8

7998

2279

1.093

Cu Ka (A =1.54184)
2.71/6.85/1.09

Baclofen maleate was received by either crystallization from aqueous solution or neat grinding

of equimolar amounts of Baclofen and maleic acid (641 mg, 3 mmol and 348 mg, 3 mmol). The

same product is received in both cases, though the crystallinity is lower in the milling product

of Baclofen maleate.
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Figure S16. Powder pattern comparison of (a) recorded Baclofen pattern, (b) Baclofen maleate as produced from
aqueous solution, (c) Baclofen maleate pattern simulated by single crystal data with hkl = 0 0 7 and March-Dollase
parameter of 4, (d) Baclofen maleate as produced by neat grinding and (e) recorded maleic acid pattern. A 20
range from 5— 40 °is depicted.
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Figure S17. FT-IR specira of (a) Baclofen, (b) Baclofen maleate as produced from aqueous solution, (c) Baclofen
maleate as produced by neat grinding and (d) maleic acid. Spectra are recorded between 4000 cm’' — 400 cm’'.
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(e) (f)

¢ <

Figure S18. Depiction of the asymmetric unit in each compound that could be characterized by SCXRD: (a) GABA
maleate, (b) Gabapentin maleate hydrate, (c) (rac)-Pregabalin maleate, (d) (S)-Pregabalin maleate hydrate, (e)
Phenibut maleate, and (f) Baclofen maleate. Carbon atoms are depicted in grey, hydrogen atoms in white, nitrogen
atoms in blue, oxygen atoms in red, and chlorine atoms in green. Hydrogen bonds occurring in the asymmetric units
are shown as light blue dotted lines.

7 Solubility determination details

Solubilities were determined with "H-NMR. Three samples for each single compound and three
samples for each received maleate gained through grinding or solvent crystallization were
prepared. For this, dispersions of the investigated compounds in water were prepared in such
a way that no complete dissolution would occur after three days at 25 °C in an incubator
shaking with 60 min'. Subsequently, 50 yL of liquid were removed from the samples and
added to 450 pL of D20 prepared in an NMR-tube. 'H-NMR measurements were conducted
on a Bruker Avance Il NMR-spectrometer at 600 MHz. Solubilities were determined by phase
and baseline correction of the received spectrum in MestReNova software x64 14.2.0,

application of D20 shift on the solvent peak from the MestReNova database. Integration of a

16

220



chosen signal in the received spectrum and further integration of the solvent signal. The latter
signal was always integrated in the borders of 5.000 — 4.600 ppm, the product signals were
integrated in as narrow a range as possible (Table S7). Trace water in D;O was considered
negligible. Solubilities were calculated by the following equation:

M,
5, = (ﬁpw) (1)

Where S;, is the solubility of the APl in gL', M; is the molar mass of the targeted APl in g mol,
lw is the value of the water integral received, n is an adjustment factor necessary if the product
integration value is not one (if integral product = 1, n = 1, if integral product > 1, n = 2 because
solvent is water), My is the molar mass of water in gmol™ and py is the density of water at 25 °C

ingL". Error was calculated as the standard deviation of the three recorded samples according

_ |Zx-%)?
V= \‘ (n-1) @

Here V is the standard deviation, x is the average of the three solubility values, x each single

to Equation 2.

solubility value and n the number of samples, three.

Table S7. Solubilities of GABA and its derivatives on their own and in form of the investigated maleates and their
standard deviations. The integral borders for the product peaks used for solubility calculations of samples S1 — S3
are given.

Sample Sp*V[gL'] | Int.Si[ppm] | Int.S2[ppm] | Int. S3[ppm]
MA 687 + 44 6.380 — 6.300 6.380 — 6.300 6.380 — 6.300
1 2261 + 22 1.875 -1.800 1.875-1.800 1.875-1.800
2 174 +7 2.440-2.410 2.440-2.410 2.440-2.410
(rac)-3 * H20 33+1 0.915-0.870 0.925-0.880 0.915-0.870
(9)-3 41 +1 0.915-0.870 0.915-0.870 0.920 - 0.875
4 15+0.3 7.475-7.340 7.475-7.340 7.475-7.340
5 3+01 7.475-7.340 7.475-7.340 7.475-7.340
1-MA_sol 704 + 60 1.930 - 1.850 1.930 - 1.850 1.920 - 1.840
1-MA_mill 680 + 46 1.930-1.850 1.930-1.850 1.925-1.845
2-MA « H20_sol 241 +8 2.530-2.500 2.530 -2.500 2.530-2.500
2-MA_mill 218+8 2.530-2.500 2.530 -2.500 2.530-2.500
(rac)-3-MA_sol 719 +£10 0.870-0.815 0.870-0.815 0.870-0.815
(rac)-3-MA_mill 559 + 19 0.880 — 0.800 0.880 — 0.800 0.880 - 0.800
(S)-3-MA-« Hz0_sol 977 79 0.860 — 0.805 0.860 — 0.805 0.860 — 0.805
(S)-3-MA« H20_mill 809 +8 0.860 — 0.805 0.860 — 0.805 0.860 — 0.805
4-MA_sol 124 +4 7.475-7.340 7.475-7.340 7.475-7.340
4-MA_mill 1288 7.475-7.340 7.475-7.340 7.475-7.340
5-MA_sol 6+£0.3 7.475-7.340 7.475-7.340 7.475-7.340
5-MA_mill 6+£06 7.480 — 7.330 7.480 —7.330 7.480-7.330

Chosen 'H-NMR spectra recorded for these solubility measurements are shown in Figures
S18 - S31.
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Figure S19. "H-NMR spectrum of GABA recorded in D20 at 600 MHz.
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Figure §19. "H-NMR spectrum of Gabapentin recorded in D20 at 600 MHz.
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Figure S20. "H-NMR spectrum of (S)-Pregabalin recorded in D=0 at 600 MHz. Also represents (rac)-Pregabalin.
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Figure S21. "H-NMR spectrum of Phenibut recorded in D20 at 600 MHz.
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Figure S22, "H-NMR spectrum of Baclofen recorded in D20 at 600 MHz.
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Figure §23. "H-NMR spectrum of GABA maleate recorded in D20 at 600 MHz. Sample grown from solution.
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Figure S25. 'H-NMR spectrum of Gabapentin maleate recorded in D20 at 600 MHz.
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Figure S24, 'H-NMR spectrum of Gabapentin maleate hydrate recorded in D20 at 600 MHz.
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Figure S26. "H-NMR spectrum of (rac)-Pregabalin maleate recorded in D:0 at 600 MHz. Sample grown from
solution.
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Figure S27. 'H-NMR spectrum of (rac)-Pregabalin maleate recorded in D=0 at 600 MHz. Sample grown via
grinding.

22

226



(S)-Pregabalin Maleate ¢ F E

g D

*H N coo

>
> O
uy)

A
E D m
m sept B
F \ c M
d sept
. J—- ~ .J!L_A = —
19.52 2.012.050.96 0.96 2.01 6.00
7 6 5 4 3 2 1 (

Chemical Shift (ppm)

Figure S29. "H-NMR spectrum of (S)-Pregabalin maleate hydrate recorded in D20 at 600 MHz. Sample grown from
solution.
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Figure $28. 'H-NMR spectrum of (S)-Pregabalin maleate hydrate recorded in D=0 at 600 MHz. Sample grown via
grinding.
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Figure S29. "H-NMR spectrum of Phenibut maleate recorded in D20 at 600 MHz. Sample grown from solution.
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Figure 830. 'H-NMR spectrum of Baclofen maleate recorded in D20 at 600 MHz. Sample grown from solution.
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3.5 Understanding Polymorphism and Multicomponent Crystal
Formation of GABA and Gabapentin
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In the last paper, the polymorphism and multicomponent system formation behaviour
with fumaric and succinic acids of GABA and Gabapentin were investigated. Using
multiwfn, a comprehensive analysis of the non-covalent interactions in the crystal
lattices of eleven crystal species was carried out. It was shown how the HBs in the
polymorphs of GABA and Gabapentin exhibit very similar patterns and bond strengths.
On the basis of this, an explanation for polymorphic phase changes in these
substances was presented. For comparison, it was shown that the introduction of
carboxylic acids into the crystallization process leads to the formation of a very strong
HB, which subsequently has a directing influence on the remaining binding motif. The
publication highlights a possible solution to the problem of unstable polymorphs via

multicomponent phase formation.
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ABSTRACT

This study aims to enhance the understanding of polymorphism and multicomponent crystal
formation in single- and multicomponent species of y-amino butanoic acid (GABA) and its
pharmaceutically active derivative Gabapentin. Indicators of phase stability in these compounds
are discussed around intermolecular interactions, molecular conformations, and crystallization
environment. Through the atoms in molecules (AIM) model in conjunction with non-covalent
interactions (NCIs) analyses of polymorphs, hydrates and multicomponent crystals, hydrogen
bond (HB) strengths are quantified. Salts and co-crystals of both GABA and Gabapentin with
fumaric- as well as succinic acid serve as models to highlight how strong HBs in solid-phase
GABA analogues serve as the motif directing force. Reoccurring comparisons to recent literature
point out decisive commonalities in crystallization behavior of zwitterionic GABA-derivatives,
which shows how they can and should be understood as a whole, for possible related future

products.
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INTRODUCTION

Understanding of the solid phase remains a topic of high interest in crystal engineering of
manifold applications and co-crystallization and polymorphism control are in demand for
optimization of materials such as polymers', batteries,” luminescent compounds,® or high energy
substances.*> However, production of a reliable phase is a core objective especially in
pharmaceutics. Bernstein and Dunitz’s work on disappearing polymorphs of 1995 as well as
Bernstein’s 2015 follow up on the same topic could be considered classics of literature in crystal
engineering at this point.®’ Still, more recent research is conducted providing either a broad

89 or specific outlook concerning single substances.!*!! Additionally, emerging as well

overview,
as established techniques in crystal synthesis control are continuously updated.'?'* With growing
accessibility and increasingly higher performances of computational methods they become more
prevalent, refined, and more numerous in their uses. Examples include approachable programs like
T. Lus multiwfn which enables atoms in molecules (AIM) analyses as well as non-covalent
interaction (NCI) plotting and other useful applications.'>”'7 Furthermore, there are many tools
implemented into the popular Cambridge Crystallographic Data Centre’s (CCDC) Mercury
software which provide, among numerous other uses, applications such as polymorphic- or co-
crystal screening.'® Even Density Functional Theory (DFT) based programs like Giannozzi’s
Quantum Espresso (QE) or the popular Gaussian software show increased usage as well as
performance.'®?° Recent advancements on computational crystal structure evaluations include
insights in basics of the crystallization process,>'* but also in-depth studies specifically aimed to
describe properties of singular compounds of interest.>> *? A specific compound class that receives

attention for its structural behavior is that of small, zwitterionic amino acids. Glycine, which is the

simplest amino acid, has acclaimed some notoriety over the years for its unpredictability regarding
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its crystallization, being called ‘The Gift that Keeps on Giving’ by Boldyreva in 2021.3'37 While
not less interesting, the structurally related y-amino butanoic acid (GABA) has received less
attention. A Scifinder-n search of the terms ‘Glycine AND crystal’ and ‘GABA AND crystal’ leads
to 12331 and 858 results respectively, as of November 2022. GABA is a nonessential amino acid
acting as a neurotransmitter inhibitor and is linked to sleep and stress relieve, with a variety of
GABA-receptors named after the compound.®*!' Crystal structure determinations of the
polymorphic I- and TI-GABA forms reach back as far as to the 1970’s and 90’s,*** but recently,
Wang et al. have found strong evidence on the existence of a III-form in their 2020 contribution.**
In their work, they discuss the dihedral angle on GABA in congruence with interaction motifs in
the different polymorphs lattices. The topic of GABA polymorphs was last discussed by
Lamkowski et al. in a 2022 publication in light of pH-influences for the stabilization of II-
GABA.* A plethora of Pharmaceutically Active Ingredients (APls) are derived from GABA, such
as Pregabalin, Phenibut, Baclofen and Gabapentin, which have all been discussed regarding their
crystal structure over time.**>” Gabapentin stands out as a reliable medication, popularly used for
nearly 30 years. It’s primary applications include anti-epileptic capabilities as well as uses in the
treatment of neuropathic- and inflammatory pain.’®° Its crystallization was widely studied over

61-66 a5 well as co-crystallization behavior.®”"" Regarding its

time including its polymorphism,
polymorphism the conformational direction in its GABA moiety is brought up time and again,

lastly in 2022 by Liu and colleagues.”" In their study the polymorphic phase transfer is explained

by careful analysis of Gabapentin conformations in solvent environments. The present study aims
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to enhance the existing understanding of polymorphism in GABA (1) and Gabapentin (2) and some

of their salts and co-crystals with fumaric- (3) and succinic acid (4) (Scheme 1).

/\/\ COOH
*HaN COO" *HsN coo HOOC/?/

HOOC/\/COOH
1 2 4

Scheme 1. Overview on the examined compounds. 1 = y-amino butanoic acid (GABA), 2 = Gabapentin, 3 = fumaric acid, 4 =
succinic acid.

The I- and II-modifications (P21/c and /4 cd) of GABA as well as the II- and IV-modifications
(P2i/c and C2/c) of Gabapentin are examined together with Gabapentin monohydrate (I-
Gabapentin) and six multicomponent entities. Nomenclature for GABA and Gabapentin is based
on the works by Liu et al. and Lamkowski et al. and their respective 2022 publications.**’! In
many previously held discussions on the present topic, factors like crystallization conditions and
molecular conformations as well as energetic contributions on a molecular as well as crystal phase
level were taken into consideration to describe phase stability for GABA and
Gabapentin, 244445:61.63-6671.72 On GABAs I- and II-forms it was shown that I-GABA crystallizes
readily from aqueous solution, while II-GABA requires the presence of an additive like acetic acid
for crystallization from solution or through liquid-assisted grinding. In case of Gabapentin the II-
as well as the I'V-form remain stable on their own once they are crystallized from the respective
solvents. However, Gabapentin readily converts to its hydrate modification when water is present
during the crystallization process. To enhance the understanding of how and why these processes

occur, different crystalline embodiments of GABA and Gabapentin were synthesized, including

polymorphs, a hydrate, salts and a co-crystal. The AIM model was used to calculate energy values
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for the direct sphere of interaction of each crystallographically independent molecule in all
investigated species. NCI based scatterplots were generated for these spheres of interactions and
single molecule/molecule interactions to understand the influence of strong hydrogen bonds (HBs)
on the crystallization product. Furthermore, the molecular dihedral angles on the GABA moieties
are compared. Influences on phase stability are evaluated under consideration of experimental
crystal growth conditions, energetic differences in polymorphs and energetic contributions of
strong and weak hydrogen bonds and molecular conformation of the GABA moiety in each

species.

EXPERIMENTAL SECTION

Synthesis:

Polymorphs & Hydrate of GABA and Gabapentin were synthesized via slow evaporation of
the solvent from different solution environments: I-GABA and Gabapentin « H.O were grown
from aqueous solution, II-Gabapentin was received from methanol, II-GABA and I'V-Gabapentin

were obtained from aqueous solution with 2 vol% acetic acid as an additive.

Salts and Co-Crystal were all synthesized by slow evaporation of the solvent from aqueous
solution. The 1:1-forms were prepared by dissolving equimolar amounts of either API with a
dicarboxylic acid, the 2:1-forms with double the amount of API. The following measures were
used: GABA fumarate (2:1) (1-3) with 206 mg (2 mmol) of 1 and 116 mg ( lmmol) of 3;
Gabapentin fumarate (2:1) (2-3a) with 342 mg (2 mmol) of 2 and 116 mg (1 mmol) of 3;
Gabapentin fumarate (1:1) (2-3b) with 171 mg (1 mmol) of 2 and 116 mg (1 mmol) of 3; GABA

succinate (2:1) (1-4a) 206 mg (2 mmol) of 1 and 118 mg ( Immol) of 4; GABA succinate (1:1)
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(1-4b) 103 mg (1 mmol) of 1 and 118 mg ( Immol) of 4; Gabapentin:succinic acid (2:1) (2-4) with

342 mg (2 mmol) of 2 and 118 mg ( Immol) of 4.

Characterization:

PXRD measurements were conducted on Rigaku Miniflex diffractometer in 6/260 geometry at

ambient temperature using Cu-Ka radiation (A =1,54182 A).

SCXRD measurements were conducted by choosing suited crystals from a sample and mounting
under oil. Diffraction data was collected using a Rigaku Synergy S diffractometer with Hybrid
Pixel Arrow detector with Cu-Ko radiation (A = 1.54182 A) at 100 K, or in the case of II-GABA
a Bruker Apex-II with Bruker Kappa APEX-II CCD area detector at 140 K. In each case, a
colorless plate-shaped crystal was measured. Data reduction and absorption correction were
performed using CrysAlisPRO v. 42 software, with numerical absorption correction based on
gaussian integration over a multifaceted crystal model and empirical absorption correction with
spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm.” Structure analysis
was performed through direct methods (SHELXT-2015), full-matrix least-squares refinements on
F2 were done using the SHELXL.2017/1 program package, and structure solution and refinements
were executed using Olex2-1.5 software.”*7° Hydrogen atoms were freely refined except for C-H
hydrogens in GABA-succinates (1:1) and (2:1) where the following atomic displacement
parameters where used: Uiso(Hcn)=1.2 Ueq. Furthermore, O1-H1 distance was fixed in GABA-
succinate 1:1 at 0.9 A with 6 of 0.09 A. The proton position could not be decisively determined
by single crystal x-ray analysis and thus the more likely variant (deprotonation of succinic acid,
protonation of GABA) based on similar systems was chosen. Lastly, a disorder is present on

Gabapentin-fumarate (2:1). A carboxyl oxygen O2 on Gabapentin is split over two positions parts
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02A (Occu: 0.58) and O2B (Occu: 0.42). For calculations a version of the file in which the disorder

was not resolved was used. CCDC numbers: 2240263-2240273.

FT-IR measurements were conducted on a Bruker Tensor 27 Fourier transformed IR

spectrometer in attenuated total reflectance mode in the range of 4000 cm™' to 400 cm™.

Computational methods:

Energy calculations for lattice energy differences were executed with Quantum Espresso (QE)
PWSCF v. 6.6 with Perdew—Burke-Emzerhot (PBE) model to calculate lattice energy differences
between the polymorphs of GABA and Gabapentin.?® The PBEsol basis set was used for atomic
pseudo potentials. Our approach described in a previous publication was applied.’® Calculations
of wave functions for further processing in multiwfn were performed with Gaussian v. 16, on the
B3LYP level of theory with the def2-TZVP basis set.'!” AIM and scatter-plot analyses were
conducted through multiwfn v. 3.8 and figures of NCI as well as the scatterplots were prepared in
VMD v. 1.9.4 and gnuplot v. 5.4 respectively.'>”” AIM analysis was applied for molecular
coordinates received from crystal structure analysis. Energy values were calculated for every
distinct hydrogen bond between each crystallographically independent molecule in the crystal
lattices of the investigated compounds. Interactions energies for charged and uncharged hydrogen

bonds were calculated based on the model proposed by Emamian et al. in 2019."

Additional software used includes Mercury 2022.3.0 for structural depictions based on received

.cif files and calculation of torsions,'® and PLATON for hydrogen bond analysis.”®

Chemicals were obtained from the following suppliers: GABA J&K Scientific, Gabapentin

abcr, succinic acid and fumaric acid TCIL.
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RESULTS AND DISCUSSION

Polymorphs of GABA and Gabapentin

To evaluate phase stability in polymorphs of 1 and 2, three common discussion points shall be
investigated: i) differences in lattice energy, ii) molecular conformations in dependence of the
crystallization environment and in the final product and iii) intermolecular interactions in the
crystal lattices of the various polymorphic modifications. Relative differences in lattice energies
(AE1x) between polymorphs I-1 and II-1 as well as II-2 and I'V-2 were calculated by applying
geometry optimization through QE on the recorded crystal structures of these compounds.
Subsequently, an energy value for the ideal solid state (Eis) of each system was received. By
adjusting such Ejs values for the number of formula units in the unit cell (Z) and subtraction

according to Equation 1 AEx values are received.

Eissl EissZ (1)

Z 4

AElat =

The obtained AEjy values are in a typical range for polymorphic substances as determined by
Nyman et al. in 2015.” Evaluation of lattice energy differences shows that polymorph I of 1 is
more stable by -1.94 kJmol! compared to form II-1, and that I1-2 is more stable by -3.49 kJmol™!
compared to I'V-2. If lattice energies were the only indicator of phase stability, II-1 and V-2
should undergo phase transitions to I-1 and I1-2 respectively. However, while such a transition
occurs for sublimation products of I1-1,*” crystallization of this form from aqueous solution with
acetic acid or by liquid-assisted grinding with acetic acid leads to a stable 1I-1 product.***> The
same can be said for 2 polymorphs, which are both obtainable by various means, but influences
such as temperature treatment or mechanical stress can induce solid-solid phase transitions here as

well.%=% Thus, a monotropic transition of II-1 to I-1, given the right crystal synthesis conditions,
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and differing enantiotropic transitions of 2 polymorphs have been reported in the literature. In this
work the less stable I'V-2 was also produced from aqueous solution with acetic acid and remains
stable over time once synthesized via this method. Previously, conformational changes on GABA
moieties of 1 and 2 have been connected to stability in different crystallization environments. A
depiction of torsion angles @i (N1-C4-C3-C2) and o2 (C1-C2-C3-C4) commonly used to
characterize GABA-conformations in conjunction with distinctive HBs in the discussed 1 and 2
modifications are presented in Figure 1. For 1 in form-I and IT an eclipse conformation is present,
@1 and @2 values are shifted, however. Song et al. have found that neither of both conformations is
especially favorable for dissolved zwitterionic 1 in an aqueous environment, but the state of I-1
can be considered more beneficial than that of 11-1.7% This is in accordance with our experimental

observations for I-1. In case of 2 Liu and colleagues have investigated conformational changes of

(a) 1 (b)

@, = 175.1(1)°

, = -72.8(1)° 9, = 173.0(1)3

(d)

g @1 =51.2(1)°

@, =-46.9(1)°

Figure 1. Torsion angles and distinctive hvdrogen bonds in (a) I-GABA, (b) II-GABA, (c) 1I-Gabapentin and (d) IV-Gabapentin.
Hydrogen bonds are depicted as black dotted lines, torsion angles as green dotted, oxygen atoms in red, nitrogen atoms in blue,
carbon atoms in grey and hydrogen atoms in white.
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the GABA moieties and cyclohexyl-residue in 2 polymorphs during crystallization in different
environments. They have established the role conformational changes play during the nucleation
and crystal growth process for these substances and explain how saturation and solvent
environment favor or disfavor the formation of various 2 polymorphs.”! Thus, the formation
process of the received form of 1 or 2 is significantly impacted by the crystallization environment
via stabilization of a conformational state that does not necessarily lead to the most stable solid
modification. The question remains, which factors lead to the higher energetic stabilization of form
I-1 and II-2 compared to II-1 and I'V-2 respectively? To identify factors of stability in the solid-
state it is necessary to understand the intermolecular interaction motifs. Strong charge-assisted
HBs stemming from the zwitterionic nature of all systems are the main occurring attractive force.
In each compound, three distinct HBs are formed that show very similar lengths and angles with
donor-acceptor distances between 2.7 — 2.8 A and angles between 158° — 179°. To quantify these
observations, AIM analyses was conducted on the various polymorphs and the model established
by Emamian et al. in 2019 was used to calculate bonding energies for the occurring HBs
(Table 1).'7 Calculated interaction energies for the assumed charged hydrogen bonds in II-1
quantify values between -42.87 kJmol-1 for the N1-H7...01 interaction and -56.37 kJmol-1 for
the N1-HS8...O1 interaction. All received interaction energies can be considered as strong HBs,
and except for II-1, two HBs in all the systems are >50 kJmol™. Even though the described HB
characteristics of all investigated species do not vary too much, the connectivity of each
crystallographically independent molecule does. In I-1 a dimer interaction motif connecting two
GABA molecules via their carboxylate as well as their ammonium units takes place. A similar
interaction is also present in IV-2, and in I1-2 three Gabapentin molecules are connected in this

manner. This HB motif is common among other GABA-related APIs as well and can be seen for
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Table 1. Overview on the strong, distinctive hydrogen bonds in the investigated GABA and Gabapentin polymorphs. The proton
acceptor distance, the donor acceptor distance, the bond angle and the binding energy calculated based on AIM analysis. Dimeric
or trimeric interactions are highlighted in bold script.

Compound [ H...A [A] | D...AA] | D-H..A [ | Ebona [kJ mol]

I-1

N1-H7...01 1.82(0) 2.734(2) 169(3) -54.83
N1-HS...01 1.81(1) 2.760(3) 168(5) 5537
N1-H9...02 1.85(3) 2.755(7) 163(1) -47.52
-1

N1-H7...01 1.94(3) 2.790(1) 172(2) -42.87
N1-HS...01 1.82(2) 2.753(3) 164(8) 5637
N1-H9...02 1.90(2) 2.743(9) 179(4) -46.88
11-2

N1-H5...01 1.80(2) 2.753(5) 168(0) -55.48
N1-H6...01 1.88(2) 2.778(3) 158(6) -48.73
NI1-H7...02 1.83(8) 2.746(7) 168(2) 5297
V-2

NI-H5...01 1.83(0) 2.769(2) 168(2) 53.87
N1-H6...01 1.87(9) 2.796(2) 164(1) -47.05
N1-H7...02 1.81(6) 2.733(8) 164(4) -54.65

example in Pregabalin forms,*** Phenibut,* or Baclofen.> This motif is noticeably missing in 1I-
1 and could be an explanation for why I-1 is more stable by AEi values. Similarly, the I1-2 trimer
compared to the IV-2 dimer might explain the AEi. here. However, HBs are not the only
interaction-type that occurs for these systems. NCI based scatterplot analyses of Interaction Region
Indicator (IRI) type as proposed by Lu et al.'® of the distinctive HBs in the discussed compounds
reveal the distribution of attractive and repulsive interactions in their structures (Figure 2). The
scatterplots highlight similarities on the distribution of strong HBs are in 1 and 2 polymorphs.
Additionally, it becomes obvious that repulsion is least prevalent in II-1 as a characteristic spike
in the repulsive region is entirely missing. Considerations of the interaction motif could explain
this observation. The otherwise very beneficial dimeric interaction brings GABA-chains into close
contact with each other, and not only subgroups with attractive potential (Figure 3). The molecular
orientation that enables the strongly binding HB motif also causes a larger degree of repulsion.
While strong HBs remain the most important force of attraction in the crystal structures of all the

discussed compounds, it could be the minimization of repulsion in congruence with a beneficial
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crystallization environment for the observed conformation that enables the formation of TI-1 under

the right conditions compared to I-1 in the same environment.
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Figure 2. Scatterplots of HB-interaction spheres of I-1 (a), -1 (b), II-2 (c) and IV-2 (d). On the x-axis, the dimensionless sign(42)p
function describes whether a close contact is attractive or repulsive. On the y-axis, the dimensionless Interaction Region Indicator
(IR1) fitnction describes the deviation of the electron density from homogenous distribution. Colors indicate occurring interaction
types: blue corresponds to hydrogen bonds, green to van-der-Waals interactions and red to intermolecular repulsion.
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Figure 3. NClI visualisation of a dimeric hydrogen bond interaction mode in I-1 (a) and 1I-2 (b). The color scale represents where
contacts are strongly attractive such as hydrogen bonds (blue), weakly attractive like van-der-Waals (green), or repulsive (red).

Monohydrate of Gabapentin (Gabapentin I)

The monohydrate of 2 is classified as its I-form,** and given its propensity to form if water is
present this does not seem surprising. While Lin et al. have reported that I-2 can be converted to
I1-2 under dry milling conditions for 2 h, we have found that the opposite can also be the case
(Figure 4). Attempting to neat grind II-2 for 30 min at 25 Hz with no additional additive’s led to

the formation of a phase mixture of II-2 and I-2.
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I1-Gabapenting,y
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Figure 4. Powder pattern of a mixture of I- and [I-Gabapentin received afier 30 min of neat grinding at 25 Hz. Paiterns were
recorded in a range of 5° — 40°.

The milling vessel was not heat-dried prior to this experiment and thus adsorbed water from either
the vessel walls or vapor from the air must have enabled the hydrate formation. Similar behavior
was observed for Baclofen and Phenibut in the past.*® Furthermore, solvent crystallization of 2
from aqueous solution without the using right additives leads to the formation of the hydrate.
Taking into consideration the conducted structural observations on 1 and 2 polymorphs the
formation of I-2 appears unlikely at first (Figure 5). Investigation of the interaction motif reveals
the absence of any dimers which were deemed as a beneficial interaction motif in I-1, 1I-2 and
IV-2. Additionally, the scatter plot indicates no noteworthy absence of repulsion. Instead of only
three distinctive HBs all occurring between ammonium and carboxylate subgroups there are six

different HBs formed.

15

246



(a) (b)
¢, =170.7(1)°
50 0.02
(€) - (d)
0k ' 2.000e-02
35 0.00
g 0 6.250e-03
& 25 =0.01
E 2.0
= . -7.500e-03
1w —0.03 -2.125e-02
0.5
0.0m I~ 0 @ - - @ 0 el -3.500e-02
2 5 & 8 3 3 8 8
$ ¢ % § § s s s
Signiiz)p (au)

Figure 5. Selected structural properties of I-2. The distinctive hydrogen bonds for each independent 2 molecule and their torsions
o1 and @2 (a), distinctive hydrogen bonds for each independent water molecule (b), scatterplot of interactions for motif depicted in
(b) (c), and hydrogen bond between water and 2 with water as donor, highlighting the strength of this interaction (d).

Two HBs occur between carboxylate and ammonium subunits of 2 molecules, a bifurcated HB

exists between N1-H7...03 of two water molecules and water further connects to two carboxylate

oxygens through its hydrogens. The scatterplot indicates the presence of stronger HBs than in the

anhydrous polymorphs. Quantification of the hydrogen bond strengths shows that N1-H6...01

and those involving water as a HB-donor are surprisingly beneficial (Table 2).

Table 2. Overview on the strong, distinctive hydrogen bonds in Gabapentin monohydrate. The proton acceptor distance, the donor
acceptor distance, the bond angle and the binding energy calculated for charged HBs are shown.

1-2 H...A [A] | D..A[A] | D-H..A[° | Ebona [kJ mol']

N1-H5...01 1.88(3) 2.842(2) 166(2) -51.46
N1-H6...01 1.73(2) 2.752(2) 173(2) -66.71
N1-H7...03 1.99(3) 2.802(2) 152(3) -37.01
N1-H7...03 2.53(3) 3.051(2) 118(2) -16.67
03-H18...02 1.85(3) 2.746(2) 170(3) -48.70
03-H19...02 1.82(3) 2.752(2) 176(2) -49.12
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With a binding energy of -66.71 kJmol!, N1-H6...01 surpasses any HB in anhydrous 1 or 2 forms
by more than 10 kJmol!. As such it seems likely that the multitude of strong HBs formed, even
those involving water as a donor and especially the strong N1-H6...01 interaction are the reason
why I-2 has such a propensity to form in the presence of water. The HB motif of I-2 indicates that
intermolecular attraction strength becomes the main force in dictating the structural makeup as no

sufficiently strong competing influences take place.

Multicomponent systems with fumaric acid (3)

The introduction of a co-former with the potential to form strong hydrogen bonds appears to
confirm the conducted observations regarding the crystal structural makeup for 1 and 2 based
systems. In all presented fumarates an anhydrous salt is formed, where 3 is deprotonated once or
twice and carboxylate residues of 1 or 2 are protonated to carboxyl groups. However, the influence
of the crystallization environment remains intact in so far that the chosen amount of 3 can affect
which salt of 2 is received, the 2:1-form 2-3a or its 1:1 modification 2-3b. Depending on the
amount of 3 introduced into the supramolecular crystallization, one or the other form is favored
(Figure 6). Salt 2-3b is formed once enough 3 is present, with 2-3a only being produced when this
amount is exceeded. The packing motif is more comparable in 1-3 and 2-3b than between the 2
salts. There are four distinctive HBs formed in each case, one via the 1 or 2 carboxyl to a 3
carboxylate and further three for each ammonium hydrogen to a different 3 carboxylate oxygen
(Figure 7). Thus, it appears that in a 2:1 system 3 molecules become deprotonated from both sides
and adducts with either 1 or 2 molecules are formed. The ammonium residue enables a three-
dimensional connection of this motif. Concerning the torsion angles, no clear relation to

polymorphs or hydrate of 1 and 2 can be observed.
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Gabapentin:fumaric acid (1:1)

Gabapentin:fumaric acid (4:3)

Gabapentin:fumaric acid (2:1)
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Figure 6. Selected powder patterns of neat grinding crystallizations of Gabapentin and fumaric acid. Products received by
compound ratios of 1:1, 4:3, 2:1 and 4.1 are shown. Patterns were recorded in a range of 5° — 40°.

This highlights how the changed crystallization conditions and interactions overshadow molecular
conformations that are favorable for single component phases. A quantification of energy values
for the occurring HBs indicates how strong HBs favor the formation of the salts over the single
component polymorphs (Table 3, Figure 8). A strong carboxyl/carboxylate HB with an
interaction energy of 65.80 kJmol™! in 1-3 and -73.09 kimol™' in 2-3a supports the argument of
acid/base adduct formation and subsequent growing around the ammonium subunit. With these
various hydrogens a uniform HB motif comparable in strength to single component polymorphs is
formed. Maybe the most interesting out of the three presented fumarates is 2-3b. Its motif is more

complex than in the other fumarates, consisting of two independent 2 and 3 molecules each.
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(a) (b)

&, = -71.1(1)° ¢, =60.2(1)°
b, =177.6(1)° ¢, =71.1(2)°
(c) (d)

¢, =-50.4(1)° ¢, =174.41(9)
¢, =41.5(1)° b, =-49.8(1)°

Figure 7. Torsion angles and selected hydrogen bonds for (a) 1-3, (b) 2-3a, (c) first distinctive Gabapentin molecule in 2-3b and
(d) second distinctive Gabapentin molecule in 2-3b. Hydrogen bonds are depicted as black dotted lines, torsion angles are only
depicted as values for better visibility, oxygen atoms in red, nitrogen atoms in blue, carbon atoms in grey and hydrogen atoms in
white.

Furthermore, it forms 13 distinctive HBs that show a much higher variation in bond strengths,
lengths, and angles than any of the afore mentioned systems. It is striking how these bonds are
nearly evenly split between the distinctive 2 and 3 molecules. The two different 2 molecules never
interact with each other and neither do the two independent 3 molecules. The connection between
these two symmetrically unrelated motifs is realized with HBs among 2 and 3 entities. HBs formed
between carboxyl O-H and carboxylate oxygen stand out, with bond strengths
between -65.75 kJmol! and -111.08 kJmol™. The favorability of these interactions apparently
allows for more weaker interactions and less uniformity compared to the other discussed systems.
IRI scatterplots confirm the strength of HB, especially prevalent by the spike in the highly

attractive region in 2-3b. These occurring spikes in regions of highly attractive HBs visually
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highlight how strong the described carboxyl/carboxylate bonds for this system, but also the other

fumarates, are.

Table 3. Overview on the strong, distinctive hydrogen bonds in the fumarates of GABA and Gabapentin. The proton acceptor
distance, the donor acceptor distance, the bond angle and the binding energy calculated for charged HBs are shown.

Compound | H. A TA] | D...A[A] | D-H..A [ | Evona [kmol']

1-3

NI1-HS...03 1.89(9) 2.785(9) 163(6) -48.84
NI-H9...04 1.91(0) 2.785(1) 164(3) -49.63
NI-H10...04 1.94(2) 2.849(2) 166(1) 44,02
O1-H1...03 1.72(2) 2.606(7) 179(2) -65.80
2-3a

NI-H6...04 1.81(2) 2.761(0) 174(6) 5811
NI-H7...04 1.836(16) 2.746(4) 162(2) -53.54
NI-H8...03 1.935(18) 2.807(7) 151(7) -45.58
O1-H1...03 1.68(3) 2.644(3) 174(2) -73.09
2-3b

NI1-H6...02 2.043(15) 2.806(0) 141(0) -35.27
NI-H7...010 2.534(17) 3.166(6) 126(8) -14.97
NI-H7...012 2.005(15) 2.800(1) 144(6) -37.23
NI1-H8...02 2.486(16) 2.933(8) 109(5) -17.06
NI-H8...012 1.973(16) 2.813(2) 148(5) -38.97
N2-H24...04 2.597(15) 3.160(8) 130(8) -14.74
N2-H24...08 2.032(16) 2.798(1) 142(0) -33.00
N2-H25...09 1.948(15) 2.838(7) 163(0) -41.64
N2-H26...06 1.875(17) 2.816(6) 178(1) -48.08
O1-H1...05 1.51(2) 2.507(0) 175(2) -111.08
03-H19...09 1.73(2) 2.644(7) 172(9) -65.75
07-H39...06 1.65(2) 2.559(0) 170(5) -76.81
011-H42...010 1.50(2) 2.525(5) 178(3) -110.63
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Figure 8. Scatterplots of HB-interaction spheres of 1-3 (a), 2-3a (b), the interaction sphere around the first distinctive 2 molecule
in 2-3b (c) and the same for the second distinctive 2 molecule in 2-3b (d). Colors indicate occurring interaction types. blue
corresponds to hydrogen bonds, green to van-der-Waals interactions and red to intermolecular repulsion.

Multicomponent systems with succinic acid (4)

Multicomponent crystalline systems formed with 4 show many similarities to the described
fumarates (Figure 9). Consideration of the torsion angles highlights a behavior that could be
observed in 3-forms as well, in so far that no real comparison to single component polymorphs of
1 or 2 can be made. It appears the crystallization conditions involving 4 favor other molecular
orientations for 1 or 2 than with 3 or without additional co-formers. However, contrary to 3 based
salts there are two entities produced with 1 instead of 2, the 2:1 1-4a phase and its 1:1 modification
1-4b. These systems also mirror another property of the 2-3 salts, in that one of them, namely 1-
4a, shows a more complex motif with more crystallographically distinct molecules while 1-4b is

simpler and consists of one independent 1 and 4 molecule each. In case
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=-70.3(2)° ; @, = 171.9(1)°

=-177.1(1) ¢, = 66.0(2)°

Figure 9. Torsion angles and selected hydrogen bonds for (a) 2-4, (b) 1-4a, (c) first distinctive GABA molecule in 1-4p and (d)
second distinctive GABA molecule in 1-4b. Hydrogen bonds are depicted as black dotted lines, torsion angles are only depicted as
values for better visibility, oxygen atoms in red, nitrogen atoms in blue, carbon atoms in grey and hydrogen atoms in white.

of 2-4 a co-crystal instead of a salt is received. Even though this is less common for the discussed
compounds and similar entities, exceptions exist for example in homochiral Pregabalin and
mandelic acid co-crystals.’®>* All 4 based compounds again show at least one comparatively
strong hydrogen bond and a secondary network of additional connections that seemingly form
around the directional carboxyl/carboxylate interaction (Table 4, Figure 10). The binding energy
of these strong carboxyl to carboxylate interactions are in the same range as those calculated for
fumarates. The weakest of them occurs in 1-4b (03-H11...07) with -64.86 kJmol! and the most
attractive in 2-4 with -111.50 kJmol™! (O3-H18...01). The latter shows that even if a co-crystal
instead of a salt is formed a HB of similar strength can be received due to ionic presence on

subgroups in zwitterionic systems.

22

253



002 002
(a) 0.01 (b) 0.01
0.00 0.00
= =
s —0.01 s —0.01
[ T
~0.02 -0.02
-0.03 -0.03
- -0.04 -0.04
a & =w & = = =8 o o & @ = = = © =
=] S =] = S S S S =] S S =] S 1= =] S
5 ¥ § § § B & B § & B § ® &4 8 8
sign(z)p (au) sign(ig)p (au)
002 002
(c) - (d) -
0.00 0.00
E =
5 —0.01 s —0.01
T [
~0.02 ~0.02
-0.03 ~0.03
. ~0.04 ~0.04
e ~ = o = = o o o ~ ®w = = = = o
2 5 B8 8 3 3 8 =8 2 5 8 8 3 3 8§ 8
$ § 5 § § ° ©S = 5 § § % § ° = °
sian(iglp (a.u) sign(Az)p (a.u)

Figure 10. Scatterplots of HB-interaction spheres of 2-4 (a), 1-4a (b), the interaction sphere around the first distinctive 1 molecule
in 1-4b (c) and the same for second distinctive I molecule in 1-4b (d). Colors indicate occurring interaction types: blue corresponds
to hvdrogen bonds, green to van-der-Waals interactions and red to intermolecular repulsion.

Table 4. Overview on the strong, distinctive hydrogen bonds in the succinates of GABA and the Gabapentin:succinic acid co-
crystal. The proton acceptor distance, the donor acceptor distance, the bond angle and the binding energy calculated for charged
HBs are shown.

Compound [ H...A [A] | D...A[A] | D-H...A 9] | Ebona [kJmol]

1-4,

NI-H8...05 1.84(2) 2.783(8) 173(2) -52.26
NI-H9...06 1.98(2) 2.900(2) 172(8) -41.14
N1-HI10...06 1.90(2) 2.816(5) 173(2) -43.73
N2-HI8...07 1.87(2) 2.765(1) 165(2) -49.47
N2-H19...08 1.94(3) 2.845(2) 171(7) -41.51
N2-H20...08 1.88(2) 2.836(6) 163(2) -51.29
OI1-H1...05 1.62(3) 2.543(6) 173(2) -84.68
03-H11..07 1.72(3) 2.581(3) 178(2) -64.86
1-4

N1-H8...02 1.95(3) 2.861(3) 161(3) -38.57
N1-H9...02 2.02(3) 2.931(3) 166(2) -33.56
NI-H10...06 2.05(3) 2.861(3) 156(2) -30.40
O1-H1...03 1.52(3) 2.455(2) 175(4) -104.67
05-Hl11...04 1.78(4) 2.583(2) 163(3) -52.74
2-4

NI1-H5...01 2.06(2) 2.811(2) 137(6) -36.47
N1-H5...03 2.51(2) 3.036(7) 116(4) -16.71
NI-H6...04 1.94(2) 2.776(0) 155(2) -38.62
NI1-H7...02 1.79(3) 2.734(3) 175(2) -56.03
03-H18...01 1.50(3) 2.522(0) 175(2) -111.50
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CONCLUSION

The results regarding the investigated structural characteristics paint a picture of complexity,
especially concerning single component polymorphs of GABA and Gabapentin. A delicate balance
of influences of the crystallization environment favors the formation of one form or the other.
Previous works have shown that solid-solid phase transitions can occur for GABA in a monotropic
manner, while Gabapentin can even exhibit enantiotropic behavior. We have shown that the
occurring HBs in all forms are of a similar strength. Modes of higher connectivity present in I-
GABA compared to its II-form, and II-Gabapentin compared to its IV-form may lead to more
beneficial overall lattice energies. However, if the crystallization environment favors growth of
seeds not incorporating said motif, the result will disregard the slight gain in energy. Other past
contributions have shown that there appears to be a connection with the molecular conformation
of the GABA chain, changing under such environmental influences. The formation of I-
Gabapentin indicates how easily this polymorphic equilibrium can be disturbed. The introduction
of water breaks the uniform dispersion of HB strengths and leads to more distinctive HBs formed.
This becomes even more prevalent if dicarboxylic acids capable of being strong hydrogen bond
donor or acceptor are introduced. The variation of HB characteristics increases, and at least one
hydrogen bond of a much higher binding force than in single components is formed. It appears
likely that during crystallization these interactions occur first and everything else subordinates
accordingly, which could be derived from the high variations of torsion angles that do not have
anything in common with single component entities anymore. The crystallization environment still
remains the superordinate influence. Where multicomponent species of different ratios can be
formed, they will form according to the amount of co-former available. Thus, polymorphism in

these compounds should be considered carefully if a reliable product is the desired target. While
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if the right conditions are chosen the wanted phase forms readily, the conversion of [I-Gabapentin
to its hydrate form is an unnecessary risk. Multicomponent species like salts or co-crystals can
minimize phase transition potential by introducing exceedingly beneficial intermolecular

interactions that make such transitions unlikely.
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I-GABA (I-1)

Table S1. Crystallographic data for I-GABA.

X-Ray Source

R1 [%] /wR2 [%] /S

Parameters I-GABA
Formula CaHo N Oz
Formula Moiety CaHo N O2
M:[g mol] 103.12
Temperature [K] 100.00(1)
System/space group monoclinic, P21/c
a(A) 7.2196(8)

b (A) 9.9985(7)
c(A) 8.2154(8)

a (°) 90

B(°) 110.609(10)
v () 9

V (A3) 555.08(10)
ZiZ 41

Density [g/cm?] 1.234

p [mm™] 0.826
Tmin/Tmax 0749/1 000
F (000) 224
Crystal size [mm] 0.05-0.11-0.17
26 range [°] 6.6 -77.2
Completeness [%] 99.6
Recorded refl. 3100
Independent refl. 1064
Goodness-of-fit F2 1.112

Cu Ka (A = 1.54184)

3.47/8.70/ 1.11

Table S2. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, Ez2*.
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Hydrogen Bond E1 [kJ mol] Ez [kJ mol]
N1-H7...01 -54.83 -53.05
N1-H8...01 -55.37 -55.37
N1-H9...02 -47.52 -46.32

Ei* [kd mol] E2* [kd mol’]
N1-H7...01 -30.71 -29.51
N1-H8...01 -31.07 -31.07
N1-H9...02 -25.80 -25.00
1
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Figure S1. Powder pattern comparison of I-GABA. Simulated from single crystal data (top), recorded substance
(bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S2. IR spectrum of I-GABA, shown in a range between 4000 cm? — 400 cm'. Broad ammonium hydrogen
bond network and C-H stretch band between 3200 cm’ and 2270 cm!, carboxylate stretch band at 1610 cm’.
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Figure S3. Interaction Region Indicator surfaces and related scatter plots of the distinctive hydrogen bonds in I-
GABA: N1-H7...01 a), N1-H8...01 b), and N1-H9...02 c). Blue regions signify strong attraction, green regions
weak attraction and red regions repulsion.
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II-GABA (II-1)

Table S3. Crystallographic data for I-GABA.

R1 [%6] /wR2 [%] /S

Parameters 1I-GABA
Formula CaHo N Oz
Formula Moiety CsHo N O2

M:[g mol] 103.12
Temperature [K] 140(2)
System/space group tetragonal, /4:cd
a(A) 11.8658(4)

b (A) 11.8658(4)

c(A) 15.2642(6)

a (°) 90

B () 90

v () 90

V (A3) 2149.16(17)
ZiZ 16/1

Density [g/cm?] 1.275

p [mm™] 0.101

Tmin/Tmax 06874/‘07463

F (000) 896

Crystal size [mm] 0.12-0.17 - 0.26
26 range [°] 3.4-31.8
Completeness [%] 99.2

Recorded refl. 6406
Independent refl. 1707
Goodness-of-fit F2 1.058

X-Ray Source Mo Ka (A = 0.71073)
Flack x -0.4(5)

3.15/7.66/ 1.06

Table S4. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, E2™.
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Hydrogen Bond E1 [kJ mol] Ez [kJ mol ']
N1-H7...01 -42.87 -41.51
N1-H8...01 -56.37 -55.02
N1-H9...02 -48.88 -46.06

E+* [kJ mol] Ez" [kJ mol'']
N1-H7...01 -22.67 -21.76
N1-H8...01 -31.74 -30.83
N1-H9...02 -25.37 -24.81
4
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Figure S4. Powder pattern comparison of I-GABA. Simulated from single crystal data (top), recorded substance
(bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S5. IR spectrum of lI-GABA, shown in a range between 4000 cm™” — 400 cm’'. Broad ammonium hydrogen
bond network and C-H stretch band between 3700 cm’ and 2270 cm!, carboxylate stretch band at 1649 cm’.
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weak attraction and red regions repulsion.
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ll-Gabapentin (lI-2)
Table S5. Crystallographic data for I-Gabapentin.

Parameters lI-Gabapentin
Formula CoHi7 NO2
Formula Moiety Cg Hi7 NO2
M:[g mol] 171.23
Temperature [K] 100.00(1)
System/space group monoclinic, P21/c
a(A) 5.8605(2)

b (A) 6.9140(3)

c(A) 22.1954(7)

a(°) 90

B () 89.888(3)

v () 90

V (A3) 899.34(6)

ZiZ 41

Density [g/cm?] 1.265

p [mm™] 0.712

Tmin/Tmax 0745/0865

F (000) 376

Crystal size [mm] 0.21-0.26 - 0.44
26 range [°] 6.7 -76.7
Completeness [%] 99.7

Recorded refl. 5300
Independent refl. 1591
Goodness-of-fit F2 1.068

X-Ray Source Cu Ka (A = 1.54184)
R1 [%] /wR2 [%] /S 3.44/9.36/ 1.07

Table S6. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez2), and as assumed neutral HB under the same conditions for E1*, E2™.

Hydrogen Bond E1 [kd mol'] E2 [kJ mol]
N1-H5...01 -55.48 -54.33
N1-H6...01 -48.73 -47.52
N1-H7...02 -52.97 -51.74

E1* [kJ mol'] Ez2* [kJ mol']
N1-H5...01 -31.14 -30.37
N1-H6...01 -26.61 -25.79
N1-H7...02 -29.45 -28.63
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Figure S7. Powder pattern comparison of NW-Gabapentin. Simulated from single crystal data (top), recorded
substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S8. IR spectrum of ll-Gabapentin, shown in a range between 4000 cm’ — 400 cm’. Broad ammonium
hydrogen bond network and C-H stretch band between 3200 cm’ and 2240 cm?, carboxylate band at 1611 cm™.
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Figure S9. Interaction Region Indicator surfaces and related scatter plots of the distinctive hydrogen bonds in II-
Gabapentin: HB N1-H5...01 a), N1-H6...01 b), and N1-H7...02 c¢). Blue regions signify strong attraction, green
regions weak attraction and red regions repulsion.
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IV-Gabapentin (IV-2)
Table S7. Crystallographic data for IV-Gabapentin.

X-Ray Source
R1 [%] /wR2 [%] /S

Parameters IV-Gabapentin
Formula CoHi7 NO2
Formula Moiety Cg Hi7 NO2
M:[g mol] 171.23
Temperature [K] 100.00(1)
System/space group monoclinic, C2/c
a(A) 31.3806(7)

b (A) 5.8999(1)

c(A) 10.7957(2)

a (°) 90

B(°) 113.041(3)

v () 9

V (A3) 1839.29(7)
rdra 8/1

Density [g/cm?] 1.237

p [mm™] 0.696
Tmin/Tmax 0921 /0979

F (000) 752

Crystal size [mm] 0.03-0.08-0.12
26 range [°] 31 -77.3
Completeness [%] 100

Recorded refl. 10650
Independent refl. 1641
Goodness-of-fit F2 1.084

Cu Ka (A = 1.54184)
2.81/6.97/1.08

Table S8. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, E2™.
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Hydrogen Bond E1 [kd mol] Ez [kJ mol ']
N1-H5...01 -53.87 52.67
N1-H6...01 -47.05 -45.83
N1-H7...02 -54.65 -53.62

Ei* [kJ mol] Ez* [kJ mol']
N1-H5...01 -30.06 29.26
N1-H6...01 -25.48 24.66
N1-H7...02 -30.58 29.89
10
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Figure S10. Powder pattern comparison of IV-Gabapentin. Simulated from single crystal data (top), recorded
substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S11. IR spectrum of IV-Gabapentin, shown in a range between 4000 cm™ — 400 cm’. Broad ammonium
hydrogen bond network and C-H stretch band between 3500 cm’ and 2270 cm?, carboxylate band at 1641 cm.
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Figure S12. Interaction Region Indicator surfaces and related scatter plots of the distinctive hydrogen bonds in IV-
Gabapentin: N1-H5...01 a), N1-H6...01b), and N1-H7...02 ¢). Blue regions signify strong attraction, green regions
weak attraction and red regions repulsion.
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Gabapentin * H20 (I-Gabapentin) (I-2)

Table S9. Crystallographic data for Gabapentin « H20 (I-Gabapentin).

Parameters Gabapentin ¢ H20 (I-Gabapentin)
Formula Cs His N O3
Formula Moiety CgHi7 NQOz, H20
M:[g mol] 189.25
Temperature [K] 100.01(1)
System/space group orthorhombic, Pbca
a(A) 9.2188(3)

b (A) 7.6384(3)

c(A) 29.0462(12)

a (°) 90

B () 90

v () 90

V (A3) 2045.34(13)

rdra 81

Density [g/cm?] 1.229

p [mm™] 0.746

Tmin/Tmax 0902/1 000

F (000) 832

Crystal size [mm] 0.02 - 0.06 - 0.08
26 range [°] 3.0-77.9
Completeness [%] 99.8

Recorded refl. 7406

Independent refl. 1982
Goodness-of-fit F2 1.062

X-Ray Source Cu Ka (A = 1.54184)
R1 [%] /wR2 [%] /S 4.91/13.85/1.06

Table S10. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, E2*.
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Hydrogen Bond E1 [kJ mol] Ez [kJ mol ']
N1-H5...01 -66.71 -66.55
N1-H6...01 -51.46 -41.46
N1-H7...03 -37.01 -37.86
N1-H7...03 -16.67 -16.81
03-H18...02 -48.70 -49.10
03-H19...02 -49.12 -49.78

E+* [k mol] Ez* [kJ mol ']
N1-H5...01 -38.68 -38.57
N1-H6...01 -28.44 -21.73
N1-H7...03 -18.75 -19.31
N1-H7...03 -5.09 -5.18
03-H18...02 -26.59 -26.86
03-H19...02 -26.87 -27.31
13
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Figure $13. Powder pattern comparison of I-Gabapentin. Simulated from single crystal data (top), recorded
substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S14. IR spectrum of I-Gabapentin, shown in a range between 4000 cm™’ — 400 cm'. Broad ammonium

hydrogen bond network and C-H stretch band between 3625 cm' and 2240 cm’’, water band at 3270 cm™’ and
carboxylate band at 1659 cm™'.
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Figure S15. Interaction Region Indicator surfaces and related scatter plots of three distinctive hydrogen bonds in I-
Gabapentin: HB N1-H5...01 a), N1-H6...01 b), and N1-H7...03 ¢). Blue regions signify strong attraction, green
regions weak attraction and red regions repulsion.
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Figure S16. Interaction Region Indicator surfaces and related scatter plots of three distinctive hydrogen bonds in I-
Gabapentin: HB N1-H7...03 a), 03-H18...02 b), and 03-H19...02 ¢). Blue regions signify strong attraction, green
regions weak attraction and red regions repulsion.
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GABA Fumarate (2:1) (1-3)

Table S11. Crystallographic data for GABA Fumarate (2:1).

X-Ray Source
R1 [%] /wR2 [%] /S

Parameters GABA Fumarate (2:1)
Formula Ci2 Hz2 N2 Os
Formula Moiety 2(CaH1woNOz), CaHz2 04
M:[g mol] 322.31
Temperature [K] 100.00(1)
System/space group monoclinic, P21/n
a(A) 7.2196(8)

b (A) 6.5760(1)

c(A) 14.4204(2)

a(°) 90

B(°) 98.617(1)

v () 9

V (A3) 785.562(19)

ZiZ 21

Density [g/cm?] 1.363

p [mm™] 0.986

Tmin/Tmax 0558/0866

F (000) 344

Crystal size [mm] 0.15-0.39 - 0.67
26 range [°] 53-77.7
Completeness [%] 99.7

Recorded refl. 4875
Independent refl. 1504
Goodness-of-fit F2 1.067

Cu Ka (A = 1.54184)
3.23/8.32/1.07

Table S12. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, E2™.

Hydrogen Bond E1[kd mol '] E2[kJ mol ']

N1-H8...03 -48.84 -43.92

N1-H9...04 -49.63 -44 40

N1-H10...04 -44.02 -41.46

0O1-H1...03 -65.80 -62.72
E+* [kJ mol] E2* [kJ mol]

N1-H8...03 -26.69 -23.38

N1-H9...04 -27.21 -23.70

N1-H10...04 -23.45 -21.73

01-H1...03 -38.07 -36.00
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Figure S17. Powder pattern comparison of GABA Fumarate (2:1). Simulated from single crystal data (top), recorded
substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S18. IR spectrum of GABA Fumarate (2:1), shown in a range between 4000 cm™ — 400 cm. Broad

ammonium hydrogen bond network and C-H stretch band between 3640 cm’ and 2240 cm’, carboxyl band at
1724 cmr' carboxylate band at 1626 cm’'.
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GABA Fumarate (2:1): N1-H8...03 a), and N1-H9...04 b). Blue regions signify strong attraction, green regions

weak attraction and red regions repulsion.
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Figure S20. Interaction Region Indicator surfaces and related scatter plots of two distinctive hydrogen bonds in
GABA Fumarate (2:1): N1-H10...04 a), and O1-H1...03 b). Blue regions signify strong attraction, green regions
weak attraction and red regions repulsion.
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Gabapentin Fumarate (2:1) (2-3a)
Table S13. Crystallographic data for Gabapentin Fumarate (2:1).

Parameters Gabapentin Fumarate (2:1)
Formula C11 Hia N O4
Formula Moiety Cg H17 N Oz, 0.5(C4 Hz O4)
M:[g mol] 229.27
Temperature [K] 100.00(1)
System/space group monoclinic, P21/c
a(A) 14.1264(6)

b (A) 7.4699(2)

c(A) 12.2122(4)

a(°) 90

B(°) 105.751(4)

v () 9

V (A3) 1240.28(8)

ZiZ 41

Density [g/cm?] 1.228

p [mm™] 0.771

Tmin/Tmax 0920/0970

F (000) 496

Crystal size [mm] 0.04-0.04 - 0.11

26 range [°] 3.2-76.3
Completeness [%] 99.7

Recorded refl. 8403

Independent refl. 2200
Goodness-of-fit F2 1.067

X-Ray Source Cu Ka (A = 1.54184)
R1 [%] /wR2 [%] /S 3.57/9.04/1.07

Table S14. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez2), and as assumed neutral HB under the same conditions for E1*, E2™.

Hydrogen Bond E1 [kJ mol] Ez [kJ mol ']

N1-H6...04 -58.11 -55.86

N1-H7...04 -53.54 -50.50

N1-H8...03 -45.58 -42.41

01-H1...03 -73.09 -71.59
E+* [k mol] E2* [kJ mol]

N1-H6...04 -32.91 -31.39

N1-H7...04 -29.84 -27.80

N1-H8...03 -24.50 -22.37

01-H1...03 -42.96 -41.95
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Figure S21. Powder pattern comparison of Gabapentin Fumarate (2:1). Simulated from single crystal data (top),
recorded substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S22. IR spectrum of Gabapentin Fumarate (2:1), shown in a range between 4000 cm™ — 400 cm’. Broad

ammonium hydrogen bond network and C-H stretch band between 3435 cm’ and 2170 cm’, carboxyl band at
1708 cmr' carboxylate band at 1627 cm’'.
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Figure 823. Interaction Region Indicator surfaces and related scatter plots of two distinctive hydrogen bonds in
Gabapentin Fumarate (2:1): N1-H6...04 a), and N1-H7...04 b). Blue regions signify strong attraction, green regions
weak attraction and red regions repulsion.
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Figure S24. Interaction Region Indicator surfaces and related scatter plots of two distinctive hydrogen bonds in
Gabapentin Fumarate (2:1): N1-H8...03 a), and O1-H1...03 b). Blue regions signify strong attraction, green regions
weak attraction and red regions repulsion.
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Gabapentin Fumarate (1:1) (2-3b)

Table S15. Crystallographic data for Gabapentin Fumarate (1:1).

Parameters Gabapentin Fumarate (1:1)
Formula Ci3 Hza1 N Og
Formula Moiety Cg His N Oz, (C4 Hz Og)
M [g mol] 287.31
Temperature [K] 100.00(1)
System/space group monoclinic, P21/n
a(A) 15.1587(2)

b (A) 7.4724(1)

c(A) 25.7692(3)

a(°) 90

B () 102.285(1)

v () 90

V (A3) 2852.09(6)

rdra 8/2

Density [g/cm?] 1.338

p [mm™] 0. 892

Tmin/Tmax 0835/0957

F (000) 1232

Crystal size [mm] 0.05-0.15-0.21

26 range [°] 3.1-77.8
Completeness [%] 100

Recorded refl. 35528
Independent refl. 5073
Goodness-of-fit F2 1.038

X-Ray Source Cu Ka (A = 1.54184)
R1 [%] /wR2 [%] /S 2.85/7.59/1.04

Table S16. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, E2™.
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Hydrogen Bond E1 [kJ mol] Ez [kJ mol ']
N1-H6...02 -35.31 -35.95
N1-H7...010 -14.97 -14.28
N1-H7...012 -37.22 -36.26
N1-H8...02 -17.06 -16.46
N1-H8...012 -38.97 -37.89
N2-H24...04 -14.74 -14.74
N2-H24...08 -33.00 -31.73
N2-H25...09 -41.64 -39.53
N2-H26...06 -48.08 -46.56
0O1-H1...05 -111.08 -111.02
03-H19...09 -65.75 -64.82
07-H39...06 -76.81 -79.08
011-H42...010 -110.63 -110.63
E+* [kJ mol'] Ez2* [kJ mol”]
N1-H6...02 -17.60 -18.03
N1-H7...010 -3.95 -3.49
N1-H7...012 -18.89 -18.24
N1-H8...02 -5.35 -4.95
N1-H8...012 -20.06 -19.34
N2-H24...04 -3.80 -3.80
N2-H24...08 -16.05 -15.20
N2-H25...09 -21.85 -20.43
N2-H26...06 -26.17 -25.16
O1-H1...05 -68.46 -68.42
03-H19...09 -38.04 -37.41
07-H39...06 -45.46 -46.98
011-H42...010 -68.16 -68.16
25
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Figure S25. Powder pattern comparison of Gabapentin Fumarate (1:1). Simulated from single crystal data (top),
recorded substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S26. IR spectrum of Gabapentin Fumarate (1:1), shown in a range between 4000 cm™' — 400 cm’. Broad
ammonium hydrogen bond network and C-H stretch band between 3400 cn’ and 2195 cm’, carboxyl band at
1704 e’ carboxylate band at 1636 cm’'.
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Figure S27. Interaction Region Indicator surfaces and related scatter plots of three distinctive hydrogen bonds in
Gabapentin Fumarate (1:1): N1-H7...010 a), N1-H7...012 b), and N1-H8...02 ¢). The intramolecular hydrogen
bond N1-H6...02 js best visible in c), but present in each depiction. Blue regions signify strong attraction, green
regions weak attraction and red regions repulsion.
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Figure S28. Interaction Region Indicator surfaces and related scatter plots of three distinctive hydrogen bonds in
Gabapentin Fumarate (1:1): N1-H8...012 a), N2-H24...08 b), and N2-H25...09 c¢). The intramolecular hydrogen
bond N1-H6...02 is best visible in a). Blue regions signify strong attraction, green regions weak attraction and red
regions repulsion.
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Figure S29. Interaction Region Indicator surfaces and related scatter plots of three distinctive hydrogen bonds in
Gabapentin Fumarate (1:1): N2-H26...06 a), O1-H1...05 b), and 03-H19...09 ¢). The weak hydrogen bond N2-
H24...04 is visible in c). Blue regions signify strong attraction, green regions weak atfraction and red regions
repulsion.
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Figure 830. Interaction Region Indicator surfaces and related scatter plots of two distinctive hydrogen bonds in
Gabapentin Fumarate (1:1): O7-H39...06 a), and O11-H42...010 b). The hydrogen bond strength in b) crossed
the threshold for weak covalent interactions. Blue regions signify strong attraction, green regions weak attraction
and red regions repulsion.
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GABA Succinate (2:1) (1-4a)
Table S17. Crystallographic data for GABA Succinate (2:1).

Parameters GABA Succinate (2:1)
Formula G2 Hz4 N2 Og
Formula Moiety 2(CaH1wo N Oz), CaHa O4
M:[g mol] 324.33
Temperature [K] 100(1)
System/space group monoclinic, P21/c
a(A) 16.2100(6)

b (A) 6.3619(2)

c(A) 15.9402(5)

a(°) 90

B(°) 101.211(4)

v () 9

V (A3) 1612.49(10)

ZiZ 41

Density [g/cm?] 1.336

p [mm™] 0.961

Tmin/Tmax 0877/ 0981

F (000) 696

Crystal size [mm] 0.02-0.11-0.14
26 range [°] 2.7-67.0
Completeness [%] 99.0

Recorded refl. 10163
Independent refl. 2864
Goodness-of-fit F2 1.072

X-Ray Source Cu Ka (A = 1.54184)
R1 [%] /wR2 [%] /S 3.89/9.35/1.07

Table S18. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, E2™.

Hydrogen Bond E1 [kd mol] Ez [kJ mol']
N1-H8...05 -52.26 -49.35
N1-H9...06 -41.14 -38.06
N1-H10...06 -43.73 -42.08
N2-H18...07 -49.47 -46.97
N2-H19...08 -41.51 -39.58
N2-H20...08 -51.29 -47.73
01-H1...05 -84.68 -83.81
03-H11...04 -64.86 -64.37

E+* [kJ mol] E2* [kJ mol]
N1-H8...05 -28.98 -27.02
N1-H9...06 -21.52 -19.44
N1-H10...06 -23.26 -22.15
N2-H18...07 -27.11 -25.43
N2-H19...08 -21.76 -20.47
N2-H20...08 -28.32 -25.94
0O1-H1...05 -50.74 -50.16
03-H11...04 -37.44 -37.11
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Figure S31. Powder pattern comparison of GABA Succinate (2:1). Simulated from single crystal data (top),
recorded substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure §32. IR spectrum of GABA Succinate (2:1), shown in a range between 4000 cm — 400 cm’’. Broad

ammonium hydrogen bond network and C-H stretch band between 3700 cn’ and 2240 cm’, carboxyl band at
1718 emr' carboxylate band at 1620 cm’'.
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Figure S33. Interaction Region Indicator surfaces and related scatter plots of three distinctive hydrogen bonds in
GABA Succinate (2:1): N1-H8...05 a), N1-H9...06 b), and N1-H10...06 c). Blue regions signify strong attraction,
green regions weak attraction and red regions repulsion.
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Figure S34. Interaction Region Indicator surfaces and related scatter plots of three distinctive hydrogen bonds in
GABA Succinate (2:1): N2-H18...07 a), N2-H19...08 b), and N2-H20...08 c). Blue regions signify strong attraction,
green regions weak attraction and red regions repulsion.
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Figure 835. Interaction Region Indicator surfaces and related scatter plots of two distinctive hydrogen bonds in
GABA Succinate (2:1): O1-H1...05 a), and O3-H11...07 b). Blue regions signify strong attraction, green regions
weak attraction and red regions repulsion.
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GABA Succinate (1:1) (1-4b)
Table S19. Crystallographic data GABA Succinate (1:1).

R1 [%6] /wR2 [%] /S

Parameters GABA Succinate (1:1)
Formula Cs His N Qs
Formula Moiety Ca Hio N Oz, Cs Hs O4
M:[g mol] 221.21
Temperature [K] 99.8(3)
System/space group monoclinic, P21
a(A) 5.1129(1)

b (A) 13.3267(2)

c(A) 7.1747(1)

a(°) 90

B () 95.396(1)

v () 90

V (A3) 486.704(14)

ZiZ 21

Density [g/cm?] 1.509

p [mm™] 1.120

Tmin/Tmax 0558/0824

F (000) 236

Crystal size [mm] 0.18-0.22 - 0.59

26 range [°] 3.3-77.5
Completeness [%] 99.8

Recorded refl. 4662

Independent refl. 1730
Goodness-of-fit F2 1.108

X-Ray Source Cu Ka (A = 1.54184)
Flack x 0.07(7)

2.32/5.93/1.11

Table S20. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, E2".

Hydrogen Bond E1 [kd mol”] Ez [k mol]
N1-H8...02 -38.57 -38.24
N1-H9...02 -33.56 -33.86
N1-H10...06 -30.40 -30.26
01-H1...03 -104.67 -104.44
05-H11...04 -52.74 -53.37

E1* [kJ mol'] Ez* [kJ mol']
N1-H8...02 -19.79 -19.57
N1-H9...02 -16.43 -16.63
N1-H10...06 -14.30 -14.21
01-H1...03 -64.16 -64.01
05-H11...04 -29.30 -29.73
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Figure S36. Powder pattern comparison of GABA Succinate (1:1). Simulated from single crystal data (top),
recorded substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S37. IR spectrum of GABA Succinate (1:1), shown in a range between 4000 cm — 400 cm’’. Broad

ammonium hydrogen bond network and C-H stretch band between 3690 cm’ and 2210 cm’, carboxyl band at
1680 cmr' carboxylate band at 1618 cm’".
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Figure S38. Interaction Region Indicator surfaces and related scatter plots of three distinctive hydrogen bonds in
GABA Succinate (1:1): N1-H8...02 a), N1-H9...02 b), and N1-H10...06 c¢). Blue regions signify strong attraction,
green regions weak attraction and red regions repulsion.
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Figure S39. Interaction Region Indicator surfaces and related scatter plots of two distinctive hydrogen bonds in
GABA Succinate (1:1): O1-H1...03 a), and O5-H11...04 b). Blue regions signify strong attraction, green regions

weak attraction and red regions repulsion.
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Gabapentin:Succinic acid (2:1) (2-4)

Table S21. Crystallographic data for Gabapentin:Succinic acid (2:1).

Temperature [K]
System/space group
a(A)

b (A)

c(A)

a(°)

B ()

v (%)

V (A3)

ZiZ

Density [g/cm?]

p [mm™]

Tmin/Tmax

F (000)

Crystal size [mm]
26 range [°]
Completeness [%]
Recorded refl.
Independent refl.
Goodness-of-fit F2
X-Ray Source

R1 [%] /wR2 [%] /S

Parameters Gabapentin:Succinic acid (2:1)
Formula C11 Hz2o N Og

Formula Moiety Cg H17 N Oz, 0.5(C4 Hs O4)

M:[g mol] 230.28

100.01(1)
monoclinic, P2i/c
18.4497(5)
6.4446(1)
10.3289(3)

90

103.111(3)

90

1196.10(5)

41

1.279

0.800
1.000/1.000

500

0.06 - 0.10 - 0.22
24-77.8

99.7

12538

2134

1.077

Cu Ka (A = 1.54184)
5.32/13.55/1.08

Table S22. Distinctive energy values for the occurring HB obtained by AIM analysis via multiwfn conducted as
assumed charged HB for two molecules (E1), and complete interaction sphere of distinctive HB around one molecule
(Ez), and as assumed neutral HB under the same conditions for E1*, E2*.
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Hydrogen Bond E1 [kJ mol] Ez [kJ mol ]
N1-H5...01 -36.47 -36.02
N1-H5...03 -16.71 -16.67
N1-H6...04 -38.62 -38.37
N1-H7...02 -56.03 -565.59
03-H18...01 -111.50 -112.78

E:* [k mol] Ez" [kJ mol]
N1-H5...01 -18.38 -18.08
N1-H5...03 -5.12 -5.09
N1-H6...04 -19.82 -19.66
N1-H7...02 -31.51 -31.22
03-H18...01 -68.74 -69.60
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Figure S40. Powder pattern comparison of Gabapentin:Succinic acid (2:1). Simulated from single crystal data (top),
recorded substance (bottom). A range between 5° 20 and 40° 20 is depicted.
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Figure S41. IR spectrum of Gabapentin:Succinic acid (2:1), shown in a range between 4000 cm™ — 400 cn’. Broad
ammonium hydrogen bond network and C-H stretch band between 3660 cm’ and 2225 cm’, carboxyl band at
1704 e’ carboxylate band at 1676 cm’".
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Figure 842. Interaction Region Indicator surfaces and related scatter plots of two distinctive hydrogen bonds in
Gabapentin:Succinic acid (2:1): N1-H5...03 a), and N1-H6E...04 b). The intramolecular hydrogen bond N1-H5...01
is best visible in a), but present in both. Blue regions signify strong attraction, green regions weak attraction and

red regions repulsion.
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Figure §43. Interaction Region Indicator surfaces and related scatter plots of two distinctive hydrogen bonds in
Gabapentin:Succinic acid (2:1): N1-H7...02 a), and O3-H18...01 b). The intramolecular hydrogen bond N1-
H5...01 is best visible in a), but present in both. The hydrogen bond strength in b) crossed the threshold for weak
covalent interactions. Blue regions signify strong attraction, green regions weak attraction and red regions repulsion.
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4 Summary and Outlook

The conducted thesis on GABA and its pharmaceutically active derivatives
emphasizes the inherent problem of crystal engineering: even the slightest distinctions
on target molecules, crystal synthesis process or crystallization conditions can have
grave effects on the crystal structure. An evaluation of the published works based on

the previously formulated questions summarizes the point.

In how far are structural properties between the investigated species comparable

regarding intermolecular interaction motifs in single and multicomponent systems?

This question was discussed to some degree in all presented publications. For single
component entities, some similarities can be observed in most compounds. In GABA,
Gabapentin, Pregabalin, Phenibut, and Baclofen singular species a very prevalent
basic interaction motif is present. The ammonium subunit serves as a threefold HB

donor, while the carboxylate entity serves as a HB acceptor, once on one of the

carboxylate oxygens, twice on the other one (Figure 11).

Figure 11. Visualisation of the HB properties on the GABA chain of the investigated APIs, with a) GABA form I, b)
Gabapentin form I, ¢) (S)-Pregabalin, d) Phenibut, and e) Baclofen,*?® as proposed by Maniukiewicz and
colleaques.
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However, the identification of this simple motif is where the structural commonalities
end. The different described polymorphs of GABA and Gabapentin for example already
show some decisive distinctiveness regarding their crystal makeup between | and Il or
Il and IV-forms respectively. The HBs they form are similar in ways such as lengths,
angles, and even energetic contributions, but different overall lattice motives are
undertaken. Concerning multicomponent entities like co-crystals or salts this behaviour
becomes even more pronounced. In many of the described structures of GABA-
derivatives with carboxylic acids a strong HB between a carboxyl and carboxylate
group is observed, as well as a threefold HB-donor function in ammonium subunits.
But the crystal structures are very diverse depending for example on the API and co-
former ratio, the solvent or crystal preparation method. As was shown, even the
inversion of a chirality centre can make the difference between a salt and a co-crystal.
The conducted investigations showcase how such molecularly similar entities can pose
a vast variability in their supramolecular aggregation behaviour, and that while their

interaction mode may be similar, their final structures need not be.

Are there co-formers that form a multicomponent entity with each compound, and do

these potential forms show similar physicochemical properties?

The first part of this question can be answered affirmatively. It was possible to
synthesize maleates of all compounds. However, while solubility increases and melting
point decreases could be recorded, these are by no means intuitive. For the described
Pregabalin species the solubility increases are exceedingly vast while for Baclofen the
increase is percentual high but negligible in total. These differences can probably be
attributed to the structural distinctions on a molecular as well as crystal level to some
degree. They remain unpredictable however: Phenibut, structurally very similar to
Baclofen, shows quite a high solubility increase, similar to that of Gabapentin.
Gabapentin, on the other hand, is structurally closer related to Pregabalin, yet the
solubility increase is marginal compared to that of the investigated Pregabalin forms.
The conducted experiments highlight that multicomponent formation can improve
desired physicochemical properties substantially, but assumptions about similar

enhancements for structurally related compounds can hardly be made.

How does the crystal synthesis route affect the outcome of a crystallization for the

central compounds? Are there any similarities between them?
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It was shown that the crystal synthesis route can significantly affect the crystallization
product. It can be worthwhile to investigate which method leads to not only the desired
outcome but may also be the quickest, most resourceful, and offers a uniform quality
of the target species. However, it is again almost impossible to predict whether a
synthesis route that works well for one compound is also beneficial for the other. Aside
from stating a further polymorph or anhydrous phase, that is otherwise not accessible,
could be obtained for example via mechanochemical means, more profound
predictions are hardly possible. Polymorphic phase shifts can be induced for example
in GABA and Gabapentin mechanochemically, but the other substances apparently
remain unaffected. Other examples are the mechanochemically produced maleates of
(rac)-Pregabalin and Gabapentin. In the latter, a hydrate is received from solution and
as such it can be assumed an anhydrous phase is produced in the ball mill. However,
(rac)-Pregabalin rather seems to undergo a polymorphic phase shift, as the solution
product already is an anhydrous phase. For all the other investigated species, no
phase differences occur at all between solution and mechanochemical crystallization.
Thus, the crystal synthesis route plays a crucial role to obtain a desired product but

offers no means of profoundly predicting any crystallization behaviour.

How do established processes for example regarding enantiopurification work? Which
structural characteristics enable these methods? Can this be transferred to other

similar systems as well?

Structural differences between multicomponent systems of Pregabalin and mandelic
acid enantiomers that enable the deracemization of Pregabalin were identified and the
established process was improved. The formation of a salt and a co-crystal of different
solubility properties depending on the chiral information in mandelic acid makes it
possible to remove the more soluble variant by washing. Even though a similar
example exists in the literature for Baclofen, this process could not be transferred to
Phenibut under the investigated conditions. Why does the ability to form a salt or co-
crystal depending on molecular chirality skip Phenibut? Does the investigated process
even work the same for Baclofen? This question is not definitively answered by
Songsermawad et al., and patents remain deliberately unclear. This again
demonstrates the central point of this thesis: It is important and fruitful to investigate
crystallization properties of APIs, but even between extremely similar compounds

vastly different behaviour can occur.
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Even among molecularly related species such as the investigated GABA-derivatives,
strong distinctions in the crystallization behaviour occur. The following connections

may be stated regarding their commonalties with some certainty:

The investigated compounds form the same HB-interactions if they remain singular.
However, the structural realization of this motif might differ. If a multicomponent
formation or crystallization-based process such as an enantiopurification works for one
of the investigated species, it is likely that it might work for another one as well, but this
is not necessarily a given. Multicomponent species formation with carboxylic acids can
likely cause solubility increases and melting point decreases. Formation of such
compounds is energetically favoured in many cases, but not always. It is definitively
possible to research interesting crystallization behaviours and applications for each

compound, but the results do not necessarily transfer from one to another.

It is the authors opinion that significant breakthroughs in crystal engineering depend
on collection of huge dataset and suitable means to analyse them. At this point in time,
the CSD is a great collection of crystallographic data. However, further information
should be collected in a similar manner, and be standardized. Phase transition
behaviour should be recorded, as should be solubility, energetic properties, and
concerning other substance classes luminescence properties, crystal habitus,
hardness, elasticity, and more possible properties that may be interesting in material
and pharmaceutical sciences. As we near artificial intelligence and deep learning
applications capable of forming connections between all these recorded properties we
may be able to perform actual predictions in the near future. Until this point crystal
engineering remains a Sisyphus task, with the necessity to understand each single

system on its own.
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