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ABSTRACT

The aim of the work presented in this thesis was to investigate the various solid-state forms
that can be adopted by a series of organic zwitterionic molecules, formed from reaction of
acetylenedicarboxylic acid with pyridine derivatives. By carrying out a thorough and
systematic study we were able to determine the usefulness of these molecules as
supramolecular building blocks.

The following zwitterions have been investigated:

(2)-3-carboxy-2-(4-cyanopyridin-1-ium-1-yl)-acrylate

(2)-1-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)-pyridin-1-ium

(2)-2-(3-carbamoylpyridin-1-ium-1-yl)-3-carboxyacrylate

(2)-3-carboxy-2-(4-carboxypyridin-1-ium-1-yl)acrylate

The first two zwitterions are formed from the reaction of acetylenedicarboxylic acid with
4-cyanopyridine and pyridine, respectively. Two conformational polymorphs of the first
were identified: a kinetic and thermodynamic form. Three polymorphs of the second
zwitterion were identified, their formation depending purely on the solvent choice. In each
case the relationship between the polymorphs has been extensively studied — no

interconversion between polymorphs is observed, which is unusual and rarely reported.

The reaction between acetylenedicarboxylic acid and nicotinamide or isonicotinamide
produces two new zwitterionic molecules (the third and fourth zwitterions in the list above),
as well as a salt by-product. These zwitterions, as well as the 4-cyanopyridine zwitterion,
were subsequently combined with various small organic co-formers in an attempt to form
multi-component crystals. The structures of three new hydrated zwitterion-melamine salts
have been identified, as well as the existence of six other salts which were identified based
on NMR and IR data — all of which dissolve more easily compared to the zwitterions
themselves. Considering the number of co-formers used, the discovery of so few salts is
unusual — a search of the Cambridge Structural Database indicates that this may be due to a
high propensity of charge-assisted hydrogen bonds that hold the zwitterions together to form

homomeric molecular crystals.
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In addition, the structure-property relationships of a series of isostructural solvates have
been investigated in order to gain further insight into the solid-state behaviour of organic
molecules. The host framework, consisting of 1,10-phenanthrolinium and pamoate ions, is
shown to selectivity include DMA and DMSO above DMF. This selectivity has additionally

been demonstrated mechanochemically, which has not been reported before.

Overall, the compounds investigated all show very interesting behaviour. Insight gained
with respect to crystal packing, hydrogen- and charge-assisted hydrogen bonding, molecular
shape, the inclusion of solvent into structures, the effect of temperature and solubility on

crystallisation, and the usefulness of mechanochemistry, are discussed.
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OPSOMMING

Die doel van die werk uiteengesit in hierdie tesis was om die verskeie vastestof vorms, wat
'n reeks organiese zwitterioniese molekules kan aanneem, te ondersoek. Hierdie zwitterione
word gevorm deur die reaksie van asetileendikarboksielsuur (ADC) met verskeie piridien-
afgeleides. Dit was moontlik om die bruikbaarheid van hierdie molekules as

supramolekulére "boustene” te bepaal deur 'n deeglike en sistematiese studie uit te voer.

Die volgende zwitterione is ondersoek:

(2)-3-karboksie-2-(4-sianopiridien-1-ium-1-iel)-akrilaat
(Z)-1-(3-karboksie-1,1-dihidroksieprop-2-en-1-ied-2-yl)-piridien-1-ium
(2)-2-(3-karbamoielpiridien-1-ium-1-yl)-3-karboksiakrilaat
(2)-3-karboksie-2-(4-karboksiepiridien-1-ium-1-yl)akrilaat

Die eerste twee zwitterione word gevorm deur die reaksie van ADC met onderskeidelik
4-sianopiridien, en piridien. Twee konformasionele polimorfs van die eersgenoemde
zwitterioon is geidentifiseer: 'n kinetiese en termodinamiese vorm. Drie polimorfs van die
tweede zwitterioon is geidentifiseer, met die vorming van elk slegs afhanklik van die keuse
van oplosmiddel. In elke geval is die verhouding tussen die verskillende vorms breedvoerig

bestudeer — geen omskakeling tussen polimorfs is waargeneem nie, wat buitengewoon is.

Die reaksie tussen ADC en nikotienamied of isonikotienamied produseer twee nuwe
zwitterioniese molekules (die derde en vierde zwitterione in die lys hierbo), sowel as 'n sout
neweproduk. Hierdie molekules, sowel as die 4-sianopiridien zwitterioon, is daarna
gekombineer met verskeie klein organiese molekules (ko-vormers) in 'n poging om multi-
komponent kristalle te vorm. Drie nuwe gehidreerde zwitterioon-melamien soute is
geidentifiseer, sowel as 'n verdere ses potensiéle soute — waarvan almal makliker oplos as
die zwitterione self. In vergelyking met die groot aantal ko-vormers wat gebruik is, is die
ontdekking van so min soute merkwaardig — 'n ondersoek van die ‘Cambridge Structural
Database’ dui aan dat dit moontlik te doen het met die hoé geneigdheid van die lading-

versterkte waterstofbindings wat die zwitterione verbind om molekulére kristalle te vorm.

Bykomend tot hierdie is die struktuur-eienskap verhouding van 'n reeks isostrukturele

solvate ook ondersoek om verdere insig te kry oor die gedrag van organiese molekules in
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die vaste stof vorm. Die gasheer raamwerk, wat bestaan uit 1,10-phenanthrolinium en
pamoaat ione, neem DMA en DMSO selektief bo DMF op. Hierdie selektiwiteit word
boonop getoon selfs wanneer die eksperimente meganies uitgevoer word — iets wat nog

nooit voorheen gerapporteer is nie.

Oor die algemeen toon die bestudeerde molekules baie interessante gedrag. Insig is verkry
(en bespreek) oor die rangskikking van organiese molekules in kristalle, waterstofbindings
en lading-versterkte waterstofbindings, molekulére vorm, die insluiting van oplosmiddels
binne strukture, die effek van temperatuur en oplosbaarheid op kristallisasie, en die

bruikbaarheid van meganiese chemie.
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NMR - Nuclear Magnetic Resonance

PXRD -  Powder X-ray diffraction

SCD - Single-crystal X-ray diffraction

SOF - Supramolecular Organic Framework
TGA - Thermogravimetric Analysis

THF - Tetrahydrofuran

X-H - Hydrogen bond donor atom

1D - One-dimensional

2D - Two-dimensional

3D - Three-dimensional
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ATOM COLOURS
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CHAPTER 1

GENERAL INTRODUCTION

As we start our journey into the microscopic world of crystals and the molecules beneath
the surface, some terms and concepts need to be introduced. The field of supramolecular
chemistry will be introduced, and how this leads up to the relatively new research area of
crystal engineering. The crystal engineering process will be further elaborated on by looking
at synthons and intermolecular interactions and how their study leads to a better
understanding, and therefore possible control, of crystal structures. This groundwork will
be followed by a more in-depth discussion on polymorphism and multi-component crystals
— phenomena which allow us to gain even more insight into the complexity of crystal
structures and their structure-property relationships. Specifically, the molecules
investigated in this study are based on a series of organic zwitterions; their history will be
reported as this led to the research described in this thesis. Finally, the aims and objectives

of the project will be stated, along with a brief overview of the chapters to follow.

1.1 From supramolecular chemistry to crystal engineering

“Supermolecules are to molecules and the intermolecular bond what molecules are to atoms

and the covalent bond.” !
J.-M. Lehn (1988)

Like children play with Lego® blocks, supramolecular chemists play with molecules.
Instead of blocks interlocking, molecules are held together by intermolecular interactions to
form supramolecular materials. These interactions, or non-covalent bonds, are reversible
and include things like electrostatic interactions, n-m interactions, dispersion interactions,
and hydrogen- and halogen bonding.? Broadly speaking, molecules can either combine to
form host-guest systems where larger molecules (hosts) envelop smaller guests (usually
small molecules like solvents or ions), or equally sized molecules can self-assemble.?

Although supramolecular materials can form in solution, we are particularly interested in
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cases where their formation leads to solid materials, i.e. in solid-state supramolecular

chemistry.

When the solid materials formed by supramolecular interactions are crystalline (i.e. when
the molecules have three-dimensional long-range periodic ordering),® it enables us to use a
range of powerful X-ray diffraction-based techniques to analyse these materials and
investigate their exact molecular structure and periodic arrangement in 3D space (i.e. their
crystal structure). It is no wonder J. D. Dunitz called a crystal a “supramolecule par
excellence”.* By systematically examining the crystal structures of known supramolecular
materials, we can try and deduce recurring patterns and ‘rules’ in an attempt to rationalise
how molecules combine and how this relates to their properties, so that we can utilise this
knowledge and understanding gained to design novel materials with potentially useful
properties.> This sub-discipline within supramolecular chemistry is called ‘crystal
engineering’. Crystal engineering should not be confused with crystal structure prediction,
which is purely theoretical and a field of study on its own.® Rather, crystal engineering is
the design and creation of crystals, based on acquired knowledge, with desired properties

for a particular purpose.

1.2 Synthons

To classify the motifs that we see in crystal structures, we use the concept of supramolecular
synthons.® Synthons are recurring intermolecular interactions between specific functional
groups (Figure 1.1).” For example, when we look at crystal structures we often see that two
carboxylic acid groups dimerise via hydrogen bonding. Therefore, when we make a new
material and our molecules have carboxylic acid groups, it would be reasonable to expect
them to dimerise in the same way — and so begins the first step in crystal engineering.?®
However, it must be said that though this might seem a simple feat, chemistry is not usually
as predictable as we would like,® at least not until we have a better comprehension of the
complex and even delicate interplay between the relative strengths, directionalities, and
distance dependencies of the various intermolecular interactions at work in the crystal

structure.®
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Figure 1.1 Selected examples of supramolecular synthons.®

1.3 Intermolecular interactions

For crystals to form the molecules need to have a net attractive force that holds them
together’® — these need not be particularly strong, as many weak interactions can have a
large effect.! There are various ways in which molecules can interact with each other, but
as our work centres on purely organic molecules, containing only carbon, hydrogen, oxygen,
and nitrogen atoms, we will focus on hydrogen bonding, charge-assisted hydrogen bonding,

and -7 interactions.

Hydrogen bonds are relatively strong and long-range, so they can direct the structure of
materials as they form, but are not so rigid that the components of the crystal cannot be
slightly altered without the entire structure changing.*® Hydrogen bonds also have the added
benefit of directionality (i.e. they tend to be linear),!? which makes them easier to predict
and potentially control and use in a design strategy.'!

In 2011 the IUPAC recommended a definition for the term hydrogen bonding, together with
a list of criteria and characteristics: “The hydrogen bond is an attractive interaction between
a hydrogen atom from a molecule or a molecular fragment X—H in which X is more
electronegative than H, and an atom or a group of atoms in the same or a different molecule,
in which there is evidence of bond formation”.** A hydrogen bond therefore consists of a
hydrogen bond donor (X—H), and acceptor atom (A) and is most often described by the
distance between H and A (d) and the angle XHA (8) (Figure 1.2).%4

Keus
hydrogen bond: s+ d o\ CAHB: | TH—A

Figure 1.2 Basic components of a hydrogen bond and a charge-assisted hydrogen bond (CAHB).
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Hydrogen bonds are mainly electrostatic in nature as the hydrogen atom is partially positive
and the acceptor partially negative (Figure 1.2). This interaction can be strong, e.g. X and
A can be N, O, F, ClI, Br, I'® or weak, like C—H--O or O—H--x interactions (or even
C—H---m)'* (Table 1.1). The most important determining factor is perhaps the dipole moment
in the X-H fragment — the stronger the dipole, the more positively charged the proton, and

the stronger the interaction.®

Table 1.1 Additional information regarding the nature of the types of hydrogen bonds. Data in this
table has been adapted from references 11 and 14.

Very strong Strong Weak
Examples [F-H-F] O—H---O-H C-H---0
[N-H-N]* O-H---N-H O-H-n
N-H---O=C
N-H:---O-H
N-H---N-H
H---A(d, A) 1.2-15 15-25 20-3.0
X-H--A (8, °) 175 -180 130 - 180 90 — 180
Bond energy (kcal mol?) 15— 40 4-15 <4

The extreme of this (see the electrostatic limit in Figure 1.3) is when there is a proton shift
to the acceptor atom, forming a salt, and resulting in a charge-assisted hydrogen bond
(CAHB).’® CAHBs are hydrogen bonds, but instead of only partial charges (H is &+ and the
acceptor atom is 6-), the donor and acceptor atoms are now charged positive and negative
(Figure 1.2), reinforcing the electrostatic nature of the bond.'>** This further polarises and

therefore strengthens the interaction to produce a more robust network.°
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Covalent limit (40 kcal/mol)

[HF,]

Very strong hydrogen bonds

strong hydrogen bonds

weak hydrogen bonds

/ very weak
interactions

NH,*--CF
B : e
Electrostatic limit / NHZ‘R NH-Co pp /4y vgp{' der Waals limit
(15 kcal/mol) CHy (0.25 keal/mol)

Figure 1.3 Graphical representation of the relative strengths of the different types of hydrogen
bonds. The darker red colouring represents stronger interactions, the strongest of which are covalent
in nature. At the electrostatic limit there are CAHBSs, with the normal, weaker hydrogen bonds being
less electrostatic, and tending more towards van der Waals interactions. Figure reproduced from
reference 17.

Another type of interaction that plays an important role in the packing of organic molecules,
is the m-m interactions that can occur between cyclised aromatic hydrocarbons. These
interactions are not as strong or directional as hydrogen bonds, but are still very common,
and will affect molecular packing in the absence of conflicting stronger interactions.? The
formation of n-n interactions stems from the polarizability of the delocalised = electrons —
these can form relatively strong dispersion interactions between aromatic rings.'8
Furthermore, n-m interactions are somewhat directional due to the C-H bonds being
polarised to a small extent. This produces an area of slightly negative charge in the centre
of the aromatic ring, while the rim, or o-framework, is slightly positive.'® Based on the
likelihood of positive and negative areas attracting each other, we observe two main types
of m-m interactions, namely offset face-to-face, and edge-to-face (Figure 1.4).%8 It is possible
for the aromatic rings to stack in an eclipsed manner directly on top of each other, but this
arrangement is unfavourable and uncommon (Figure 1.4).18 The face-to-face interactions
often propagate throughout the structure, and so this type of interaction is sometimes also
called n-n stacking. Due to the geometric predictability of these types of interactions, they

are often considered when designing new materials.
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o (0 o
1 T

offset edae-to-face eclipsed
face-to-face 9 face-to-face

Figure 1.4 The different types of n-m interactions, namely offset face-to-face, edge-to-face, and
eclipsed face-to-face (unfavourable), depicted with benzene molecules.

1.4 Close packing

Of course, it is not only chemical interactions that govern crystal packing, but simple
geometry as well. Most notably, the affinity of molecules to close pack. In 1955
Kitaigorodskii postulated the close-packing principle: organic molecules will arrange in

such a way as to fill the space available as efficiently as possible.®

1.5 Polymorphism

“...every compound has different polymorphic forms and that, in general, the number of
forms known for a given compound is proportional to the time and energy spent in research

on that compound.” %
W. McCrone (1965)

Often a molecule, or a combination of molecules in the case of multi-component crystals,?:
can arrange itself in more than one way in the solid state.?? Such molecules are polymorphic,
and the different arrangements are called polymorphs.?®?* As with most concepts in this
broad field of research, there has been a lot of debate about this definition. A simple and
straightforward definition was proposed by Haleblian and McCrone, one which we shall
also use: polymorphs have different solid-state crystal structures, while being identical in
solution and in the vapour state.’®> When determining which polymorph is present, it is
important to use more than one method of analysis, as polymorphs are often
indistinguishable when using certain instrumentation.?? For example, two polymorphs may
have very similar powder X-ray diffraction patterns if the molecules pack in a very similar

manner, while their unit cell parameters or space group differ. In addition, crystals of
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polymorphs often grow concomitantly, that is, they grow at the same time, under the same
conditions.?® Polymorphs can also differ significantly with regards to their chemical and
physical properties, such as crystal colour and shape, density, melting point, solubility,
stability, reactivity, hardness, etc.?” The relationship between polymorphism and isomerism,

tautomerism, conformers, and other common confusions will be discussed below.

151 Types of polymorphism

Tautomeric polymorphism occurs when the difference between the two forms of a
compound is simply the shift of a hydrogen atom.? This is surprisingly rare compared to
the abundance of tautomers in solution. The structures of 2-amino-3-hydroxy-6-
phenylazopyridine are a common example demonstrating such an intramolecular hydrogen
shift.?° Similarly, a shift in protonation can also form zwitterions which could in essence be
polymorphic to the packing of the neutral species.®® A hydrogen shift between the donor-
and acceptor atoms of a hydrogen bond would change the charge of the molecules, but again,

this charged species might pack very similarly to the neutral form.?2

Conformational polymorphism occurs when two conformers of the same molecule pack in
a different way.3! In general, packing even slightly differently will undoubtedly affect the
conformation of the molecules, but in practice, only molecules with vastly different
conformations are usually called conformational polymorphs.3! All the intramolecular bond
lengths and angles will almost never be exactly the same for two polymorphs,?? but they are
usually very similar, as considerable energy is needed to change them.®? Even rigid
aromatic systems rotate and bend slightly due to steric hindrance occurring when the
packing changes.®® On the other hand, changing torsion angles uses much less energy and

so conformational polymorphism is possible.?

In pharmaceutical research, solvates (when a solvent is included in a structure) are
sometimes called pseudopolymorphs or pseudopolymorphic solvates.?? This means that the
same crystals containing solvent, and those without any solvent, are pseudopolymorphic.
However, in our opinion this does not fall under polymorphism, as the addition of an extra
solvent molecule will undoubtedly change the packing, not to mention that they are not the
same in solution or in the vapour state, which was included in our definition of

polymorphism. Other types of polymorphism include liquid crystal polymorphism,3 protein
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polymorphism, inorganic polymorphism as well as polymorphism in polymers (synthetic

and biological) and thin films.*

1.5.2 Polymorph stability

It is often of interest to know how polymorphs relate to one another, how they are different,
and how they can interconvert. While most polymorphs have similar lattice energies (they
differ by less than 4 kJ mol™?), there is usually one that is more stable under a certain set
of conditions. In monotropic polymorphism one form is more stable than the others at all
temperatures, meaning the less stable (metastable) form will always tend to convert to this
form.?2 Polymorphs could also have an enantiotropic relationship, which means that each
polymorph is stable over a specific temperature range. Depending on the temperature, either

polymorph could then convert to the other.?? This is explained in more detail in Chapter 3.

153 Isolation of different polymorphs

Many techniques can be used to control which polymorph forms during crystallisation.
Seeding is an old and well-known technique that is often used to control which polymorph
crystallises from solution. A seed is a crystal of the desired form that can be added to a
supersaturated solution to promote formation of that particular polymorph — even if it is the
metastable form.3” Seeding can also be used to promote the growth of a single enantiomer
from a racemic mixture.®® However, seeding is not always straightforward. This problem
was first described in 1995 in the seminal paper by Dunitz and Bernstein, entitled
“Disappearing Polymorphs”, and revisited 20 years later in a review by Bucar et al. In these
papers,>40 they show (with a multitude of examples) that researchers sometimes lose the
ability to make a certain once-abundant polymorph. The leading theory is that this is caused
by the air being seeded with one polymorph, which then inhibits or impedes the formation
of the other. This frustration is just one more reminder that there is more going on than
meets the eye.

Another way to direct the growth of polymorphs is by adding soluble additives to the
solution. An additive is a molecule that can promote or inhibit/significantly slow down the
growth or nucleation of a particular polymorph without being included into the crystals that
form.3” For rationalisation, and subsequent design modification, it is important to

understand how the additive interacts with the polymorph(s). Molecular modelling can be
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used to design new additives to ensure that (at least) the fastest growing face of one
polymorph is inhibited without hindering fast growth of the other.** Sometimes the addition
of additives is unintentional - in the form of impurities. However, this can still be very useful
if the results are favourable and the impurities can be identified.*>* Although the use of
additives is usually restricted to solution crystallisation, Kamali et al. reported the use of

such additives to control polymorphism in the gas phase, i.e. during sublimation.**

Another extreme version of additive control is of course when the solvent itself determines
which polymorph forms due to interactions it has with one or more of the polymorphs.*®
Even more similar to the use of additives is the use of liquid-assisted grinding to produce
different polymorphs. A few drops of solvent is added to the mechanochemical synthesis to
speed up the transformation and can also determine the polymorph that forms.*® In addition,
the concentration of solute in the crystallisation solvent can also have an effect on which

polymorph forms.*’

Templating is another way of controlling polymorphism and is based on the fact that
heterogeneous crystal nucleation starts on a surface and so can possibly be controlled by
altering this surface (homogeneous nucleation does not occur at a surface, but is less
common). It works on the same principle as seeding, except that now it is a different
molecule that is used to promote formation of the particular polymorph.3” Other materials
such as polymers,*® Langmuir-Blodgett (LB) films*® and self-assembled monolayers (SAM

templating)® can also be used to stimulate formation of a specific form.

Other less common techniques used to control which polymorph forms include controlling
the level of supersaturation by using microporous membranes®! and potentiometric cycling
(based on pH control).5? Confinement techniques are also sometimes used — this includes
crystallising metastable forms in a capillary®® or in nanoscopic confinement to separate
polymorphs by nucleus size,>* or performing a contact line crystallisation.>>® External
effects are also utilised in the form of sonocrystallisation®” and non-photochemical laser
induced nucleation (NPLIN).®
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154 Polymorph prediction

It would undoubtedly be very useful if it were possible to predict which molecules can form
polymorphs, and what those forms were. A lot of research is being carried out with this goal
in mind, but unfortunately, the problem has not quite been solved. It is possible to predict
(using the appropriate software) what the lowest energy forms of a molecule might be, and
what the structures could look like, but these are numerous, and where experimental work
has also been carried out, more forms are often predicted than are observed
experimentally.>*®° It is often assumed that the lowest energy forms are the ones that are

observed, but this is not always the case.5!

Various reasons for this lack of success have been postulated, including the fact that a
number of approximations need to be made during calculation. Crystal growth and the effect
of the solvent thereon® is also quite complex. During nucleation and crystal growth,
molecules reorder — it is a process not just a result. Final crystal structures are also not as
rigid and perfect as a calculation would suggest; there are flaws, faults, and disorder, and
products are not necessarily crystalline. The observation of metastable polymorphs also
proves that it is not always the most stable forms that crystallise. In fact, our experimental
data is undoubtedly not complete, as not all possible experiments have been performed, not

to mention experiments that cannot be performed due to technical limitations.>°

155 Polymorphism in the pharmaceutical industry

Polymorphs are of special interest when doing research in the pharmaceutical industry, as
drug molecules are often polymorphic. This is important because different arrangements of
atoms in the solid state lead to different lattice energies. In turn, this leads to polymorphs
having different physicochemical properties such as solubility®® and to a lesser extent also
stability, dissolution rate, and bioavailability.?? It is therefore very important that the desired
polymorph can be made reproducibly (without converting to the other over time) so that the
correct drug can be put on the market.?> One well-known example of the effect of
polymorphism on drug “effectiveness” is that of Chloramphenicol palmitate, where only
one of the three known polymorphs is metastable with suitable bioavailability, resulting
from its solubility.%% Some physical properties of other products are also polymorph-
dependant, such as explosives,® dyes,% fats/wax products,®” soaps, petroleum products,®®

and many types of food, including chocolate.”

10
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1.6 Multi-component crystals

The term ‘multi-component crystal’ is a broad term, representing any crystal containing
more than one type of chemical entity, and includes co-crystals, salts, and solvates. These
usually consist of a molecule of specific interest, and one or more co-formers (other
molecules). The formation of multi-component crystals can be beneficial, as it is possible
to alter the properties and structure of a material without altering its chemical properties
(much like polymorphism). An example of where this is often used is in the pharmaceutical
industry. Important pharmaceutical compounds can be combined with other harmless
molecules (co-formers) to alter their physical properties. This includes their solubility,”
stability,”? dissolution rate,” bioavailability,’* melting point,” and compressibility.”® These
co-formers are chosen from lists of compounds that are safe for human consumption, e.g.
GRAS (generally recognised as safe)’’” or EAFUS (Everything Added to Food in the United
States)’® lists. Drug-drug salts and co-crystals can also be formed when the co-former is
another drug molecule.” Apart from this, multi-component crystals also have application
possibilities in the fields of optoelectronics® and can be used in an attempt to form porous
framework-type materials.® These framework-type materials can be used for gas or other
small molecule- separation and storage, as well as catalysis. Such frameworks have been
reported to capture gases like carbon dioxide® selectively separate gases like
ethane/ethene,®? and selectively absorb solvents like hexane.

16.1 Co-crystals

“Two crystals living together — I'd call this a co-crystal for sure.” %

G. Desiraju (2003)

There is disagreement as to what exactly comprises a co-crystal®*8" (often also called a
molecular complex or molecular adduct), and whether salts and solvates are considered co-
crystals — or whether this term is needed at all. The consensus of the majority seems to be
along these lines: a co-crystal is formed when two or more neutral molecules are combined
in a definite stoichiometric relationship to form a structurally homogenous material, where

at least two of the molecules did not play the role of the crystallisation solvent.®

Co-crystals are held together by noncovalent intermolecular interactions. Most often, these

are hydrogen bonds as they tend to be stronger than other interactions between purely

11
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organic molecules.®® Molecules with many hydrogen bonding donor and acceptor atoms
will therefore make good co-crystallisation agents.®® Other intermolecular interactions, such
as m-m interactions, can also be present, but are weaker and so will have less of an effect.%
For co-crystals to form successfully, these heterogeneous intermolecular interactions
between different molecules need to be stronger than those between the molecules
themselves.® This will promote the formation of a heteromeric co-crystal instead of merely
separate molecular solids (i.e. simple recrystallisation taking place). Studying the possible
hydrogen bonds or synthons that can form between molecules,®® as well as their relative
strengths (whether by calculation® or experimental studies®), is thus important when you
want to predict the outcome of multi-component crystallisations.?® For example, the
amide---carboxylic acid interaction is more favourable than the amide---amide hydrogen-
bonding interaction.’” This is similar to determining the order of reactivity in organic
synthesis, but it is not nearly as well studied or understood. So much so that most researchers
still prefer performing extensive screening tests, above trying to predict which molecules
will co-crystallise. In fact, much more intensive and time-consuming first-principle
calculations would need to be performed to be anywhere near predicting co-crystal

formation.%

As a side note, co-crystals can also be hydrated or solvated, possibly forming hydrogen-
bonded organic frameworks (HOFs),*® or supramolecular organic frameworks (SOFs).1%

1.6.2 Salts

When the components of a co-crystal are acids and bases there is often proton transfer that
occurs so that the product is in fact a salt.'®* The acid and base components are then
connected by stronger charge-assisted hydrogen bonds, instead of by hydrogen bonds. The
possibility of this proton transfer occurring is thus dependent on the strength of the acid and
base. The potential for salt formation can be determined by using the quantified pKa rule.%?
This rule states that when the difference in pKa between the acid and base (ApKa) is more
than 4, proton transfer usually occurs to form a salt. Conversely, if the pKa(protonated base)
— pKa(acid) is less than —1, co-crystal formation is more likely. In the intermediary region
of ApKa between —1 and 4, it is not as clear cut. Previously it was assumed that no prediction
can be made for these systems,'® but Cruz-Cabeza has derived a linear relationship between

the probability of salt formation and ApKa values within this range.%? This rule has certain

12
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limitations,'%* such as not always being satisfied when there is not a 1:1 ratio of acid:base,*®

but serves as a sufficient guideline for predicting ionisation.

Other than this difference in charge, all that was said about co-crystals also applies here. As
with co-crystals, to form a salt, the priority of intermolecular interactions need to be taken
into account so that the heteromeric salt is formed instead of recrystallisation occurring. Salt
formation is very common, and about half of all pharmaceuticals are sold in the form of
salts.%® Salts can also be hydrated or solvated to possibly form ionic organic frameworks.*®

1.7 A series of organic zwitterions

In recent years, our group has investigated a series of organic zwitterions formed from the
addition of a variety of pyridine derivatives to acetylenedicarboxylic acid. Investigations
carried out on some of these zwitterions have revealed some interesting and potentially
useful properties. Our aim in this work was thus to expand this study and investigate the

remaining zwitterions in the series, as well as two further zwitterions.

The first paper on these zwitterions was published in July of 2014 by Loots et al.X%®
(Figure 1.4). Here the formation of seven novel pyridinium zwitterionic compounds was
described — although many more syntheses were attempted. The crystals of some of these
were shown to contain solvent/water molecules, and two salts were also obtained where the

covalent bond between the acid and base is not formed.

%
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HO \ HO HO \
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Figure 1.4 The first series of zwitterions that was reported by Loots et al.1%

o
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Two subsequent studies were carried out to further investigate two of the reported
zwitterions. The first was published in 2015 and reports on the benzylpyridine-
functionalised zwitterion.X%” This more in-depth study proved very interesting, as the
zwitterion was discovered to be polymorphic, as well as porous. Four polymorphs and three
solvates were obtained, and their solvent-mediated interconversions were demonstrated.
One of the polymorphs was also shown to be porous to 1,4-dioxane. The second study has
not been published yet, but reports on the 4-phenylpyridine zwitterion.1® This zwitterion
exists as two polymorphic apohosts, and three solvated forms. Interconversions between all
forms were studied. In both these studies a salt of the starting materials was also obtained
and determined to be the kinetic product of the reaction, with the zwitterion being the

thermodynamic product.

1.8 Aims and objectives

The aim of this project was to investigate the various solid-state forms that can be adopted
by a series of organic zwitterionic molecules. By doing a thorough and systematic study we
hoped to be able to better gauge the usefulness of these molecules as supramolecular
building blocks. The solid-state structures of all new materials obtained were investigated
by both single-crystal- and powder X-ray diffraction, so that we could understand how these
molecules interact and pack together in the solid state. Their properties were also studied in
detail using a variety of other analytical techniques.

Previous work has shown that the unusual shape and hydrogen-bonding capability of such
zwitterions can be the origin of interesting phenomena such as polymorphism and porosity.
A series of these zwitterions has been discovered, but only two have been studied in great
depth. Therefore, our first objective was to determine exactly how the others in the series
can be formed, and whether they can also exist as different polymorphs or solvates. We then
continued to study the relationships between all forms obtained and investigated the

possibility of interconversion, porosity, and selectivity (where applicable).

The second part of this study was based on two new zwitterions that had recently been
discovered in the group. These zwitterions are derived from nicotinamide and
isonicotinamide. Once again, our aim was to determine exactly how they can be formed,
and whether they can also exist as different polymorphs or solvates. They differ from all of

the previously reported zwitterions as they have an additional amide functionality on the
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pyridyl moiety. Our aim was to use this functionality to inhibit close packing in the

zwitterions and so increase the possibility of the structures being porous (Figure 1.6).

mr 1T 11

(a) (b) (c)

Figure 1.6 (a) General packing motif for the original series of zwitterions. % Chains of zwitterions
interdigitate to form a close-packed structure. (b) We postulated that zwitterions containing an extra
hydrogen bonding group would form a more open structure. (¢) The addition of co-formers could
possibly increase the pore size.

Additionally, we intended to combine these zwitterions with other small organic co-formers,
with complementary functional groups, to crystallise multi-component or framework
materials. The latter two zwitterions could be well-suited for this due to the extra hydrogen-
bonding groups that could interact with the co-former (Figure 1.6). Because the zwitterions
are already charged, our aim was to form not only hydrogen bonds, but also CAHBs, as
these are stronger and could aid in forming open, porous frameworks. Such frameworks
could demonstrate useful properties such as selectivity and porosity, while co-crystal- and
salt formation is useful for altering the physicochemical properties of molecules.

Throughout this whole project, our objective was to use only organic molecules to form our
materials, and to use mechanochemistry as much as possible. Using organic components to
create frameworks and multi-component crystals has a number of advantages: there is a
wide variety of molecules available, different functional groups can easily be incorporated
by co-crystallisation of molecules and simple synthesis methods can generally be used. In
addition these compounds form by self-assembly and can easily be re-dissolved and re-
formed. To further optimise the process, we aimed to utilise mechanochemistry.%®
Mechanochemistry is a rapid technique that uses very small amounts of solvent (if any). It
is still not very widely used and our aim was to demonstrate its usefulness in synthesis and

co-crystal/salt screening tests.
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The completion of this project would mean a better understanding of the forces holding
zwitterions together, how they like to pack in 3D space, and whether they prefer to
crystallise on their own, or with other co-formers or solvent molecules. Once we are able to
understand why they behave the way they do, we may be able to use this knowledge to

design and obtain further useful materials.

1.9 Thesis outline

Chapter 2 contains brief descriptions of the techniques and instrumentation used in this
study. Chapter 3 describes the polymorphic behaviour of two zwitterions, while Chapter 4
describes the new nicotinamide and isonicotinamide zwitterions and their ability to form
salts. Chapter 5 is an additional research chapter (not pertaining to zwitterions) containing
solvent-competition experiments that were carried out with another organic system.
Chapter 6 is a summary of the important results, conclusions made, as well as possible future
work. As a supplementary, Appendix A contains details of this work that has not been
included in the previous chapters, including the formation of another zwitterion. The
attached CD contains information on the crystal structures presented in this work (i.e. CIF

files) as well as NMR plots for the selectivity study in Chapter 5.
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CHAPTER 2

EXPERIMENTAL AND ANALYTICAL TECHNIQUES

2.1 Methodology for zwitterion formation

The reaction to synthesise the zwitterions described in this thesis (Figure 2.1) is a simple
Michael addition-type reaction between acetylenedicarboxylic acid (ADC) and various
pyridine derivatives. The two components were simply combined with the solvent/solvent
mixture in a small vial and stirred for 5-10 minutes at various temperatures. All chemicals

and solvents were obtained from Sigma Aldrich South Africa and used without further

Figure 2.1 The zwitterions that will be discussed in this thesis.

purification.

O

Due to the simplicity of this synthesis, our key variable was the choice of solvent. For all
zwitterions we first attempted the reaction in 16 common laboratory solvents (namely:
water, methanol, ethanol, dimethylformamide, dimethyl sulfoxide, acetone, acetonitrile,
chloroform, dichloromethane, diethyl ether, 1,4-dioxane, tetrahydrofuran, toluene,
cyclohexane, ethyl acetate, and benzene). However, not all of the solvents could dissolve
the starting materials — in fact very few did. DMSO, DMF, and water were always
successful, while methanol and ethanol were successful for two of the zwitterions. We will
refer to the different solvents as soluble or insoluble solvents for each set of starting
materials. The next step was to use two-component solvent systems to perform the synthesis.
All possible solvent combinations between soluble solvents were attempted, followed by all

soluble-insoluble combinations. This amounted to about 60 solvents/combinations per
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zwitterion (depending on whether methanol and ethanol were classified as soluble- or

insoluble solvents for that particular set of starting materials).

Other than the solvent used, we also investigated the effect of temperature and reagent ratios
on the product obtained. To test the effect of temperature, we repeated some of the syntheses
at temperatures ranging from room temperature to 100 °C. To determine whether the solvent
ratio could change the product that is obtained, we again repeated a few experiments, but
added an excess of each of the reagents alternately.

Four analogous zwitterions will be discussed in this thesis, namely those that are obtained
when ADC is combined with pyridine, 4-cyanopyridine, nicotinamide, and isonicotinamide.
The synthesis of two of these zwitterions is accompanied by the formation of a salt by-
product. From previous work? this salt seems to be the kinetic product of the reaction that
forms from a simple acid-base proton transfer. It forms faster and at lower temperatures
than the zwitterion, and so it is easy to remove by filtration before the solution is left to

crystallise once more to form the more thermodynamically stable zwitterion.

2.2 Crystal growth

Solid-state supramolecular chemistry relies heavily on crystal structures and the accurate
information it provides. Thus, we always endeavour to grow crystals of all products. The
technique of ‘slow evaporation” was the main technique used during this project: material
was simply dissolved in the solvent(s) and then left to crystallise slowly as the solvent
evaporated and the solution became saturated. Slow crystal growth is important to obtain
larger crystals suitable for single-crystal X-ray diffraction. Practically, the speed of
crystallisation was controlled by either covering vials with non-sealing lids, perforated
parafilm, or by not covering them at all. The choice of solvent was also very important to
ensure optimal crystal growth, and often a multi-component solvent was needed. It is
important that the solvent can be supersaturated with the material, i.e. one in which the
material is not too insoluble, but also not too soluble — practically this is often achieved by
combining a solvent in which the material is soluble with one in which the material is
insoluble. Varying the ratios of solvents in such a solvent mixture can also aid in slowing
down crystallisation. Of course, the difference in solvent volatility need also be taken into

account.
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As an addendum we experimented with the effect of temperature on crystal growth. Vials
of solutions were left to crystallise in the refrigerator, or on a warm surface. Vials were also
suspended in an oil bath, where the temperature could be controlled to cool down very
slowly over a period of time.

2.3 Methodology for multi-component crystal formation

We attempted to form multi-component crystals by combining each zwitterion with other
organic molecules. To obtain a clear picture of the ability of these zwitterions to form multi-
component crystals, co-formers of varying sizes and containing various functional groups
were used. The specific co-formers used includes: urea, isonicotinamide, nicotinamide,
uracil, terephthalic acid, melamine, 1,4-Diazabicyclo[2.2.2]octane, 2-amino-pyrimidine, 2-
aminopyridine, 2,6-diaminopyridine, thymine, pyrogallol, 2,2'-biphenol, isoquinoline,
pyridine, 4-methylphenol, 2,3-dihydroxynapthalene, napthalene, phloro-glucinol dihydrate,
N-phenyl-2-napthylamine, pamoic acid, hydroquinone, piperazine, pyrazinecarboxylic
acid, 4-phenylpyridine, 4-hydroxybenzaldehyde, a,a'-dibromo-o0-xylene and 2-amino-
benzonitrile. We also attempted to co-crystallise the zwitterions with each other as they are

similar in size and contain complementary functional groups.

We attempted to form multi-component crystals via solution methods by simply stirring the
components together in a solvent, with mild heating to aid dissolution. Due to the insoluble
nature of these zwitterions, we could only achieve dissolution in water, and even then it
almost always resulted in recrystallisation of the zwitterion, or the coformer, on its own.
The crystallisations were repeated with the addition of a few drops of pyridine, as this
appeared to aid dissolution. The idea was that recrystallisation might not occur if the two
components did not have such vastly differing solubilities, however this too was

unsuccessful.

As mechanochemistry is less affected by this difference in solubility, it proved to be a useful
tool for quick co-former screening, and so lead to the discovery of the salts discussed in
Chapter 4.
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2.4 Mechanochemistry

Mechanochemistry is a solid-state synthesis and crystallisation technique where reagents
are ground together in a mortar and pestle. Neat grinding, liquid-assisted grinding (LAG)®
and polymer-assisted grinding (POLAG)* are all useful, but differ slightly in reaction rate
and efficiency, as well as solvent inclusion ability. Using mechanochemical methods is very
effective and quick, and therefore very useful for co-crystal/salt-formation screening
purposes. It is also environmentally friendly with respect to solvent use, and is less likely to
yield a mixture of products.® With respect to forming multicomponent materials,
mechanochemical methods are often more successful than conventional methods as they are
not as dependant on the solubility of the components.> However, the solubility difference
between molecules should not be too great — both components should be saturated in the
solvent drop(s) when LAG is used.® Neat grinding does not work for all cases,® but LAG
has a high success rate, with the rate of conversion increasing with the amount of solvent

used and being dependent on the choice of solvent.

In this work mechanochemistry (manual grinding with mortar and pestle at room
temperature) was not successful in synthesising the zwitterions as heat is needed to form
this thermodynamic product (although the kinetic salt product can be formed by grinding).
On the other hand, this technique was very useful for making the multi-component
materials. The components (e.g. the zwitterion and melamine) were manually ground
together for 10 minutes with a few drops of either water, methanol, ethanol, or THF, to
afford a powder of the salt that could be recrystallised from water to obtain single crystals.
Other methods that can be used to obtain crystals, after a salt or co-crystal has been
identified via mechanochemistry, include recrystallisation with seeding, recrystallisation

from the melt, sublimation, etc.

25 Instrumentation

251 Thermogravimetric Analysis (TGA)

TGA is a form of thermal analysis where a sample is heated while the change in its mass is
measured. Information regarding the loss of solvent and degradation can be obtained.
Analysis was performed on a TA Q500 instrument. Each sample, ranging from 3-15 mg,

was loaded into an open aluminium pan and suspended in the furnace of the instrument. The
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sample was then heated at 10 °C min’* from room temperature (20-30 °C) to 500 °C while
under a constant flow of nitrogen (50 ml min™). Data were exported using Universal
Analysis 2000 v 4.5A (TA Instruments) and analysed using Microsoft Excel 2013.

2.5.2 Differential Scanning Calorimetry (DSC) analysis

DSC is another useful thermal analysis technique where the change in heat flow (in W/g) is
measured as the sample is heated up and cooled down. Peaks and troughs (exo- and
endotherms) in the trace indicate physical or chemical changes in the sample. Analysis was
performed on a TA Q20 instrument. Each sample, ranging from 3-10 mg, was loaded into
an aluminium pan and closed with a perforated lid. A reference pan was made in the same
way. The sample and reference pan were placed on thermocouples inside the instrument and
subjected to two heating-cooling cycles while under a flow of nitrogen (50 ml min). For
the first cycle the temperature was increased at 10 °C min™ from 25 °C to just before
decomposition. This was followed by cooling at 5 °C min to -20 °C. For the second cycle
the sample was heated once again, and subsequently cooled to room temperature at the same

speed used previously.

2.5.3 Nuclear magnetic resonance (NMR) spectroscopy

NMR was used to identify products when single crystals were not available. Samples were
prepared by dissolving 15-20 mg of a powdered sample in an appropriate deuterated solvent,
such as D,0 or DMSO-ds, and pipetting the solution into a Wilmad® NMR tube. Analysis
was performed using an Agilent spectrometer at 300 MHz. MestReNova Version 7.1.2
(Mnova)’ was used to analyse the data and generate spectra.

25.4 Single-crystal X-ray diffraction (SCD)

SCD is a powerful technique that can be used to obtain the relative coordinates of all the
atoms/molecules in a crystalline material (3D crystal structure) based on electron density.
Single crystals are needed to obtain accurate data and these are usually cooled to 100 K to

minimise atomic movement.
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For our analysis, crystals were placed in paratone oil so that a suitable crystal could be
chosen. The crystal was then picked up using a MiTeGen mount which was then attached

to a goniometer head in the instrument cabinet.

SCD for all compounds, except 3-Melamine, was carried out using a Bruker SMART
Apex Il diffractometer. The diffractometer makes use of MoKa radiation of wavelength
0.71073 A produced using a microfocus sealed tube and a 0.5 mm MonoCap collimator.
Frames were detected by a Bruker APEX SMART CCD area-detector. An Oxford
Cryosystems cryostat (Cryostream Plus 700 Controller) was used to keep the single crystals

at 100 K throughout all data collections.

Single-crystal X-ray Diffraction (SCD) of 3-Melamine was carried out using a Bruker
Apex Il DUO Quasar CCD area-detector diffractometer. This dual source diffractometer
was operated using MoKa radiation of wavelength 0.71073 A produced by an Incoatec s
microsource coupled with a multilayer mirror optics monochromator. An Oxford
Cryosystems cryostat (Cryostream Plus 700 Controller) was used to keep the single crystal
at 100 K throughout the data collection.

Data were collected, and reduced using the Bruker software package SAINT® in the ApexII|
software. SADABS®!° was used for the absorption correction and correcting for other
systematic errors. Finally, the structures were solved (SHELXS-13)* using direct methods
and refined (SHELXL-16)*? through the graphical user interface XSeed.*** Hydrogen
atoms on sp?-hybridised carbon atoms were placed in calculated positions using riding
models, while O-H and N-H hydrogen atoms were placed on maxima in the electron density

difference maps. All images were created using POV-Ray.*®

255 Powder X-ray diffraction (PXRD)

PXRD is a useful technique for analysing bulk powdered, but crystalline, samples. A
fingerprint plot is obtained that can easily be compared to known patterns for positive
identification. Samples were prepared by lightly grinding the material in a mortar and pestle
and placing it in a zero-background holder inside the instrument. PXRD patterns were
collected on a Bruker D2 Phaser powder X-ray diffractometer with 1.54183 A CuKa
radiation; operated at 30 kV and 10 mA. Data were collected from 26 = 4 to 40° at a scan

speed of 0.5 seconds per step (step size of 0.0161). Data analysis was performed with the
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program X’Pert HighScore Plus (version 2.2¢) and images generated with Microsoft Excel
2013.

2.5.6 Fourier transform infrared spectroscopy

FTIR was carried out using a Bruker Alpha spectrometer with Platinum ATR attachment,
using the OPUS Version 7.5 software.’® A background scan was acquired before each
sample scan. This technique was very useful for determining whether our multi-component
materials were co-crystals or salts. By looking at the C=0 stretching frequency one can
determine whether there is a carboxylate (1550 — 1635 cm™) or carboxylic acid group

(ca. 1720 cm'?) present, i.e. whether it is a salt or a co-crystal.
2.6 Computer software

2.6.1 Mercury CSD 3.9

Mercury is a useful tool developed by the Cambridge Crystallographic Data Centre (CCDC)
to visualise crystal structures and intermolecular interactions, and to statistically analyse
data from the CSD (the Cambridge Structural Database).’?° We specifically made use of

its functionality to calculate UNI intermolecular potentials using the ‘UNI’ force field.??

2.6.2 ConQuest 1.18

ConQuest? is developed by the CCDC in order to easily search for crystal structures on the
CSD (a database containing all published crystal structures). This software has a variety of
useful functionalities; for our purposes, we made use of its ability to search for specific
interactions within crystal structures in order to determine the propensity of these

interactions to form.

2.6.3 CrystalExplorer 17.5

CrystalExplorer?® can be used to investigate crystal packing and intermolecular interactions,
and to generate surfaces within a crystal structure that correspond to specific properties such
as electron density and electrostatic potential. We made use of CrystalExplorer’s ability to
calculate intermolecular interaction energies from model energies consisting of

electrostatic, polarisation, dispersion, and exchange-repulsion components. For our
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purposes, the Tonto computational chemistry package was used for wavefunction
calculations,? carried out at the B3LYP/6-31G(d,p) level of theory.
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CHAPTER 3

POLYMORPHIC BEHAVIOUR OF TWO ORGANIC ZWITTERIONS: A RARE

CASE OF NO OBSERVABLE CONVERSION BETWEEN POLYMORPHS

This chapter is presented as a draft of a paper that has been published in Crystal Growth
and Design (DOI 10.1021/acs.cgd.7b01271). The version that was submitted is included as
Appendix C. All the experimental work in this chapter was carried out by myself, except for
the following: the conformational scan was carried out by Bernard Dippenaar, and the
CASTEP calculations were carried out by Thalia Carstens. The draft included here was

written by me.

3.1 Abstract

The solid-state behaviour of two organic zwitterions, (Z)-3-carboxy-2-(4-cyanopyridin-1-
ium-1-yl)-acrylate (1) and (Z2)-1-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)-pyridin-1-
ium (2), has been extensively investigated. Variation of crystallisation conditions resulted
in the identification of two conformational polymorphs of 1, a kinetic and thermodynamic
form. Three polymorphs of 2, where the formation of a particular polymorph depends
entirely on solvent of crystallisation, were also identified. The relationship between the
polymorphs of both 1 and 2 has been extensively studied, and attempts were made to
interconvert between forms to determine their relative stability. No interconversion between
polymorphs is observed in either 1 or 2. In the case of 1, this is likely due to restrictions on
rotation of the carboxylic group in the solid state, which is required for conversion between
polymorphs.

3.2 Introduction

In the rapidly developing field of crystal engineering, significant effort is still devoted to
understanding in more detail why molecules pack in certain ways in the solid state. One
useful way to gain more insight into this question is the detailed study of polymorphism. As

with most scientific concepts, the definition of polymorphism and the depth to which it has
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been studied has varied throughout its development. Despite its first recognition in 1822 by
Mitscherlich,! the first widely accepted definition, given by McCrone, only appeared in
1965.2 Since then there has been much debate regarding the significance of isomerism,3#
tautomerism,®> and large conformational changes® to this definition, and whether
allotropism,” amorphous materials,® and pseudopolymorphism should be included in the
definition of polymorphs.® Nevertheless, the most common and innocuous definition
remains that polymorphism®*2 is when a molecule (or a combination of molecules in the
case of multi-component frameworks®®) can arrange in more than one way in the solid
state.!* Simply put, polymorphs have different solid-state crystal structures, but are identical

in solution and in the vapour state.*®

In order to control which polymorph is isolated it is often of interest to know how
polymorphs relate to one another, how they are different, and how they can interconvert.
Many polymorphs can be interconverted by changing the temperature, changing the
pressure,'® dissolution of the crystals in different solvents,'”*® grinding (neat or liquid-
assisted),® the presence of moisture in the air,?’ the addition of acids or bases? or by
melting.?? Monotropic polymorphism is when one polymorph is more stable than another at
all temperatures and is therefore more likely to be formed. The less stable form is often
called the metastable polymorph.!* For monotropic polymorphs, changing the temperature
would only result in conversion from the metastable to the stable form. Enantiotropic
polymorphism occurs when each polymorph is stable over a certain temperature range, such
that there is a low-temperature form and a high-temperature form. At the juncture
temperature both are equally stable and so either one could be converted to the other. At
temperatures above this point the low-temperature polymorph will convert to the high-
temperature form, and vice versa.'* Very rarely, there are reports of polymorphs that do not

interconvert at all.?®

Recently, we reported the synthesis and solid-state behaviour of a series of organic
zwitterions.?*2® These molecules have extensive hydrogen bonding capability as well as an
interesting T-shape, which lead us to study their interactions in the solid state. The
zwitterions are synthesized directly from reaction of acetylenedicarboxylic acid (ADC) with
various pyridine derivatives (Scheme 3.1) and previous studies showed that several of these

zwitterions display interesting inclusion behaviour and polymorphism. The focus of this
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study was thus to carry out an extensive investigation of two of these zwitterions, which are

formed by reaction of ADC with 4-cyanopyridine (1) or with pyridine (2).

o

o

N \
H

%) o | = Solvent ° L o
Y= + P R . / N
HO OH A \

R = 1:R=CN
R 2:R=H

Scheme 3.1 General reaction scheme for the formation of zwitterions 1 and 2.

3.3 Results and discussion

3.3.1 Synthesis and crystallisation

Zwitterions 1o and 2a (CSD refcodes: BIXMIG & BIXLUR?% have previously been
described by our group. Systematic variation of the crystallisation solvent yielded three new
polymorphs (1B, 2B, and 2y). Crystals of all five polymorphs formed directly from the
reaction mixture by slow evaporation, between 24 hours and one week after the reaction,

and were of suitable size for single-crystal X-ray diffraction, needing no further purification.

Zwitterion la crystallised from solvent mixtures of either methanol or ethanol with a series
of common solvents, whilst 1p was synthesized and crystallised from a range of solvent
mixtures containing water (see supplementary information for details). Using lower reaction
temperatures (room temperature instead of 60 °C) or shorter stirring times produced a
mixture of both 1a and 1p. When crystals of 1e were filtered and the filtrate left to allow

further crystallisation, a mixture of polymorphs was isolated.

Zwitterion 2a crystallised from methanol, as well as from several other solvent mixtures,
often containing methanol. Zwitterion 2 crystallised from a mixture of methanol and DMF,
as well as other solvent mixtures containing DMF (see supplementary information for all
solvents/solvent mixtures used). Zwitterion 2y only crystallises from a mixture of water and
THF and is often accompanied by the simultaneous formation of 2a. The temperature of
reaction and crystallisation had no noticeable effect on the product in the case of

Zwitterion 2.
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Attempts were made to use liquid-assisted grinding (LAG) to synthesize crystalline 1 and
2. The combination of ADC and pyridine resulted in the formation of an unknown product
(3) when LAG was used, while the mechanochemical combination of ADC and
4-cyanopyridine left the starting materials unchanged. Single crystal data of 3 have not been
obtained, but it is strongly suspected to be a salt formed via proton transfer, based on 'H
and 3C NMR and PXRD (See supplementary information). From previous work?+26 it
seems that the salt is most likely the kinetic product of the reaction between ADC and the

pyridine derivative that forms without sufficient heating.

3.3.2 Crystal structures

Zwitterions 1 and 2 both contain a pyridinium moiety and a backbone consisting of the four-

carbon chain and the carboxylic acid/carboxylate groups — these terms will be used in the
following descriptions. The structures of la and 2o have been reported previously,?*
however they are described again here for comparative purposes. Crystallographic data are

summarized in Table 3.1 and hydrogen-bond distances and angles in Table 3.2.

Table 3.1 Crystallographic data for the polymorph structures.

Structure lao* 1B 20* 2B 2y
Chemical formula C10H6N204 C10HsNO4 CoH7NO4 CoH7NO4 CoH7NO4
Formula weight /g mol! 218.17 218.17 193.16 193.16 193.16
Crystal system Monoclinic Monoclinic Orthorhombic ~ Triclinic Monoclinic
Space group P2i/c P2i/c P212121 P1 P21/n

alA 7.1931(1) 8.0518(8) 7.9762(3) 7.332(2) 10.2397(7)
b /A 20.060(3) 11.8523(1) 8.3938(3) 8.0634(2) 7.9983(5)
c/A 7.4716(1) 20.020(2) 12.6089(5) 9.107(3) 10.6591(7)
al° 90.00 90.00 90.00 65.923(3) 90

BI° 112.495(2) 94.3020(1) 90.00 75.200(4) 107.223(2)
y/° 90.00 90.00 90.00 64.146(3) 90
Calculated density /g cm=  1.455 1.521 1.520 1.457 1.539
Volume /A3 996.1(3) 1905.2(3) 844.17(6) 440.4(2) 833.84(1)
z 4 8 4 2 4
Temperature /K 100(2) 100(2) 100(2) 100(2) 100(2)
p/mm 0.12 0.12 0.12 0.12 0.12
Independent reflections 2208 4359 2254 2336 2084

Rint 0.0256 0.0178 0.0371 0.0595 0.0330

R1 [1> 206(1)] 0.0419 0.0450 0.0398 0.0454 0.0352

*Although reported previously, these structures have been redetermined from new data and the CIF files included.
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Table 3.2 Summary of the hydrogen-bond geometries of the polymorphs.
Structure D-H---A D—H /A H---A/A D---AJA D—H---A/°  Symmetry codes
la O1-H1.--07 0.99(3) 1.52(3) 2.5045(2) 178(2) X, y, z+1
1B 02A-H2A.--08A  0.99(3) 1.56(3) 2.5512(2) 177(3) x+1,Y,z
02B-H2B---08B  0.87(3) 1.65(3) 2.5246(2) 175(3) x-1,Y, z
2a 02-H2.--08 1.00(4) 1.49(4) 2.475(2) 170(4) x+1,Y,z
2 02-H2.--08 0.99(3) 1.50(3) 2.4934(2) 178(3) X, y-1, 2
2y 02-H2.--08 1.05(3) 1.42(3) 2.49698(1)  174(2) X, y+1,

3.3.2.1 Crystal structures of 1a and 1

Zwitterion 1a (BIXMIG?*) crystallises in the monoclinic space group P2i/c and has one
zwitterion per asymmetric unit (ASU). The angle between the planes formed by the
backbone and the pyridinium moiety is 97.47(5)°. These planes were fitted to all non-
hydrogen atoms — the first to those of the backbone, and the second to those of the ring. The
angle was chosen in such a way as to allow for comparison between the different forms.
One-dimensional chains of zwitterions are formed via O—H---O hydrogen bonding between
the backbones; these run along the c-axis (Figure 3.1 a). Each chain then forms a pair with
another so that they form a herringbone pattern as the pyridinium moieties interdigitate
(Figure 3.1 b & c). These pairs then pack together to form sheets of zwitterion chains with
cyano groups all pointing in the same direction. Sheets then pack together in an ABAB
fashion with cyano groups pointing in the opposite direction on each adjacent sheet
(Figure 3.1 d).

e

Figure 3.1 (a) Chain of zwitterion 1a showing the hydrogen bonding between neighbouring
zwitterions. (b) Pairs of zwitterion chains of 1a viewed down the a-axis - showing the herringbone
pattern - and (c) down the c-axis. (d) Packing diagram of 1a viewed down the c-axis.

3
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Polymorph 1B is similar to 1a. Like 1a it also crystallises in P21/c, but with two zwitterions
in the ASU. The angles between the planes formed by the backbone and pyridinium moiety
in the two zwitterions are 96.43(4)° and 77.53(4)°. One-dimensional chains of zwitterions
are formed via O—H---O hydrogen bonding between the carboxylate backbones; these run
along the a-axis. Each chain then forms a pair with another to give a two-dimensional
ladder-like structure as the pyridinium moieties interdigitate (Figure 3.2 a & b). These
ladders then pack in alternating directions along the a-axis, leaving no open spaces in the

structure (Figure 3.2 ).

((a)

LT e
e KT
Peelpesgber@peng

e KT
(O R

Figure 3.2 (a) Pair of zwitterion chains, or ladder, of 1p viewed down the b-axis, and (b) down the
a-axis. (c) Packing diagram of 1p viewed down the a-axis.

3.3.2.2 Comparison of 1e and 1

The polymorphs of zwitterion 1 are similar — both consist of pairs of chains of zwitterions
close-packed together — but there are slight differences leading to the herringbone pattern
of 1a and the ladder structure of 1p. The most notable difference is the position of
protonation (Figure 3.3). In polymorph 1p (as well as in all three polymorphs of
zwitterion 2) the oxygen atom trans to the pyridinium ring is protonated, while in 1a the cis
oxygen atom of that carboxylic acid group is protonated. This leads to a different chain
geometry in la, i.e. the zwitterion backbones do not pack end-on in a collinear fashion to
form a straight line but are rather tilted with respect to each other (Figure 3.3). The more
perpendicular arrangement of 1p allows the pyridinium moieties to interdigitate (Figure 3.4)
so that the cyanopyridinium rings now fit in between the backbones. As a result the

backbones are slightly farther apart to accommodate these rings (Figure 3.4).
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(a) (b)

Figure 3.3 Hydrogen bonding between the zwitterions in (a) 1a and (b) 1p.

(a) (b)

Figure 3.4 Comparison of the pairs of chains in 1e.and 1p. Planes are constructed to show the angle
of the zwitterion chains relative to each other. Distances between the zwitterion chains were
measured from the sp? carbon in the backbones. (a) In 1a the two nearest zwitterion chains are
separated by an angle of 68.00(4)° and a distance of 7.621(4) A. (b) In 1p the two nearest chains are
142.00(5)° and 8.216(3) A from each other leaving more space in between the backbones for the
pyridinium moieties.

It should also be noted that 1p has two molecules in the ASU while 1a has only one. The
angle between the planes made by the pyridinium moiety and backbone of 1a is 97.47(5)°.
While half of the molecules in 1§ have a very similar conformation (96.43(4)°), every
second zwitterion is slightly twisted to make this angle 77.53(4)°. It could be that this
smaller twist in 1p allows the zwitterions to pack together more closely. In fact, from the
crystallographic data, 1p is more dense than 1a (1.521 vs 1.455 g cm™®). According to the
density rule?” based on the close packing principle of Kitaigorodskii,?® crystal structures that

are more dense, are more stable.
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3.3.2.3 Crystal structures of 2a, 2 and 2y

Zwitterion 2a crystallises in the chiral, orthorhombic space group P212:2: and has one
zwitterion per ASU. The angle between the planes formed by the backbone and pyridinium
ring is 78.35(5)°. Once again, one-dimensional chains of zwitterions are formed via O—
H---O hydrogen bonding between the backbones; these run along the a-axis (Figure 3.5 a).
Each chain then forms a pair with another as the pyridinium moieties interdigitate and
partially overlap to give a similar ladder-like structure to that formed in 1
(Figure 3.5 b & c), except that the pyridinium rings of the two chains in the ladder are not
quite parallel to one another. These pairs of chains pack together in 3-dimensions to form
the structure (Figure 3.5 d).

\
=5

\J\EFWJ\’@T)&T ¢ i

Figure 3.5 (a) Chain of zwitterion 2a showing the hydrogen bonding between neighbouring
zwitterions. (b) Pair of zwitterion chains, or ladder, of 2a viewed down the c-axis and (c) down the
a-axis. (d) Packing diagram of 2a viewed down the a-axis.

Zwitterion 2 crystallises in the triclinic space group P1, and has one zwitterion per ASU.
The angle between the planes formed by the backbone and pyridinium moiety is 69.11(4)°.
One-dimensional chains of zwitterions are formed via O—H---O hydrogen bonding between
the backbones; these run along the b-axis (Figure 3.6 a). Each one-dimensional chain then
forms a pair with another resulting in a two-dimensional ladder-like structure as the pyridine
moieties interdigitate (Figure 3.6 b). When two neighbouring ladders are examined
(Figure 3.6 c) it is clear that all the pyridinium rings are parallel to each other. These ladders
then pack into sheets that form a layered structure. When viewed down the b-axis the
backbones of neighbouring ladders line up along the a-axis resulting in hydrophilic and
hydrophobic layers (Figure 3.6 d).
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Figure 3.6 (a) Chain of zwitterion 2p showing the hydrogen bonding between neighbouring
zwitterions. (b) Pair of zwitterion chains, or ladder, of 2p viewed down the a-axis, and (c) down the
c-axis. Here two ladders are shown to demonstrate that all pyridine moieties are parallel (d) Packing
diagram of 2p viewed down the b-axis.

Zwitterion 2y crystallises in the monoclinic space group P2:/n and has one zwitterion per
ASU. The angle between the planes formed by the backbone and pyridinium moiety is
114.7(4)°. One-dimensional chains of zwitterions are formed via O-H---O hydrogen
bonding between the backbones; these run along the b-axis (Figure 3.7 a). Each one-
dimensional chain then forms a pair with another to form a two-dimensional ladder-like
structure as the pyridinium moieties interdigitate and are parallel to each other
(Figure 3.7 b). When two neighbouring ladders are viewed it is clear that the pyridinium
rings are parallel to those in the same ladder, but not to those in adjacent ladders
(Figure 3.7 c). These ladders pack into sheets that form a layered structure. When viewed
down the b-axis the backbones of neighbouring ladders line up, resulting in hydrophilic and

hydrophobic layers (Figure 3.7 d) very similar to those seen in 2.
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Figure 3.7 (a) Chain of zwitterion 2y showing the hydrogen bonding between neighbouring
zwitterions. (b) Pair of zwitterion chains, or ladders, of 2y viewed down the c-axis, and (c) down
the a-axis. Here two ladders are shown, making it clear that all rings are not parallel (d) Packing
diagram of 2y viewed down the b-axis showing how similar it is to 2.

3.3.2.4 Comparison of 2a, 2 and 2y

For zwitterion 2 the main difference between the polymorphs is not in the hydrogen
bonding, but the conformation of the zwitterion itself. For 1e and 1, the angle between the
plane formed by the backbone and by the ring is roughly the same for both polymorphs
(97.47(5)° and 96.43(4)°/77.53(4)°). However, this angle differs considerably for the
polymorphs of zwitterion 2. For 2a. this angle is 78.35(5)°, for 2 the angle is 69.11(4)°, and
in 2y the planes are separated by 114.7(4)° (Figure 3.8). Furthermore, there is a C—C bond
rotation causing a change in the orientation of the carboxylic acid group relative to the
backbone (Figure 3.8). This is to ensure that the hydrogen atom is in the correct position to

form a hydrogen bond with the carboxylate group of the next zwitterion in the chain.

t 69° ) \ s
i (a) b Y

(b)

Figure 3.8 The conformational change in the polymorphs of zwitterion 2 can clearly be seen when
viewed down the plane of the pyridinium ring. (2) In 2a the angle between the ring and backbone is
78.35(5)°. (b) In 2p the angle between the ring and backbone is 69.11(4)°. (c) In 2y the angle
between the ring and backbone is 114.7(4)°.

For each polymorph there is also a difference in the angle of the pyridinium rings with
respect to those of the surrounding zwitterions. In 2a the pyridinium rings in one zwitterion

chain are all parallel to each other, but not parallel to those of the other chain in the same
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ladder. In 2 the pyridinium rings in both chains of the ladder are parallel, in fact, they are
parallel through the whole structure. In 2y we have an intermediate arrangement where the
rings in both chains of the ladder are parallel to each other, but neighbouring ladders are not
parallel to one another (Figure 3.9).

Figure 3.9 Pairs of ladders of (a) 2a viewed down the b-axis, (b) 2p viewed down the c-axis, and
(c) 2y viewed down the a-axis. The difference in the angles of the pyridinium rings with respect to
each other can clearly be seen.

3.3.3 Conformational polymorphism

As we know, polymorphism occurs when a compound can arrange itself in more than one
way in the solid state. When these solid-state forms have vastly different conformations,
they are specifically called conformational polymorphs. In other words, when the torsion
angles in a molecule rotate rapidly in solution, conformational polymorphs can be formed
if the torsion angle gets ‘stuck’ in different rotational energy minima in the solid state. On
the other hand, if the torsion angles within a molecule do not rotate rapidly in solution, it is
possible to simply have different conformational isomers. When these crystallise, they will
undoubtedly have different crystal structures, just like different molecules would, and so are

not called polymorphs, just different isomers.®

In the case of zwitterion 1, the crystal structures of 1a and 1p show different conformations,
with the carboxylic acid hydrogen atom either cis or trans to the pyridyl moiety (Figure 3.3).
Therefore, to prove that these are in fact polymorphs (conformational polymorphs) we need

to demonstrate free rotation in solution.
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To measure the rotational barriers of zwitterion 1 in solution, we investigated the energy of
1 as the carboxylic acid group is rotated about the C—C bond (Figure 3.10)." Two minima
are observed that correspond to the crystal structures of the two polymorphs - 1B being

approximately 3 kJ mol™* lower in energy than la.

25
20 N*
/

15

AE (kJ mol?)

10 AE = 19.56 kI mol!

AE = 22 49 kI mol!

A 4

I AE = 2.83 kJ mol! K,
e, & \ 4
-180 -140 -100 -60 -20 20 60 100 140 180

Torsion angle /°

Figure 3.10 Conformational energy diagram indicating how the energy of 1 changes as the
carboxylate group is rotated around the O=C—C=C torsion angle (indicated in the inset). The energy
of the crystal structures and calculated gas-phase minima of 1a and 1 are indicated as red and blue
dots respectively.

The rotational barriers between the two minima are calculated as 19.56 and 22.49 kJ mol™*
(Figure 3.10). The Eyring equation can be used to calculate the rate constant (k), and
therefore the rate of conversion between the minima:

kT

=

e—AG/RT (3.1)

Where ky is the Boltzmann constant, T is the temperature, and h is Planck’s constant. The
value of k, that is, the rate of conversion between the minima at 25 °C, was found to be of
the order of 10%-10'% s, This confirms that there is rapid conversion between the conformers

in solution, indicating that 1 and 1 are in fact conformational polymorphs.

* The conformational scan (excluding data analysis) was carried out by another student, Bernard Dippenaar.
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3.3.4 Polymorph stability and interconversion

Several attempts were made to interconvert between the polymorphs of both 1 and 2. All
polymorphic forms were ground (neat and liquid-assisted), allowed to stand in different
solvents and out in air, slurried in a variety of solvents, and analysed as the temperature was
changed from -20 °C to just before decomposition (and back again). There was no evidence
for conversion between forms for either 1 or 2. The polymorphs do not melt, but merely
decompose at high temperatures (between 170 and 200 °C). Visually all five polymorphs
seem to dissolve at about the same rate in water, and not at all in other common solvents.
TGA shows no mass loss for any of the polymorphs of 1 or 2 and DSC shows no endo- or
exotherms. Unlike most polymorphs, it appears that the polymorphs of 1 and 2 do not have
a monotropic or enantiotropic relationship, as all seem to be equally stable once formed.

Even though these polymorphs seem equally stable once formed, in the case of zwitterion 1
stability still appears to play a role in determining which polymorph forms. It seems that
although the polymorphs can grow under the same conditions, 1p forms much more slowly
— 1o forms in 1 day, but 1 needs at least 3 days to crystallise. When a solvent mixture
containing water (lower vapour pressure) is used, it evaporates more slowly and 1p has time
to form. This in confirmed by the fact that when crystals of 1a are removed by filtration,
and the filtrate left to continue to crystallise, it yields a mixture of products as 1p has now
had enough time to form. 1a is thus likely to be the kinetic product and 1p the
thermodynamic product. This corresponds to the energy values obtained from
conformational analysis — 1B is lower in energy than la, and therefore more energetically
favourable (Figure 3.10). This also correlates to the densities of the two forms, as mentioned

previously, 1p is more dense than 1a, a further indication that 1p is more stable.

No such relationship is observed for the polymorphs of zwitterion 2 and all three forms
appear to be equally stable and similar in energy. Each form can be obtained at both high
and low temperatures, and the outcome of an experiment only depends on the solvent used

for synthesis and crystallisation.
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3.3.5 Calculations

The total packing energy of each polymorph (with hydrogen normalization), as well as
various intermolecular potentials, was calculated using the UNI intermolecular force
field?®3 in Mercury.31-3* This force field is only a rough approximation, but can give a good
indication of the relative energies, especially when similar molecules are compared.®® The
total packing energy of 1a and 1p is -102.7 kJ mol™ and -123.6 kJ mol™ respectively. This
corresponds to all previous observations indicating that 1p is more stable than 1a.

The centroid-to-centroid distance between neighbouring aromatic rings in 1a is 5.386(1) A
with the shortest C-C contact being 3.639(3) A, while in 1p the centroid-to-centroid
distances are 3.943(1) A and 4.547(2) A alternating down the ladder, with many shorter C-C
interactions than in la (e.g. 3.437(2), 3.465(2), 3.527(2), and 3.553(2) A). The higher
stability of 1p is therefore possibly as a result of weak offset 7-n interactions that are present
due to the better alignment of the aromatic rings compared to le (Figure 3.11). 1a has no
7~ interactions as the rings are too far away from each other. Loots et al. showed how such

- stacking has an effect on the packing of similar zwitterions.?

The total packing energies for the polymorphs of zwitterion 2 were calculated to be -106.2,
-93.7, and -93.5 kJ mol™ for 2a, 2B, and 2y, respectively.

(a) : 54 A i (b) W 33.9 A
: -17.8 kI mol”!

-35.1 kJ mol!

Figure 3.11 The interactions between the aromatic rings in the crystal structures are indicated (as
calculated with the UNI force field) as well as the centroid-to-centroid distances. (a) The rings in
1o hardly overlap, are not parallel to each other, and are too far away for n-n interactions to form.
The interaction between these two molecules has a potential energy of -17.8 kJ mol™. (b) The
aromatic rings in 1p overlap better, are closer together, and are also parallel. The interaction
between the two nearest molecules in the ladder has a potential energy of -35.1 kJ mol™.
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Packing energy calculations were followed up by more rigorous lattice energy calculations’
using the module CASTEP in Materials Studio.*® The following formula was used to

calculate the lattice energy:

n
Ecryst
Elaee = T - Z Emoln (3.2)
i

Emor s the single point energy for a single molecule (performed for the n crystallographically
unique molecules in the asymmetric unit). Z is the number of formula units per unit cell and
Ecryst is the single point energy calculated for the whole unit cell. The value obtained in this
way for 1p was divided by 2 in order to account for Z' = 2. These calculations were carried
out in order to determine whether there could be a thermodynamic driving force behind the

formation of the polymorphs.

The lattice energy of 1a is calculated as -281.0 kJ mol™, while that of 1p is calculated
as -262.83 kJ mol™. These values differ from all our previous results and indicate that 1a
may be more stable than 1p. Environmental factors, such as the solvent used, were not taken
into account when these calculations were performed, and could lead to the variations in the

results.

Lattice energies calculated for 2a, 2B, and 2y are -273.40 kJ mol?, -260.49 kJ mol?,
and -286.50 kJ mol* when CASTEP is used. These values do not vary as much between the
different forms, indicating that there is no significant difference between the stabilities of

these polymorphs.

34 Conclusion

Two groups of polymorphs have been described — their formation seems to be governed by
different factors. The polymorphs of 1 seem to exist as a kinetic and thermodynamic pair.
la crystallises quickly, but is the less stable conformer with no n-n interactions forming due
to inefficient overlap of the aromatic rings. 1p crystallises more slowly and is the more
stable conformer due to better overlap of the aromatic rings and thus additional weak 7-nt

T Lattice energy calculations were carried out by another student, Thalia Carstens.
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interactions. On the other hand, the formation of the three polymorphs of 2 appear to be

driven purely by solvent choice, which affects the conformation of the zwitterion.

In the case of zwitterion 1, the balance of evidence indicates that 1p is more stable, yet 1a
cannot convert to this more stable form. In the case of zwitterion 2, the three polymorphs
are similar in energy, and so we would also expect interconversion between different forms,
however this is not the case. The inability of these polymorphs to interconvert is unusual,
but indicates some energetic hurdle that cannot be crossed. In all crystal structures the
ladders of zwitterion are very closely interlocked and major shifts in the crystal structure

and hydrogen bonding would need to occur if one form were to change to another.

Determining how to control which polymorphic form of a particular molecule is obtained is
essential, and this has been successfully achieved for both zwitterions in this study.
Likewise, it is important to know how the polymorphs relate to one another and how they
can interconvert. Two rare examples of polymorphs that do not interconvert have been
presented. This is a potentially useful property for molecules to have — polymorphs can have
very different physical and chemical properties and a system in which it is known with

certainty that no interconversion will occur could be advantageous.

35 Experimental

Further details of the crystallisation conditions, as well as all PXRD, TGA, DSC, and NMR
data are available in the Supporting Information.

3.5.1 Synthesis and crystallisation

All chemicals and solvents were obtained from Sigma Aldrich South Africa and used
without further purification.

la [(Z)-3-carboxy-2-(4-cyanopyridin-1-ium-1-yl)-acrylate] was synthesized by stirring
acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and 4-pyridinecarbonitrile
(0.018 g, 0.173 mmol) in a solvent mixture containing methanol (1 ml) and 1,4-dioxane
(2 ml) for 10 minutes at 60 °C. Crystallisation via slow evaporation at room temperature

produced large, colourless crystals after 24 hours.

1B [(2)-3-carboxy-2-(4-cyanopyridin-1-ium-1-yl)-acrylate] was made by stirring
acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and 4-pyridinecarbonitrile
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(0.018 g, 0.173 mmol) in a solvent mixture containing dimethylformamide (1 ml) and water
(2 ml) for 10 minutes at 60 °C. Crystallisation via slow evaporation at room temperature

produced large, colourless crystals after about 3 days.

20 [(2)-1-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)-pyridin-1-ium] was made by
stirring acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and pyridine (0.014 g,
0.172 mmol) in 2 ml methanol for 5 minutes at 60 °C (the addition of 2 ml ethanol or water
can used to speed up product formation). Crystallisation via slow evaporation at room

temperature produced colourless, block-like crystals after 24 hours.

2B [(2)-1-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)-pyridin-1-ium] was made by
stirring acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and pyridine (0.014 g,
0.172 mmol) in a solvent mixture containing methanol (2 ml) and dimethyl formamide
(2 ml) for 5 minutes at 60 °C. Crystallisation via slow evaporation at room temperature

produced colourless, block-like crystals after 24 hours.

2y [(2)-1-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)-pyridin-1-ium] was made by
stirring acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and pyridine (0.014 g,
0.172 mmol) in a solvent mixture containing THF (2 ml) and water (1 ml) for 10 minutes at
60 °C. Crystallisation via slow evaporation at room temperature produced colourless, plate-

like crystals after 3 days.

The salt, 3, was made by combining acetylenedicarboxylic acid (ADC, 0.020 g,
0.175 mmol) with pyridine (0.014 g, 0.172) and grinding them together in a mortar and
pestle for 10 minutes. 2a was also obtained when the salt 3 was dissolved in methanol.
dH (300 MHz, D20) 8.07 (2H, J = 7.0 Hz, t), 8.62 (1H, J = 7.9 Hz, 1.4 Hz, tt), 8.78 (2H, m).
8¢ (300 MHz, D20) 73.44, 125.18, 138.80, 144.96, 155.17.

H
1
(o} (o] N o fo) N
N LAG N
= + —_— =4 o+ U
HO OH Q o 9 P
(3)

Scheme 3.2 General reaction scheme for the preparation of salt 3 from acetylenedicarboxylic acid
and pyridine.
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3.5.2 Calculations

Structures were optimized starting from the crystal structure geometries using B3LYP/6-
311++G(d,p) in Gaussian 09 Rev E01.%" Further frequency calculations confirmed that a
minimum energy conformation was obtained. The potential energy scan was performed by
the addition of two dummy atoms in order to rotate the relevant torsion angle in increments
of 10°. Single-point energies were calculated at each increment at the B3LYP/6-
311++G(d,p) level of theory.

Lattice energy calculations were carried out using the module CASTEP in Materials Studio
using GGA-PBE with GD2 dispersion correction.*
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3.7 Associated content

Details on synthetic procedures, all solvents/solvent combinations used, and instrumental
characterization and analysis for all compounds (PXRD, TGA, DSC, NMR), as well as X-
ray crystallographic files in CIF format are available. This material is available free of
charge via the Internet at http://pubs.acs.org. CCDC 1572494-1572498 contain the
supplementary crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.
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3.9 Supplementary information

Synthesis and crystallisation

All chemicals and solvents were obtained from Sigma Aldrich South Africa and used

without further purification.

la [(Z)-3-carboxy-2-(4-cyanopyridin-1-ium-1-yl)-acrylate] was synthesized by stirring
acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and 4-pyridinecarbonitrile
(0.018 g, 0.173 mmol) in a solvent mixture containing methanol (1 ml) and 1,4-dioxane
(1 ml) for 10 minutes at 60 °C. Crystallisation via slow evaporation at room temperature
produced large, colourless crystals after 24 hours. Other solvent(s) used are summarised in
Table S1.

1B [(2)-3-carboxy-2-(4-cyanopyridin-1-ium-1-yl)-acrylate] was made by stirring
acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and 4-pyridinecarbonitrile
(0.018 g, 0.173 mmol) in a solvent mixture containing dimethylformamide (1 ml) and water
(2 ml) for 10 minutes at 60 °C. Crystallisation via slow evaporation at room temperature
produced large, colourless crystals after about 3 days. Other solvent(s) used are summarised
in Table S1.

Using lower reaction temperatures (room temperature instead of 60 °C) or shorter stirring
times produced a mixture of polymorphs. When crystals of 1a were filtered and the filtrate

left to allow further crystallisation, a mixture of polymorphs was isolated.
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Table S1 Summary of solvents and solvent mixtures used in the crystallisation of 1, grouped

according to the product. Reported ratios are volume ratios.

la

lo

1p

MeOH

MeOH/MeCN (1:1)
MeOH/THF (1:1)
MeOH/DMF (1:1)
MeOH/DMSO (1:1)
MeOH/Acetone (1:1)
MeOH/DCM (1:1)
MeOH/CHClI; (1:1)
MeOH/EtOAc (1:1)
MeOH/Et,0 (1:1)
MeOH/Benzene (1:1)
MeOH/Cyclohexane (1:1)
MeOH/Toluene (1:1)
MeOH/EtOH (1:1)

MeOH/Dioxane (1:1)

EtOH

EtOH/DMF (1:1)
EtOH/MeCN (1:1)
EtOH/THF (1:1)
EtOH/DMSO (1:1)
EtOH/Acetone (1:1)
EtOH/DCM (1:1)
EtOH/CHCI; (1:1)
EtOH/EtOAC (1:1)
EtOH/Et,0 (1:1)
EtOH/Benzene (1:1)
EtOH/Cyclohexane (1:1)

EtOH/Toluene (1:1)

H20

H.O/MeOH (1:1)
H.O/Cyclohexane (1:1)
H,O/EtOH (1:1)
H.O/THE (1:1)
H,O/DMF (1:1)
H>O/Toluene (1:1)
H>O/EtherH.O (1:1)
H>O/Benzene (1:1)
H.O/Acetone (5:1)
H20/DMSO (2:1)
H,O/CHCls (5:1)
H.O/DCM (5:1)

H2O/Dioxane (5:1)

20 [(Z2)-1-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)-pyridin-1-ium] was made by

stirring acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and pyridine (0.014 g,

0.172 mmol) in 2 ml methanol for 5 minutes at 60 °C (the addition of 2 ml ethanol or water

could be used to speed up product formation). Crystallisation via slow evaporation at room

temperature produced colourless crystal blocks after 24 hours. Other solvent(s) used are

summarised in Table S2.

2B [(2)-1-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)-pyridin-1-ium] was made by

stirring acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and pyridine (0.014 g,

0.172 mmol) in a solvent mixture containing methanol (2 ml) and dimethyl formamide

(2 ml) for 5 minutes at 60 °C. Crystallisation via slow evaporation at room temperature
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produced colourless crystal blocks after 24 hours. Other solvent(s) used are summarised in
Table S2.

2y [(2)-1-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)-pyridin-1-ium] was made by
stirring acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) and pyridine (0.014 g,
0.172 mmol) in a solvent mixture containing THF (2 ml) and water (1 ml) for 10 minutes at
60 °C. Crystallisation via slow evaporation at room temperature produced colourless crystal
plates after 3 days. Other solvent(s) used are summarised in Table S2.

The salt, 3, was made by combining acetylenedicarboxylic acid (ADC, 0.020 g,
0.175 mmol) with pyridine (0.014 g, 0.172) and grinding them together in a mortar and
pestle for 10 minutes. 2a was also obtained when the salt 3 was dissolved in methanol.
dH (300 MHz, D20) 8.07 (2H, J = 7.0 Hz, t), 8.62 (1H, J = 7.9 Hz, 1.4 Hz, tt), 8.78 (2H, m).
dc (300 MHz, D.0) 73.44, 125.18, 138.80, 144.96, 155.17.

Table S2 Summary of solvents and solvent mixtures used in the crystallisation of 2, grouped
according to the product formed. Reported ratios are volume ratios.

20 2B
MeOH MeOH & Acetone (2:1)  DMF DMF & DCM (2:3)
MeOH & H,0 (2:1) MeOH & Dioxane (2:1)  DMF & EtOAc (2:11)  DMF & EtOH (1:2)

MeOH & EtOH (1:1)  MeOH & Cyclohex. (3:1) DMF & MeOH (1:1)

MeOH & Benzene (1:1) MeOH & EtOAc (1:1)

MeOH & THF (2:1) H20 & Acetone (1:4) 2y

MeOH & Toluene (2:1) H.O & Dioxane (1:4) H20 & THF (1:2)

MeOH & DCM (2:1)

Mixture of 2p and 2y Mixture of 2a and 23

H20 & EtOH DMF & Acetone (1:2)  MeOH & MeCN (1:1)

DMF & Dioxane (1:1)  EtOH & H,0 (2:1)
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Powder X-Ray diffraction patterns
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Figure S1 Comparison of the experimental and calculated powder patterns of the two polymorphs
of 1. The slight shift in angle between the calculated and experimental patterns is due to the
difference in temperature (powder pattern at room temperature; crystal structure at 100 K).
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Figure S2 Comparison of the truncated experimental and calculated powder patterns of the two
polymorphs of 1, zoomed in to clearly show the region where they differ most notably.
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Figure S3 Comparison of the experimental and calculated powder patterns of the three polymorphs
of 2. The slight shift in angle between the calculated and experimental patterns is due to the
difference in temperature (powder pattern at room temperature; crystal structure at 100 K). The
experimental powder pattern of what is thought to be the salt 3 is also shown.
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Thermal analysis (TGA and DSC)
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Figure S4 DSC trace for the starting material ADC used as an example. An impurity in the
instrument resulted in a small endotherm during heating (90 °C) and a small exotherm on cooling
(70 °C). This impurity can be seen in some of the following DSC curves and can be ignored (the
higher the mass of the sample tested, the smaller the impurity peaks).
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Figure S5 Thermal analysis results for 1a. TGA trace shown in blue and DSC trace in orange
(cycle 1) and green dashes (cycle 2).
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Figure S6 Thermal analysis results for 1. TGA trace shown in blue and DSC trace in orange
(cycle 1) and green dashes (cycle 2).
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Figure S7 Thermal analysis results for 2a. TGA trace shown in blue and DSC trace in orange
(cycle 1) and green dashes (cycle 2). The small exo- and endotherms in the DSC are due to an
impurity present in the instrument.
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Figure S8 Thermal analysis results for 2B. TGA trace shown in blue and DSC trace in orange
(cycle 1) and green dashes (cycle 2).
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Figure S9 Thermal analysis results for 2y. TGA trace shown in blue and DSC trace in orange
(cycle 1) and green dashes (cycle 2). The small exo- and endotherms in the DSC are due to an
impurity present in the instrument.
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Figure S10 *H NMR (300MHz) of 3 showing the proton signals for pyridinium (The ADC dianion
does not contain any protons).
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Figure S11 *C NMR (300MHz) showing the peaks corresponding to the carbon atoms in ADC
and pyridinium.
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NICOTINAMIDE- AND ISONICOTINAMIDE-DERIVED ZWITTERIONS AND

THEIR SALTS

This chapter is presented as a draft of a paper that is about to be submitted to
CrystEngComm. All the experimental work in this chapter was carried out by myself. The

draft included here was written by me.

4.1 Abstract

The reaction between acetylenedicarboxylic acid and nicotinamide or isonicotinamide
produces two new zwitterionic molecules, namely (Z)-2-(3-carbamoylpyridin-1-ium-1-yl)-
3-carboxyacrylate (1) and (Z)-3-carboxy-2-(4-carboxypyridin-1-ium-1-ylacrylate (2), as
well as a salt by-product, 2a. The solid-state behaviour of the zwitterions has been
investigated by altering variables such as the solvent(s) used, and the temperature at which
synthesis and crystallisation occurs. These zwitterions, as well as a previously reported
zwitterion, (Z)-3-carboxy-2-(4-cyanopyridin-1-ium-1-yl)-acrylate (3), were subsequently
combined with various small organic co-formers in an attempt to form multi-component
crystals via mechanochemical or solution methods. Three new hydrated salts were formed
with melamine (1-Melamine, 2-Melamine, and 3-Melamine), all of which display charge-
assisted hydrogen bonding (CAHB). Zwitterions 1 and 2 also form characteristic R%(8)
hydrogen-bonded units between the amide group and melamine. Based on these observed
trends in hydrogen bonding, further crystallisation experiments were attempted with
molecules similar to melamine. Although single crystals were not obtained, six potential
salts have been identified based on NMR and IR data. Compared to the number of co-
formers used, the discovery of only three salts per zwitterion is unusual — a search of the
Cambridge Structural Database (CSD) indicates that this may be due to the high propensity
of the CAHBs between the zwitterions in the solid state.
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4.2 Introduction

Multi-component crystals, in which two or more different molecules are included in one
crystalline material,® are increasingly being studied by solid-state chemists as they are of
interest in many areas, including the development of new materials and the pharmaceutical
industry. Their formation is often linked to a change in physicochemical properties,? such
as solubility,>* stability,” tabletability,® and many others linked to the practical application
of solids. Multi-component crystals include co-crystals, salts, and solvates, but many other
intermediary categories have also been suggested, such as salt solvates, co-crystal salts, co-
crystal solvates, and co-crystal salt solvates.” These terms are still under dispute, especially
the term co-crystal — with respect to its necessity, specificity, elegance, and even
spelling.”® While confusion can be avoided by simply calling them multi-component
systems, more specific terms do aid in accurately describing a material. For this reason, we
will continue with the following simple, but important, definitions: co-crystals form when
two or more neutral molecules are combined into one crystalline material. When there is a
proton transfer between these components, they are called salts. In addition, when one of

the components played the role of the solvent in the reaction, the product is called a solvate.

Multi-component crystals are usually formed after some thought is put into the possible
intermolecular interactions that molecules could have with each other,° be it hydrogen
bonds, n-n stacking, halogen bonds, van der Waals interactions, etc. Therefore, it is
imperative to understand trends in intermolecular interactions if we want to be able to design

useful salts, co-crystals and solvates.

The synthesis and structures of a series of pyridyl-derived zwitterions were recently reported
by our group,** and some of these zwitterions have been found to show interesting inclusion
abilities,'? conversions® and polymorphic behaviour.®® Based on this, two new zwitterions
(with the potential to form multi-component crystals) have been synthesised in the same
way. Zwitterions are neutral molecules that contain positive and negative charges — giving
them the added benefit of not only hydrogen bonding, but also a higher probability of
forming even stronger charge-assisted hydrogen bonds (CAHBs).** The zwitterions used in
this study consist of a dicarboxylic acid backbone with pyridinium or a pyridinium
derivative branching out to give them their characteristic T-shape. This characteristic
molecular shape, together with their hydrogen-bonding capability, makes them potentially

useful supramolecular building blocks.
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In this study we have investigated two new zwitterions (Scheme 4.1), namely (Z)-2-(3-
carbamoylpyridin-1-ium-1-yl)-3-carboxyacrylate (1) and (Z)-3-carboxy-2-(4-carboxy-
pyridin-1-ium-1-yl)-acrylate (2). These zwitterions were specifically chosen as they have
an extra hydrogen bond donor/acceptor group attached to the pyridinium ring in the form of
an amide functional group. As the amide-amide interaction is a known synthon, the idea
was that this extra “sticky end” perpendicular to the carboxylic acid groups would allow the
supramolecular structure to propagate in more dimensions, through additional
intermolecular interactions, stabilising the structure and potentially resulting in interesting
properties.

Here we describe the solid-state structures of these two zwitterions on their own, as well as
structures obtained when the zwitterions were combined with other small organic molecules
(Scheme 4.1). A zwitterion that was reported previously by our group'® shows similar
behaviour when combined with these co-formers — although the zwitterion will not be
discussed here, its ability to form salts will. The structures are compared to gain insight into
the trends in hydrogen bonding and to establish the potential use of these zwitterions in

forming further solid-state supramolecular structures.

zwitterions co-formers

Y\)l\ WL N HZNYNYNHZ HoN_ _N_ _NH, _N__NH,
|
" S S
NH, 2,6-diaminopyridine 2-aminopyridine

melamine

Scheme 4.1 Structures of the three zwitterions discussed in this paper, as well as the three co-
formers that were successfully combined with each zwitterion.

4.3 Results and discussion

4.3.1 Synthesis and crystallisation

The zwitterions were synthesised in a straightforward manner: the combination of
acetylenedicarboxylic acid (ADC) and the pyridine derivative (nicotinamide/
isonicotinamide) in a particular solvent or solvent system, with mild heating and stirring for

a few minutes, yields reasonably sized, colourless crystals after 24 hours (Scheme 4.2). In
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the case of the isonicotinamide zwitterion, a salt of the same starting materials can be formed
using the same method, but a different solvent combination. Unlike the zwitterions, this salt,
2a, can also be formed mechanochemically with the addition of a few drops of
tetrahydrofuran. To investigate the formation of polymorphs or solvates, various solvent
mixtures were used during synthesis of the zwitterions, and crystallisation temperature and
reagent ratios were also varied. Combinations of methanol, ethanol, water,
dimethylformamide and dimethyl sulfoxide with each other, as well as with 11 other

common laboratory solvents, were utilised.

HO o]
S Y
Solvent *
I+ wo | _ > OH N
A |
NH, HzN x
HO (o]
(o]
(1)
Solvent Solvent A
-q—
E or: THF LAG

(2a)

Scheme 4.2 Synthesis of zwitterions 1 and 2 as well as the salt 2a. In each case the reagents
(acetylenedicarboxylic acid and nicotinamide/isonicotinamide) are added to a particular solvent, or
solvent mixture, and stirred for a few minutes with mild heating. The salt, 2a, can also be made via
liquid-assisted grinding with a few drops of tetrahydrofuran.

Synthesis of zwitterion 1 always gave the same product, with no observed polymorphs or
solvates, despite the fact that approximately 60 solvent combinations were used, and
crystallisation at both room temperature and in the refrigerator was attempted. The
combination of ADC and isonicotinamide, on the other hand, can result in the formation of
zwitterion 2, which crystallises as a hydrate, or in the formation of a salt of the two
components, 2a, via simple charge transfer. In our previous work!? it was observed that
when such a salt is formed, it is the kinetic product of the reaction, which forms more
quickly and at lower temperatures than the zwitterion itself. It is therefore simple to dispose
of the unwanted salt by-product by removing crystals that form too quickly (i.e. after 24
hours) before the filtrate is left to crystallise once more. No other polymorphs or solvates of
zwitterion 2 were observed. The synthesis of zwitterion 3 is similar to that of zwitterion 1

and 2 and is reported in a previous publication.?
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The salts, 1-Melamine, 2-Melamine, and 3-Melamine can easily be formed by grinding a
1:1 molar ratio of the zwitterion and melamine together with a few drops of solvent.
Depending on the specific salt, crystals could then be obtained by recrystallisation of this
powder, or by dissolution of a 1:1 molar ratio of the starting materials in water.

Many co-crystallisations were attempted with zwitterions 1, 2 and 3. The co-formers were
chosen based on known interactions that they could have with amide- and carboxylic acid
groups, such as the zwitterions have — the idea was to form co-crystals. Unfortunately, the
insoluble nature of the zwitterions (to our knowledge they only dissolve in water at 100 °C)
made these crystallisations extremely difficult practically, especially since most organic co-
formers are very soluble. This discord is also one of the reasons why most of our attempts
merely resulted in crystallisation of the two molecular components separately. Another
reason for this may have to do with the propensity for formation of homomeric zwitterion-
zwitterion interactions — this will be discussed later. Nevertheless, using liquid-assisted
grinding as a quick screening tool, melamine was identified as a potentially successful co-
former. Further crystallisation and recrystallisation experiments lead to the crystal structures
of three melamine salts, 1-Melamine, 2-Melamine and 3-Melamine. When these form, a
proton transfer occurs from the carboxylic acid group of the zwitterion to one of the nitrogen
atoms in the melamine ring. It is important to note that these salts dissolve more easily than

the zwitterions on their own.

4.3.2 Crystal structures

Crystallographic data for all structures obtained with zwitterions 1, 2 and 3 are summarised
in Table 4.1. Zwitterion 3 (both of its polymorphs — 3a and 3p)" has been included for

comparative purposes, although it will only be discussed in terms of its salt with melamine.

* This zwitterion is described in Chapter 3, where it is called zwitterion 1 (with polymorphs 1e and 1p).
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Zwitterion 1 crystallises in the monoclinic space group P21/c and has one zwitterion in the
asymmetric unit (ASU). The zwitterions form chains by way of O-H---O hydrogen bonds
between the carboxylate/carboxylic acid backbones (Figure 4.1 a). Two such chains then
interdigitate forming a ladder-like structure as they pair up, via hydrogen bonds between an
amide hydrogen atom and one of the oxygen atoms of the carboxylic acid moiety in the
other chain (Figure 4.1 b & ¢). When viewed down the a-axis the ladders can clearly be seen

as they pack next to each other to form a layered structure (Figure 4.1 d).

T

-~

J

Figure 4.1 (a) Hydrogen-bonded chain of zwitterion 1 viewed down the c-axis. (b) Pairs of chains
of zwitterion 1 showing the hydrogen bonds holding them together when viewed down the c-axis
and (c) the b-axis. (d) Packing diagram of zwitterion 1 showing the layered structure (viewed down
the a-axis).

Zwitterion 2 crystallises in the triclinic space group P1. The ASU of 2 consists of one
zwitterion and one molecule of water that is hydrogen bonded through its oxygen atom to
the amide functional group of the zwitterion. Once again the zwitterions form chains
through hydrogen-bonded carboxylic acid backbones (Figure 4.2 a), and again there is a
hydrogen bond between the amide and carbonyl groups of neighbouring chains
(Figure 4.2 b). The water molecules only interact with one chain and do not play a role in
holding neighbouring chains together. These neighbouring chains do not interdigitate, as
with zwitterion 1, but simply pack next to one another (Figure 4.2 c). The pairs of hydrogen-
bonded chains and their layered packing are clearly visible when viewed down the b-axis
(Figure 4.2 d).
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Figure 4.2 (a) Hydrogen-bonded chain of zwitterion 2 viewed perpendicular to the bc plane.
(b) Pairs of chains of zwitterion 2 showing the hydrogen bonds keeping them together when viewed
perpendicular to the bc plane and (c) the b-axis. (d) Packing diagram of zwitterion 2 showing the
layered structure (viewed down the b-axis).

The salt 2a also crystallises in the triclinic space group P1. There is one isonicotinamide
ion and half an ADC ion in the ASU, with a N*-H---"O charge assisted hydrogen bond
between the positively charged pyridinium nitrogen atom and the negatively charged
carboxylate group (Figure 4.3 a). The isonicotinamide ion is also hydrogen bonded to

another ADC ion through the amide group. Lastly, two isonicotinamide ions interact by

forming the familiar amide-amide 8-atom dimeric unit (Figure 4.3 b).

(b)

(a)

Figure 4.3 (a) The asymmetric unit of the salt 2a contains one isonicotinamide ion and half an ADC
ion. The symmetry-generated half of the ADC ion is shown in green for clarity. (b) Total packing
diagram for 2a, viewed down the bc plane, showing the hydrogen bonds that form.

4.3.3 Crystal structures of the melamine salts

The first salt, 1-Melamine, contains zwitterion 1, melamine and water in a 1:1:2 mole ratio
and crystallises in the triclinic space group P1. The zwitterion backbone is disordered over

two positions in such a manner that the oxygen atoms are on the same positions for both
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conformations (i.e. the backbone is flipped by 180°). The structure has a multitude of
hydrogen bonds (Figure 4.4 a) due to the many hydrogen-bond donor- and acceptor atoms
present in melamine. When viewed down the a-axis, these hydrogen bonds can clearly be
seen (Figure 4.4 b). Most notable is the hydrogen bond between the amide group of 1, and
melamine — an interaction that seems to play an important role in the formation of these
salts (Figure 4.4 a). There is also a CAHB between the zwitterion carboxylate group and the
melamine ion (Figure 4.4 a). Water molecules occur in pairs and are located in pockets
which line up through the structure. Both water molecules are hydrogen-bonded to the
framework. There is no mass loss in the TGA (see supplementary information) that
corresponds to the 9.07% water present, indicating that the water molecules are only lost

during decomposition.

(a) (b)

Figure 4.4 (a) Hydrogen bonding in 1-Melamine. The disorder in the zwitterion backbones is
shown in green. (b) Packing diagram of 1-Melamine viewed down the a-axis.

The second salt, 2-Melamine, contains zwitterion 2, melamine, and water in a mole ratio of
1:1:1. This salt also crystallises in the triclinic space group, P1. There are numerous
hydrogen bonds present (Figure 4.5 a and b) — note the same R%(8) hydrogen-bonded unit
between the amide group and the melamine ion, as well as the charge-assisted hydrogen
bond that was also present in 1-Melamine. The geometry of the latter interaction is however
quite different here, as there is an additional hydrogen bond between the neighbouring
amine group of melamine and the other oxygen atom of the carboxylate group forming the
CAHB (Figure 4.5a). This hydrogen bond-CAHB double interaction serves to keep
melamine and the zwitterion backbone in the same plane. As this propagates through the
structure, all of the hydrogen bonds in 2-Melamine are then in the same plane, so that
separate sheets form that are not directly bonded to one another (2D sheets) (Figure 4.5 c).
This is in contrast to the hydrogen bonds of 1-Melamine that extend in three dimensions.
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Again, the water molecules are hydrogen bonded to the framework and it does not seem
likely that they can be removed without the crystals decomposing. From TGA (see
supplementary information) we know that there is a 5.1% mass loss that could be due to
water being lost (the mass of one molecule of water is calculated to be 4.8%). This can also
be seen from the DSC where there is a broad endotherm that corresponds to this mass loss,
however, the mass loss occurs slowly, and is directly followed by decomposition of the

crystals, which means that dehydrated crystals cannot be isolated.

(a) (b) (c)

Figure 4.5 (a) Hydrogen bonding in 2-Melamine. (b) One layer (chosen for clarity) in the packing
diagram of 2-Melamine showing all the hydrogen bonds. (c) Layers in 2-Melamine pair up
(although not held together by hydrogen bonding), but the pairs are then offset to one another in an
ABAB manner (viewed down the a-axis).

The final salt, 3-Melamine, contains zwitterion 3, melamine, and water in a mole ratio of
1:1:1 (Figure 4.6 a). This salt crystallises in the monoclinic space group P2i/c. As with the
other two salts, there are numerous hydrogen bonds present, the most notable synthon being
that between the carboxylate group of the zwitterion backbone and the melamine ion. As
with 2-Melamine, this interaction consists of a CAHB between an oxygen atom of the
carboxylate group and a protonated nitrogen atom in the melamine ring, as well as a
hydrogen bond between the neighbouring amine group of melamine and the other oxygen
atom of the carboxylate group forming the CAHB (Figure 4.6 a). The packing diagram for
this salt (Figure 4.6 b) shows a layered structure: layers of zwitterions separated by sheets
of melamine. The pyridinium moieties of the zwitterions are all parallel to each other, and

so too are the melamine rings, however the two are at an angle of 105.7(1)° to each other.
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(a)

Figure 4.6 (a) Asymmetric unit of 3-Melamine showing the hydrogen bonds present. (b) Packing
diagram of 3-Melamine showing the layered structure (viewed down the b-axis).

4.3.4 Mechanochemistry

We endeavoured to use mechanochemical methods (specifically grinding in a mortar and
pestle) to determine whether bulk material of either the zwitterions or the salts could be
produced quickly and easily in this manner. Synthesis of the zwitterions, as well as
formation of the salts, were attempted by using neat- and liquid-assisted grinding (for the
latter, drops of methanol, ethanol, water and tetrahydrofuran were used). Both of these
methods were unsuccessful with regard to zwitterion formation, as it seems more heat is
needed to form the covalent bonds, to yield this thermodynamic product. Grinding of the

components used to synthesise zwitterion 2 resulted in formation of the kinetic product, 2a.

Mechanochemical methods were however very successful in forming the zwitterion-
melamine salts — both neat and liquid-assisted grinding (using a few drops of methanol or
water) were successful, however LAG produced a faster change than neat grinding.
Formation of the melamine salts, which have water in the structure, is therefore possible
even if water is not deliberately added. Further mechanochemistry experiments, carried out
with compounds that are similar to melamine with regard to forming possible intermolecular
interactions, were also attempted, namely 2-aminopyridine, 2-aminopyrimidine and
2,6-diaminopyridine. The co-crystallisations of zwitterion 1, 2, and 3 with 2-aminopyridine
(AP) and 2,6-diaminopyridine (DAP), using LAG with a few drops of methanol, seemed to

be successful as powder patterns were obtained that did not match either of the starting
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materials, in each case. The combinations of the zwitterions with 2-aminopyrimidine left
the starting materials unchanged. It is therefore suspected that salts 1-AP, 2-AP, 3-AP,
1-DAP, 2-DAP and 3-DAP were formed. As of yet, recrystallisation of these six suspected
salts has been unsuccessful, as has direct crystallisation from solution. *H NMR data does
however indicate the presence of both starting materials, which supports our hypothesis of
salt formation. FTIR indicates that these too are salts, and not co-crystals (the C=0
stretching frequency at 1550 — 1635 cm™ indicates the presence of a carboxylate group

instead of a carboxylic acid, which would show up around 1720 cm™).

4.3.5 Hydrogen-bond propensities

For two different types of molecules in solution to recognise each other and form
heteromeric molecular solids, the interactions between the different molecules need to be
more favourable than interactions between the molecules themselves.® Therefore, in order
to successfully form multi-component crystals, there needs to be an understanding of the
hierarchy of intermolecular interactions. In purely organic molecules, hydrogen bonds are
usually the strongest interactions present, and so they are usually all that has to be taken into
account.'® For example, nitrogen-containing heterocycles and carboxylic acids form very
strong hydrogen bonds to each other; this interaction is frequently observed in the
Cambridge Structural Database (CSD),° and can therefore confidently be used in the design
of co-crystals. From the CSD it is also clear that the carboxylic acid-amide interaction is
more common than the amide-amide and carboxylic acid-carboxylic acid interactions.!’
Combining carboxylic acids and amides is thus also a viable strategy for multi-component

crystal formation.

Furthermore, the possibility of proton transfer between molecules also needs to be taken
into account. Unexpected proton transfer may result in unexpected intermolecular
interactions as CAHBs are likely to form preferentially, as they are stronger than other
hydrogen bonds. Here pKa values can be very useful for predicting whether such a proton
transfer will occur, i.e. if a salt or co-crystal will form. The pKa rule quantifies this and
states that when the difference in pKa between the acid and base (ApKa = pKa[protonated
base] — pKa[acid]) is more than 4, proton transfer usually occurs to form a salt. Conversely,
if ApKa < -1, co-crystal formation is more likely. In the intermediary region of ApKa

between —1 and 4, a linear relationship between the probability of salt formation and ApKa
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values has been derived.!® Unfortunately, the pKa values for the zwitterions are not known,
and could also not be measured as they are very difficult to dissolve. In the case of the
zwitterions, the observed salt formation was unexpected, as the aim was in fact to form co-

crystals.

As mentioned previously, one of the factors preventing co-crystal/salt formation, in the case
of the zwitterions, is the propensity of the zwitterions to hydrogen bond to each other,
instead of interacting with the co-formers. Practically, we can assume that this is happening
due to many failed experiments that merely led to recrystallisation, but a search of the

CSD,**22 using ConQuest, confirms that this is likely to be true (Figure 4.7).

The principal interaction between the zwitterions is a carboxylic acid-carboxylate charge-
assisted hydrogen bond. Our objective was to test whether this interaction is more abundant,
and thus presumably more favourable, than the interaction a zwitterion would have with a
certain co-former. The first step was to search the CSD for all structures containing both a
carboxylic acid- and a carboxylate group (whether on separate molecules or on the same
molecule). Only organic molecules, for which the 3D coordinates of all atoms have been
determined, were taken into account. A subsequent search within this subset allowed for the
calculation of the number of times that an intermolecular CAHB forms between these two
groups. This was followed by a search for other common interactions that the zwitterions

could have with the co-formers that were used (Figure 4.7).

When both carboxylic acid and carboxylate functional groups are present in a crystal (as
with the zwitterions, and 3622 other structures in the CSD), they form a CAHB 63.94% of
the time. However, when viewing the structures not containing this interaction, it was clear
that many could not form this intermolecular interaction as both functional groups were
located on the same molecule, and were interacting with each other intramolecularly. When
these structures are removed from the search, the propensity for the CAHB rises to 76.79%.
When this result is compared to the propensity for other interactions to form (Figure 4.7), it
is clear that the zwitterion-zwitterion interaction is more common than all of the other
interactions — which would explain why it is dominant in our structures. It is, however,
interesting to note that the synthon observed in our melamine salts is only 47.27% abundant
(Figure 4.7 f). Here intramolecular interactions were not omitted as it is not a common
occurrence. Such a CSD search should thus not be used to rule out the possibility of multi-

component crystals forming, but as a tool to try and understand experimental results.
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* This value is artificially low as many of the secondary amides form part of longer chains and peptides
and so are often sterically hindered from interacting with the carboxylic acid group.

Figure 4.7 Possible interactions that the zwitterions could have with another zwitterion or with the
co-formers that were used. Fractions and percentage values represent the number of times that the
synthon is observed in the structure if both functional groups are present. The interacting groups are
(a) a carboxylic acid and a carboxylate anion, (b) two carboxylic acid groups forming a symmetrical
dimer, (c) two carboxylic acid groups forming a single hydrogen bond, (d) a carboxylic acid and
pyridine or a pyridine derivative, (e) a carboxylic acid and a molecule containing an amine
conjugated to an imine such as 2-aminopyridine, (f) a carboxylate anion and a conjugated amine-
iminium group, (g) a carboxylic acid and a secondary amide, (h) a carboxylic acid and a primary
amide, (i) a carboxylic acid and an amine, (j) a carboxylate anion and an amine, (k) a carboxylic
acid and a hydroxyl group, and (I) a carboxylate anion and a hydroxyl group.

Of course, the values obtained are not perfectly accurate — the CSD is inherently biased, as
not all materials diffract well enough to give structural data that can be solved. There could
also be other factors inhibiting the interactions that were searched for, such as steric
constraints. Furthermore, even though strong intermolecular interactions, such as the
hydrogen bond, play an important role in determining crystal packing, it is not the only

determining factor; many weaker interactions such as n-n interactions and van der Waals

interactions could also have a significant effect. However, the information does give us a
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good idea of the relative hydrogen-bond propensities, and therefore the likelihood of

molecules to interact.

Another demonstration of the strength of the homomeric zwitterion-zwitterion interaction
is the length of the hydrogen bonds between the zwitterions, compared to those observed in
the melamine salts. The carboxylate-carboxylic acid CAHB formed between the zwitterions
is roughly 2.5 A long (Table 4.2), while the hydrogen bonds in the salts are longer and range
from 2.73t0 2.81 A (Table 4.3).

Table 4.2 Hydrogen bond geometries of the reported zwitterions and salt.

Structure D-H---A D-H /A H---AJA D---A/A D-H---A/°  Symmetry codes
1 02-H2.--08 1.04 (3) 1.44 (3) 2.4760 (2) 178 (3) X, yt+l,z

2 O1-H1..-07 0.93(2) 1.63 (2) 2.5593 (1) 175 (2) X, yt+l,z

2a N1-H1.--011 1.06 1.51 (2) 2.5631 (2) 174 (2) —Xxt+2, -y, —z+l

Table 4.3 Hydrogen bond geometries of the reported melamine salts.

Structure D-H---A D-H/A H---A A D---A/A D-H---A/° Symmetry codes
1-Melamine ~ N27-H27B---030 0.88 1.94 2.767 (3) 156.1 x-1yz
N28-H28B---029 0.88 1.97 2.765 (3) 150.5 x-1,y+l,z
N20-H1---02 0.84 (3) 1.93 (3) 2.733 (3) 158 (3)
2-Melamine  N18-H18..-08 0.88 (2) 1.90 (2) 27692 (2)  172.9(2) X, y-1,2-1
027-H27B---08  0.88 (3) 1.92 (3) 27464 (2) 156 (2) —X+1, -y+2, -z+1
027-H27A.--02  0.89 (3) 1.90 (3) 2.7305(2) 154 (3) X, y-1,z-1
3-Melamine  N17-H17...07 0.88 (3) 1.93 (3) 2.814 (4) 173 (3) —X+2, y-112, -z+3/2
026-H26A---01  1.07 (4) 1.68 (4) 2.736 (4) 171 (6)
N23-H23A.--02  0.88 (3) 1.85 (4) 2.731 (4) 175 (3)
N25-H25A.--08  0.91 (4) 1.86 (4) 2.774 (4) 176 (4) —x+2, y-1/2, ~z+3/2
4.4 Conclusion

Two new zwitterions have successfully been synthesised. The nicotinamide-derived
zwitterion (1) is robust and easy to make under a variety of conditions. The other, zwitterion
2 containing an isonicotinamide moiety, has a salt by-product, 2a. From previous work®!
we know that this is the kinetic product of the reaction, and so it is easy to obtain crystals
of zwitterion 2 after the fast-forming salt is filtered off.

These two zwitterions, as well as another similar one, 3, were subsequently utilised to form
three new hydrated salts with melamine. These can be obtained from solution and via

mechanochemistry — the latter proving to be a very fast and convenient technique for salt-
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formation screening purposes. The three salts have been fully characterised and described,
with emphasis on the intermolecular interactions that contribute to their formation. All three
salts display charge-assisted hydrogen bonds between the carboxylate group of the
zwitterion and the positively charged nitrogen atom in melamine. The extra amide
functionality in 1 and 2 also plays an important role, as this group is utilised in hydrogen

bonds to melamine.

Furthermore, we highlight the importance of mechanochemistry as a screening tool. LAG
is fast and simple and was subsequently used in conjunction with PXRD, NMR and FTIR
to identify six other potential salts of which crystal structures have not been obtained. The
co-formers used (2-aminopyridine and 2,6-diaminopyridine) are very similar to melamine
with regards to possible hydrogen bond formation, and thus it is not surprising that they
could form salts with the zwitterions. Further work will need to be carried out to confirm
their exact identity, either by using crystallisation methods that have not been attempted

thus far, or by solving the crystal structures from the powder patterns.

When salt and co-crystal formation was attempted, a variety of co-formers were used, yet
only three salts were crystallised per zwitterion. Could it be that the zwitterions interact so
strongly with each other, that this inhibits the incorporation of other co-formers? A search
of the Cambridge Structural Database was carried out to compare the likelihood of various
hydrogen bonds and CAHBs to form. The carboxylic acid-carboxylate CAHB, such as that
which forms between the zwitterions, occurs in 63.94% of structures that contain both of
these functional groups. Compared to this, other interactions that the zwitterions could have
with the co-formers were found to be less likely. Experimentally we observe that the
zwitterion-zwitterion CAHB is not only abundant, but very strong. Hydrogen bond lengths
in the zwitterions are around 2.5 A, while the hydrogen bond lengths observed in the salts
range from 2.73 to 2.81 A.

The way in which these zwitterions form (or do not form) multi-component crystals, is
thought-provoking and definitely creates a greater appreciation for the effect of the relative

propensities of intermolecular interactions on the outcome of supramolecular syntheses.
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4.5 Experimental

All PXRD, TGA, DSC, NMR, and FTIR data are available in the Supporting Information.

45.1 Synthesis and crystallisation

Zwitterion 1, (Z)-2-(3-carbamoylpyridin-1-ium-1-yl)-3-carboxyacrylate, was made by
combining acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) with nicotinamide
(0.021 g, 0.172 mmol) in a solvent mixture containing acetonitrile (2 ml) and water (0.5 ml).
The mixture was stirred at 100 °C until the components had completely dissolved. The vial
was capped and left on a shelf to crystallise at room temperature. Small, colourless plate-
like crystals formed after 24 hours. If the solution is stirred any longer, the zwitterion starts

to precipitates out as a fine white powder.

Zwitterion 2, (Z)-3-carboxy-2-(4-carboxypyridin-1-ium-1-yl)acrylate, was made by
combining acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol) with isonicotinamide
(0.021 g, 0.172 mmol) in a solvent mixture containing water (3 ml) and THF (3 ml). The
mixture was stirred for 5 minutes at 100 °C. The vial was capped and left on a shelf to
crystallise at room temperature. Colourless plate-like crystals formed within 3 days.

The salt 2a, containing the same components, was also obtained by stirring the reagents for
5 minutes, at 100 °C, but in a solvent mixture of 0.5 ml diethyl ether and 6 ml water.
Colourless, needle-like crystals formed within a day. While neat grinding was unsuccessful,

the salt could also be synthesised mechanochemically by grinding the reagents together for

o 0
[ (2a)
07 o

Scheme 4.3 General reaction scheme for the preparation of salt 2a from acetylenedicarboxylic acid
and isonicotinamide.

10 minutes with a few drops of THF.

HO_ O N H
“d | NT
Solvent, A =
oy =l |
or: THF LAG
HO o o] NH,

0% NH;,

The salt of zwitterion 1 and melamine (1-Melamine) was made by combining zwitterion 1
(0.010 g, 0.042 mmol) with melamine (0.005 g, 0.040 mmol) in 3 ml water and stirring them
together at 100 °C until the components had completely dissolved. The vial was then capped

and left on a shelf to crystallise at room temperature. Small, colourless plate-like crystals

81



Stellenbosch University https://scholar.sun.ac.za

Chapter 4

formed after 2 weeks. A powder of this salt can also be obtained by grinding the two
components together for 10 minutes in a mortar and pestle (neat or with a few drops of

water).

The salt of zwitterion 2 and melamine (2-Melamine) was made by combining zwitterion 2
(0.010 g, 0.042 mmol) with melamine (0.005 g, 0.040 mmol) and grinding them together
for 10 minutes in a few drops of MeOH. The powder was then recrystallised from D,O and
a drop of pyridine. Colourless plate-like crystals were obtained within 2 days.

The salt of zwitterion 3 and melamine (3-Melamine) was made by combining zwitterion 3
(0.010 g, 0.042 mmol) with melamine (0.006 g, 0.048 mmol) and stirring these together for
30 minutes in 7 ml water at 100 °C. The vial was capped and left to crystallise on a shelf at
room temperature. Colourless plate-like crystals formed after 2 months. This salt can also

be obtained by grinding the two components for 10 minutes in a few drops of MeOH.

45.2 Methods of characterisation

All products obtained were crystalline, with most giving crystals large enough for single-
crystal X-ray diffraction (SCXRD). Powder X-ray diffraction (PXRD) was used to confirm
purity of the bulk material. Where single crystal data was not obtainable, Nuclear Magnetic
Resonance (NMR) spectroscopy was used for identification. The thermal properties of all
materials were investigated using Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC). FTIR was used to confirm that the material was a salt, rather
than a co-crystal.

Powder X-ray diffraction (PXRD) patterns were collected on a Bruker D2 Phaser powder
X-ray diffractometer equipped with a copper source producing radiation of wavelength
1.54183 A. The instrument was operated at 30 kV voltage and 10 mA current. Samples were
gently crushed and flattened onto a zero-background holder. Each scan was made up of
2260 steps of 0.5 seconds each (0.0161° step size) that ranged from 26 = 4 to 40°.

Single-crystal X-ray Diffraction (SCXRD) for all compounds, except 3-Melamine, was
performed using a Bruker SMART Apex Il diffractometer. The diffractometer makes use
of MoK radiation of wavelength 0.71073 A produced using a microfocus sealed tube and
a 0.5 mm MonoCap collimator. Frames were detected by a Bruker APEX SMART CCD
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area-detector. An Oxford Cryosystems cryostat (Cryostream Plus 700 Controller) was used

to keep the single crystals at 100 K throughout all data collections.

Single-crystal X-ray Diffraction (SCXRD) of 3-Melamine was performed using a Bruker
Apex Il DUO Quasar CCD area-detector diffractometer. This dual source diffractometer
was operated using MoKa radiation of wavelength 0.71073 A produced by an Incoatec I,s
microsource coupled with a multilayer mirror optics monochromator. An Oxford
Cryogenics Cryostat (700 Series Cryostream Plus) was used to keep the single crystal at
100 K throughout the data collection.

Data were collected and reduced using the Bruker software package SAINTZ in the ApexII|
software. SADABS?4?° was used for the absorption correction and correcting for other
systematic errors. Finally, the structures were solved (SHELXS-13)?® using direct methods
and refined (SHELXL-16)?" through the graphical user interface XSeed.?®?® Hydrogen
atoms on sp?-hybridised carbon atoms were placed in calculated positions using riding
models, while O-H and N-H hydrogen atoms were placed on maxima in the electron density

difference maps. All images were created using POV-Ray.*°

Thermogravimetric analysis (TGA) was performed using a TA Q500 instrument. Powdered
samples (3-15 mg) were suspended in an open aluminium pan while being heated in a
furnace at 10 °C mint. The sample was kept under the flow of nitrogen gas throughout
(50 ml min') to ensure that solvent vapours and decomposition materials were removed as

they formed.

Differential Scanning Calorimetry (DSC) was performed using a TA Q20 instrument.
Powdered samples (3-10 mg) were placed in a closed aluminium pan. The lid of the pan
was punctured before closing. An empty reference pan was made in exactly the same way.
Both pans were placed under a nitrogen flow of 50 ml min'* and heated at 10 °C min until

just before decomposition.

Nuclear Magnetic Resonance (NMR) spectroscopy was performed using a 300 MHz
Agilent spectrometer. Samples were dissolved in D2O and filtered before analysis. Where

needed, a few drops of pyridine were added to aid dissolution.
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Fourier Transform Infrared spectroscopy (FTIR) was carried out using a Bruker Alpha
spectrometer with Platinum ATR attachment. A background scan was acquired before each

sample scan.

45.3 Details of the CSD search

To carry out a search of the CSD (version 5.38, May 2017),°22 the ConQuest software,
version 1.19 (Build RC1, 2016), was used. Filters were applied in order to only search for
organic molecules for which the 3D coordinates of all atoms have been determined.
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4.8 Supplementary information

Synthesis and crystallisation

All chemicals and solvents were obtained from Sigma Aldrich South Africa and used without

further purification.

(2)-2-(3-carbamoylpyridin-1-ium-1-yl)-3-carboxyacrylate (1):

| Solvent +

Figure S1 General reaction scheme for the preparation of the zwitterion (Z)-2-(3-carbamoylpyridin-

1-ium-1-yl)-3-carboxyacrylate (1) from acetylenedicarboxylic acid and nicotinamide.

Zwitterion 1 was made by combining acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol)
with nicotinamide (0.021 g, 0.172 mmol) in a solvent mixture containing acetonitrile (2 ml)
and water (0.5 ml). The mixture was stirred at 100 °C until the components had completely
dissolved. The vial was capped and left on a shelf for crystals to form at room temperature.
Small, colourless plate-like crystals formed after 24 hours. When the solution was stirred any
longer, the zwitterion started to form and would precipitate out as a fine white powder.

Various solvent mixtures were used when formation of this zwitterion was attempted:
Combinations of methanol, ethanol, water, dimethylformamide and dimethylsulfoxide with
each other as well as with acetone, acetonitrile, chloroform, dichloromethane, diethyl ether,
1,4-dioxane, tetrahydrofuran, toluene, cyclohexane, ethyl acetate and benzene (A total of 70
different combinations). All of these produced the zwitterion (whether a powder or crystals)
and no salt was ever observed as with zwitterion 2. Mechanochemisty was attempted, but was

unsuccessful.

The salt of zwitterion 1 and melamine (1-Melamine) was crystallised by combining
zwitterion 1 (0.010 g, 0.042 mmol) with melamine (0.05 g, 0.040 mmol) in 3 ml water and
stirring them together at 100 °C until the components had completely dissolved. The vial was
capped and left on a shelf for crystals to form at room temperature. Small, colourless plate-like

crystals formed after 2 weeks. A powder of this salt can also be obtained after grinding the two
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components together for 10 minutes with a mortar and pestle (neat or with a few drops of
MeOH, EtOH or water).

Two more new materials (which are suspected to be salts) can also be formed when zwitterion 1
is combined with 2-aminopyridine or 2,6-diaminopyridine (1-AP and 1-DAP). These are
formed by grinding the zwitterion and coformer together, with a few drops of methanol, for
10 minutes using a mortar and pestle. Single crystals have not been obtained, but we suspect
that they are salts based on PXRD, NMR, and IR data.

Various other co-formers were also combined with 1, but no other multi-component crystals
were formed. The co-formers used included: urea, isonicotinamide, nicotinamide, uracil,
terephthalic acid, DABCO, 2-aminopyrimidine, thymine, pyrogallol, 2,2’-biphenol,
isoquinoline, pyridine, 4-methylphenol, 2,3-dihydroxynapthalene, napthalene, phloroglucinol
dihydrate, = N-phenyl-2-napthylamine, = pamoic  acid, hydroquinone, piperazine,
pyrazinecarboxylic acid, 4-phenylpyridine, 4-hydroxybenzaldehyde, o,a’-dibromo-o-xylene,
and 2-amino-benzonitrile. We also attempted to co-crystallise the zwitterions with each other.

(2)-3-carboxy-2-(4-carboxypyridin-1-ium-1-ylDacrylate (2):

? Solvent g/’\j

Figure S2 General reaction scheme for the preparation of the zwitterion (Z)-3-carboxy-2-(4-
carboxypyridin-1-ium-1-yDacrylate (2) from acetylenedicarboxylic acid and isonicotinamide.

Zwitterion 2 was made by combining acetylenedicarboxylic acid (ADC, 0.020 g, 0.175 mmol)
with isonicotinamide (0.021 g, 0.172 mmol) in a solvent mixture containing water (3 ml) and
THF (3 ml). The mixture was stirred for 5 minutes at 100 °C after which the vial was capped
and left on a shelf to crystallise at room temperature. Colourless plate-like crystals formed

within 3 days.

A salt, 2a, containing the same components was also obtained by stirring the reagents for
5 minutes, at 100 °C, in a solvent mixture of 0.5 ml diethyl ether and 6 ml water. Colourless,

needle-like crystals formed within a day. While neat grinding was unsuccessful, the salt could
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also be formed mechanochemically by grinding the reagents together for 10 minutes with a few

drops of THF.
HO.__O N
]
1[ . 5} Solvent, A 9 I (2a)
or: THF LAG
HO o] o

Figure S3 General reaction scheme for the preparation of salt 2a from acetylenedicarboxylic acid and

isonicotinamide.

The salt of zwitterion 2 and melamine (2-Melamine) was formed by combining zwitterion 2
(0.010 g, 0.042 mmol) with melamine (0.05 g, 0.040 mmol) and grinding them together for
10 minutes with a few drops of MeOH. The powder was then recrystallised from D,0 and a

drop of pyridine. Colourless plate-like crystals were obtained in the refrigerator within 2 days.

Zwitterion 2 was combined with the same co-formers as 1. As was seen with the previous
zwitterion, two more new materials (which are suspected to be salts) can also be formed when
zwitterion 2 is combined with 2-aminopyridine or 2,6-diaminopyridine (2-AP and 2-DAP).
These are formed by grinding the zwitterion and co-former together with a few drops of
methanol for 10 minutes using a mortar and pestle. Single crystals have not been obtained, but
we suspect that they are salts based on PXRD, NMR, and IR data.

(Z2)-3-carboxy-2-(4-cyanopyridin-1-ium-1-ylacrylate (3):

o _
< e
Solvent H N
N of 2 ;@
x

Figure S4 General reaction scheme for the preparation of the zwitterion (Z)-3-carboxy-2-(4-
cyanopyridin-1-ium-1-ylhacrylate (3) from acetylenedicarboxylic acid and 4-cyanopyridine.

The synthesis of zwitterion 3 and its polymorphic behaviour is discussed at length in our

previous paper on polymorphic zwitterions.t

The salt of zwitterion 3 and melamine (3-Melamine) was crystallised by combining

zwitterion 3 (0.010 g, 0.042 mmol) with melamine (0.006 g, 0.048 mmol) and stirring these
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together for 30 minutes in 7 ml water at 100 °C. The vial was capped and left to crystallise on
a shelf at room temperature. Colourless plate-like crystals formed after 2 months. This salt can

also be obtained by grinding the two components for 10 minutes with a few drops of MeOH.

Two more new materials (which are suspected to be salts) can again be formed when
zwitterion 3 is combined with 2-aminopyridine or 2,6-diaminopyridine (3-AP and 3-DAP).
These are formed by grinding the zwitterion and co-former together for 10 minutes in a mortar
and pestle with a few drops of MeOH. Single crystals have not been obtained, but we suspect
that they are salts based on PXRD, NMR, and IR data.

Powder X-Ray Diffraction patterns
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Figure S5 Comparison of the experimental and calculated powder patterns of the two zwitterions as
well as the salt, 2a. The slight shift in angle between the calculated and experimental patterns is due to
the difference in temperature (powder pattern at room temperature; crystal structure at 100 K).
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Figure S6 Comparison of the experimental and calculated powder patterns of the three melamine salts.
The slight shift in angle between the calculated and experimental patterns is due to the difference in
temperature.
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Figure S7 Comparison of the collected powder patterns of the starting materials (zwitterion 1 and
2-aminopyridine) and the product obtained after LAG (1-AP).
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Figure S8 Comparison of the powder patterns of the starting materials (zwitterion 1 and 2,6-
diaminopyridine) and the product obtained after LAG (1-DAP).

200
180
160
140
120

L ——— 2-aminopyridine
L A

100
——— 2-AP

Relative intensity
Iy (2] 0]
o o o

N
o

o

o~
' ——— 2 experimental
25 30

5 10 15 20 35 40

°20

Figure S9 Comparison of the powder patterns of the starting materials (zwitterion 2 and 2-amino-
pyridine) and the product obtained after LAG (2-AP).
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Figure S10 Comparison of the powder patterns of the starting materials (zwitterion 2 and 2,6-diamino-
pyridine) and the product obtained after LAG (2-DAP). Peaks of the starting materials are still visible
in 2-DAP, but new peaks have also formed.
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Figure S11 Comparison of the powder patterns of the starting materials (zwitterion 3o and
2-aminopyridine) and the product obtained after LAG (3-AP). Some peaks of the starting materials are
still visible in 3-AP, but new peaks have also formed.
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Figure S12 Comparison between the collected powder patterns of the starting materials (zwitterion 3a

and 2,6-diaminopyridine) and the product obtained after LAG (3-DAP). An unknown pattern is
obtained.

Thermal analysis (TGA and DSC)
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Figure S13 DSC trace for the starting material ADC used as an example. There is an impurity in the
instrument which causes the small exo- and endotherms during heating (90 °C) and cooling (70 °C).
This impurity can be seen in all the following DSC curves and can be ignored (The higher the mass of
the sample tested, the smaller the impurity peaks).
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Figure S14 Thermal analysis results for zwitterion 1. TGA trace shown in blue and DSC traces in
orange (cycle 1) and green dashes (cycle 2). The small exo- and endotherms in the DSC are due to an
impurity present in the instrument.
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Figure S15 Thermal analysis results for zwitterion 2. TGA trace shown in blue and DSC traces in
orange (cycle 1) and green dashes (cycle 2). The small exo- and endotherms in the DSC are due to an
impurity present in the instrument. The sloping baseline in the DSC trace is caused by water molecules
slowly coming out of the hydrate crystals. This can also be seen in the TGA trace where there is a slow
decrease in mass before degradation.

95



Stellenbosch University https://scholar.sun.ac.za

Chapter 4
100 2
— TGA
90 1.5
| - — DSC (cycle 1)
80 cooling 1
| -=== DSC (cycle 2)
70 | 0.5
: @
S 60 : o =
2 50 l 05 3
3 ! o
= 40 ' 1 g
.\ T
30 el -1.5
20 heating -2
10 -2.5
Exo up
0 -3
-50 0 50 100 150 200 250 300 350 400

Temperature (°C)

Figure S16 Thermal analysis results for the salt 2a. TGA trace shown in blue and DSC traces in orange
(cycle 1) and green dashes (cycle 2). The small exo- and endotherms in the DSC are due to an impurity
present in the instrument. TGA shows a two-step degradation profile.
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Figure S17 Thermal analysis results for the salt 1-Melamie. TGA trace shown in blue and DSC traces
in orange (cycle 1) and green dashes (cycle 2). The sloping baseline in the DSC trace is caused by
water molecules slowly coming out of the hydrate crystals.
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Figure S18 Thermal analysis results for salt 2-Melamine. TGA trace shown in blue and DSC traces
in orange (cycle 1) and green dashes (cycle 2). The broad endotherm in the first DSC cycle is caused
by water molecules coming out of the crystals. This mass loss can also be seen in the TGA trace as a
loss of 5.1% that corresponds to the mass of one water molecule (4.8%).
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Figure S19 Thermal analysis results for salt 3-Melamine. TGA trace shown in blue and DSC traces
in orange (cycle 1) and green dashes (cycle 2). The small exo- and endotherms in the DSC are due to
an impurity present in the instrument. The broad endotherm in the first DSC cycle is caused by water
molecules coming out of the crystals. This mass loss can also be seen in the TGA trace as a loss of
3.2% (some may have evaporated at room temperature) that corresponds to the mass of one water
molecule (calculated as 5.0%).
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Figure S20 Thermal analysis results for the suspected salt 1-AP. TGA trace shown in blue and DSC
traces in orange (cycle 1) and green dashes (cycle 2). The endotherm in the first DSC cycle is possibly
caused by solvent loss as it is not seen in the second cycle. This mass loss can also be seen in the TGA
trace as a loss of 4.9% that corresponds to the mass of one water molecule (calculated as 5.2%).
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Figure S21 Thermal analysis results for the suspected salt 1-DAP. TGA trace shown in blue and DSC
traces in orange (cycle 1) and green dashes (cycle 2). The small exo- and endotherms in the DSC are
due to an impurity present in the instrument. The broad endotherm in the first DSC cycle is due to slow
solvent evaporation and is therefore absent in the second cycle. The TGA trace also shows a
corresponding mass loss of 5.5%, which could indicate that this is a hydrated product (water calculated
as 5.1%.).
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Figure S22 Thermal analysis results for the suspected salt 2-AP. TGA trace shown in blue and DSC
traces in orange (cycle 1) and green dashes (cycle 2).
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Figure S23 Thermal analysis results for the suspected salt 2-DAP. TGA trace shown in blue and DSC
traces in orange (cycle 1) and green dashes (cycle 2). The large endotherms in the first DSC cycle is
due to solvent evaporation and is therefore absent in the second cycle. The TGA trace also shows a
corresponding mass loss of 10.6%, which could indicate that this is a hydrated product (two water
molecules calculated as 9.4%).
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Figure S24 Thermal analysis results for the suspected salt 3-AP. TGA trace shown in blue and DSC
traces in orange (cycle 1) and green dashes (cycle 2).
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Figure S25 Thermal analysis results for the suspected salt 3-DAP. TGA trace shown in blue and DSC
traces in orange (cycle 1) and green dashes (cycle 2). The endotherm in the first DSC cycle indicates
a possible mass loss. The TGA trace shows a small amount of gradual mass loss which is most likely
water molecules being lost.
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Figure S26 *H NMR spectrum (300MHz) of 1-AP showing that both starting materials are present
in the product. Peaks are referenced to the deuterium oxide peak at 4.79 ppm (not shown).
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Figure S27 *H NMR spectrum (300MHz) of 1-DAP showing that both starting materials are
present in the product. A drop of pyridine was added to aid with dissolution of the sample. Peaks
are referenced to the deuterium oxide peak at 4.79 ppm (not shown).
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present in the product.
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Figure S30 *H NMR spectrum (300MHz) of 3-AP showing that both starting materials are present
in the product.
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Figure S31 *H NMR spectrum (300MHz) of 3-DAP showing that both starting materials are
present in the product.
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Figure S32 FTIR spectra for the three melamine salts, 1-Melamine, 2-Melamine, and
3-Melamine. The region from 1550-1640 cm™ represents the carboxylate C=O stretching
frequencies. The weaker peaks at 1703 cm™ indicate that the hydrogen atom is slightly disordered

between the nitrogen and oxygen atom to give the materials a slight co-crystal character, although
they are still predominantly salts.
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Figure S33 FTIR spectra for the three suspected 2,6-diaminopyridine salts, 1-DAP, 2-DAP, and
3-DAP. The region from 1550-1655 cm™ represents the carboxylate C=0 stretching frequencies.
The weaker peaks at 1689 cm indicate that the hydrogen atom is slightly disordered between the
nitrogen and oxygen atom to give the materials a slight co-crystal character, although they are still
predominantly salts.
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Figure S34 FTIR spectra for the three suspected 2-aminopyridine salts, 1-AP, 2-AP, and 3-AP.
The region from 1550-1630 cm™ represents the carboxylate C=0O stretching frequencies. The
weaker peaks at 1687 cm™ indicate that the hydrogen atom is slightly disordered between the

nitrogen and oxygen atom to give the materials a slight co-crystal character, although they are still
predominantly salts.

References

1 J. Lombard, D. A. Haynes and T. le Roex, Cryst. Growth Des., 2017,
acs.cgd.7b01271.

105



Stellenbosch University https://scholar.sun.ac.za



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 5

SELECTIVITY BEHAVIOUR OF AN ISOSTRUCTURAL SERIES OF

FRAMEWORKS

5.1 Introduction

Host-guest compounds are multicomponent supramolecular compounds in which one
molecule, the guest, is smaller than the other (the host) and therefore is positioned inside a
cavity or channel, either within the host molecule itself or within a framework formed by
the host molecules.? The host molecules often interact with one another via intermolecular
interactions, forming a framework with openings in which the guest molecules are located.?
The guest can then bind to the host through intermolecular interactions (hydrogen bonds,
van der Waals interactions, n-m interactions, etc.)* or simply fill the cavities formed due to
shape complementarity.® Most often, the host framework is unstable without the guest and
can only form in a process referred to as ‘guest-induced host assembly’.® In cases where the

guest is a solvent molecule, these compounds are also called solvates.

Host-guest compounds can display interesting properties such as porosity and selectivity.
Porosity occurs when the host’s stability, and therefore structure, is independent of the
guest, and the guest can therefore be removed or exchanged for various others, i.e. it is a
stable, permeable structure.” It is also useful if the host can selectively encapsulate one
solvent above others from a mixture.® Selective hosts have potential applications in many
industrial processes in which mixtures of products or by-products are obtained. If a
particular framework is selective for one compound over others, selective enclathration
provides an effective method for separation.® This is also applicable for removal of

impurities or toxins.°

Recently, we discovered that a specific pamoate-phenanthrolinium host (Scheme 5.1)! can
include four different, but similar in size, solvent molecules. The selectivity of this host for
these solvents has subsequently been investigated. Solvent competition experiments were

carried out by crystallising the host from various two-component solvent mixtures
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containing calculated ratios of each solvent. Experiments were also repeated
mechanochemically (specifically in a mortar and pestle) as, to our knowledge, selectivity
has not yet been demonstrated in this way. In these experiments, solvent mixtures containing
calculated ratios of two solvents were made up before stoichiometric quantities of the host

components were ground together with a few drops of this solvent mixture.

® ' "

- ~ >

O (0] N\ |/

OH O |

OH =
LI o

(o] ..

1,10-phenanthrolinium
pamoate

Scheme 5.1 The two components comprising the host framework, namely the pamoate and
1,10-phenanthrolinium ions.

5.2 Results

5.21 The isostructural solvates

A two-component organic host, the pamoate salt of 1,10-phenanthroline, was found to form
four isostructural solvates. This means that the structure of the host framework is virtually
independent of the solvent included, and solvates can therefore be superimposed, as their
packing is nearly identical.'> The solvents included are tetrahydrofuran (THF),
dimethylformamide (DMF), dimethylacetamide (DMA), and dimethyl sulfoxide (DMSO).
The DMF solvate has previously been reported in the literature (refcode: QEXJEJ), while
the others were obtained in our group. Crystallographic data are included in Table 5.1. These
solvates can be made by dissolution of a 1:1 molar ratio of the host components in the
solvent that is to be included, and can also be made mechanochemically by liquid assisted

grinding, using a few drops of the relevant solvent.
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Table 5.1 Crystallographic data for the solvates.

Structure DMA solvate DMF solvate®  DMSO solvate™  THF solvate™
Chemical formula CaoH32N207 CasH31N307 Ca7H30N207S CaoH32N207
Formula weight /g mol* 655.68 641.66 646.69 640.66
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1

alA 11.035(2) 10.699(2) 10.5540(2) 10.653(3)

b /A 11.907(2) 11.630(2) 11.3682(2) 11.153(3)
c/A 13.273(3) 13.421(2) 13.7388(2) 13.566(4)
o/ 81.380(2) 82.162(5) 84.165(1) 85.062(4)

B /o 70.064(2) 72.106(5) 74.550(1) 74.512(3)
v/° 71.719(2) 72.058(5) 72.852(1) 72.396(3)
Calculated density /g cm™  1.400 1.411 1.415 1.437
Volume /A3 1555.0(5) 1510.4(5) 1517.71(5) 1480.6(7)

z 2 2 2 2
Temperature /K 100(2) 100(2) 100(2) 108(2)
Independent reflections 8339 7485 7684 7068

Rint 0.0637 0.0974 0.0311 0.0289

R1 [I>26(1)] 0.0498 0.0503 0.0459 0.0681

* Although the structure of the DMF solvate has been published previously, data were recollected at 100 K
for comparative purposes.
** Data collected by Francis Prins and Helene Wahl.

The hosts are isostructural, which means that the interactions between the components are
essentially the same for all of the solvates. Most notably, the pamoate ions form very strong
hydrogen bonds to each other, forming chains throughout the structure (Figure 5.1 a).
Furthermore, there are n-m interactions between the pamoate and phenanthrolinium ions
(Figure 5.1 b). Lastly, the phenanthrolinium ions are hydrogen bonded to the solvent
molecules via the protonated nitrogen atom that interacts with an oxygen atom in the solvent
molecule (Figure 5.2). In each case the solvent molecules are positioned in discrete pockets
within the structure (two molecules per pocket), and the ASU consists of one anion, one

cation, and one solvent molecule.

109



Stellenbosch University https://scholar.sun.ac.za

Chapter 5

(b)

Figure 5.1 (a) The hydrogen-bonded chain of pamoate ions viewed down the b-axis. (b) The n-n
interactions present in the host framework, viewed down [011]. (c) The host framework viewed
without any solvent molecules (viewed down the a-axis). The host framework of the DMA solvate
is used here as a representation of the isostructural series.

Figure 5.2 Comparison of the solvates as viewed down the a-axis to show the solvent pockets
present in each structure. (a) The DMA solvate, (b) the DMF solvate, (c) the DMSO solvate, and (d)
the THF solvate are shown. The DMSO molecules are disordered, but only the major component of
the disorder is shown. The N*—H---O hydrogen bond between the phenanthrolinium ions and the

solvent molecule can be seen in each case.
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The crystallisation conditions for the solvates had previously been established, however,
they were crystallised once more to obtain the accurate NMR data that were needed for

subsequent selectivity studies.

The DMA solvate was obtained by combining pamoic acid (53 mg, 0.14 mmol) with 1,10-
phenanthroline hydrate (27 mg, 0.15 mmol) in 6 ml DMA at 80 °C, and stirring until the
components dissolved. The vial was capped and left on a shelf for crystallisation to occur.
Clear, yellow crystals formed within a week. 61 (300 MHz, DMSO-ds) 1.95 (3H, s), 2.78
(3H,s), 2.93 (3H, s), 4.80 (2H, s), 7.21 (2H, J = 7.9 Hz, J = 6.9 Hz, J = 0.8 Hz, ddd), 7.36
(2H, J = 8.3Hz, J=6.8Hz, J = 1.4 Hz, ddd), 7.85 (4H, m), 8.04 (2H, s), 8.13 (2H,
J=8.8Hz, d), 8.46 (2H, s), 8.58 (2H, J = 8.1 Hz, J = 1.7 Hz, dd), 9.13 (2H, J = 4.4 Hz,
J=1.75, dd).

The DMF solvate was obtained by combining pamoic acid (53 mg, 0.14 mmol) with 1,10-
phenanthroline hydrate (27 mg, 0.15 mmol) in 3 ml DMF at 80 °C, and stirring until the
components dissolved. The vial was capped and left on a shelf for crystallisation to occur.
Clear, yellow crystals formed within 1 to 2 days. 61 (300 MHz, DMSO-de) 2.72 (3H, s),
2.88 (3H, s), 4.79 (2H, s), 7.21 (2H, J = 7.9 Hz, J = 6.9 Hz, J = 0.8 Hz, ddd), 7.36 (2H,
J=8.3Hz,J=6.8Hz,J=1.4 Hz, ddd), 7.84 (4H, m), 7.95 (1H, s), 8.05 (2H, s), 8.13 (2H,
J=8.8 Hz, d), 8.46 (2H, s), 8.59 (2H, J=8.1 Hz, J= 1.7 Hz, dd), 9.14 (2H, J = 4.4 Hz,
J=1.8 Hz, dd).

The DMSO solvate was obtained by combining pamoic acid (53 mg, 0.14 mmol) with 1,10-
phenanthroline hydrate (27 mg, 0.15 mmol) in 4 ml DMF at 65 °C, and stirring until the
components dissolved. The vial was capped and left on a shelf for crystallisation to occur.
Clear, yellow crystals formed within a week. 61 (300 MHz, DMSO-dg) 2.54 (6H, s), 4.79
(2H,s), 7.21 (2H, J = 7.9 Hz, J = 6.8 Hz, J = 0.8 Hz, ddd), 7.37 (2H, J = 8.3 Hz, ) = 6.8 Hz,
J=1.4 Hz, ddd), 7.86 (4H, m), 8.05 (2H, s), 8.13 (2H, J = 8.1 Hz, d), 8.46 (2H, s), 8.58 (2H,
J=8.2Hz,J=1.8Hz, dd), 9.14 (2H, J = 4.4 Hz, J = 1.8 Hz, dd).

The THF solvate was obtained by combining pamoic acid (53 mg, 0.14 mmol) with
1,10-phenanthroline hydrate (27 mg, 0.15 mmol) in 8 ml THF and 0.5 ml water at 65 °C,
and stirring until the components dissolved. The vial was capped and left on a shelf for

crystallisation to occur. Clear, yellow crystals formed within a week. o4 (300 MHz,

111



Stellenbosch University https://scholar.sun.ac.za

Chapter 5

DMSO-ds) 1.74 (4H", m), 3.59 (4H", m), 4.79 (2H, s), 7.21 (2H, J = 7.9 Hz, J = 6.8 Hz,
J=0.8 Hz, ddd), 7.37 (2H, J = 8.3 Hz, J = 6.8 Hz, J = 1.4 Hz, ddd), 7.86 (4H, m), 8.04 (2H,
s), 8.13 (2H, J = 8.1 Hz, d), 8.46 (2H, s), 8.58 (2H, J =8.2 Hz, J = 1.7 Hz, dd), 9.13 (2H,
J=4.3Hz,J=1.7 Hz, dd).

522 Competition experiments

The aim of our experiments was to determine whether the phenanthrolinium pamoate host
demonstrates selectivity for any particular solvent. This was carried out by crystallising the
host framework from solvent mixtures containing various mole ratios of DMA:DMF,
DMA:DMSO, and DMF:DMSO, to determine whether one solvent is preferentially
encapsulated. Mixtures containing THF gave irregular results because the THF solvate is
not 100% occupied by THF molecules. THF also evaporates from the NMR tubes, so results
were not consistent. Crystals usually formed within a few days, depending on whether the
vials were left at room temperature, or in the refrigerator (4 °C). The same experiments were
also repeated mechanochemically, and while the solution and mechanochemical results are
similar, they do not show exactly the same selectivity. NMR analysis was used to determine
the ratio of solvents that were included in the crystals. The ratios were calculated from the

solvent peak intensities of at least three repeated experiments of each solvent ratio used.

5.2.2.1 Solution method

Pamoic acid (106 mg, 0.273 mmol) and 1,10-phenanthroline hydrate (54 mg, 0.272 mmol)
were dissolved in a specific solvent mixture by stirring and gently heating — keeping the
caps partially on to prevent evaporation. Vials were capped and left on a shelf, or in the
refrigerator, for crystallisation to occur. Crystallisation times depended on the ratio of
solvents used and on the crystallisation environment. Crystallisations carried out in the
refrigerator occurred within 1-3 days, while room temperature crystallisations occurred
more slowly. In each case, a small amount (13 mg) of the crystalline product was patted dry
using filter paper, crushed, and dissolved in 0.6 ml DMSO-ds before analysis via *H NMR

“ These peaks represent the eight hydrogen atoms of THF, however the integrals do not add up to

this total as the THF solvate is not fully occupied by solvent molecules.
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(300 MHz). The relative intensities of the solvent peaks were used to determine the ratio of

the included solvents.

5.2.2.2 Mechanochemical method

Pamoic acid (53 mg, 0.137 mmol) was combined with 1,10-phenanthroline hydrate (27 mg,
0.136 mmol) and ground together with a mortar and pestle for 10 minutes while adding a
few drops of the solvent mixture. A small amount (13 mg) of the crystalline product was
dissolved in 0.6 ml DMSO-ds and analysed via *H NMR (300 MHz). The relative intensities

of solvent peaks were used to determine the ratio of the included solvents.

5.2.2.3 Selectivity results

The DMA:DMF and DMF:DMSO selectivity experiments that were carried out at room
temperature took longer than seven days to crystallise, therefore these results were omitted,
as external factors such as solvent evaporation would start to have an effect. On the other
hand, for the DMA:DMSO selectivity experiments, crystals grown in the refrigerator and at

room temperature gave indistinguishable results, and thus these results were all combined.

DMA:DMF selectivity experiments indicate that the host preferentially includes DMA over
DMF when crystals are grown from solution, or when the compound is formed
mechanochemically, except at very low mole fractions of DMA where there is no notable
selectivity observed (Figure 5.2). The DMA:DMSO selectivity experiments (both in
solution and mechanochemically) indicate that the host selectively includes DMSO when
the solution contains mostly DMSO. When the crystallisations are carried out in solution,
the host also shows selectivity for DMA when the solution contains mostly DMA. However,
when experiments are carried out mechanochemically, the host shows no notable selectivity
at higher concentrations of DMA (Figure 5.3). The DMSO:DMF selectivity experiments
indicate that the host preferentially includes DMSO over DMF, more so when the solvates

were formed mechanochemically than in solution (Figure 5.4).

113



Stellenbosch University https://scholar.sun.ac.za

Chapter 5

0.9

0.8

0.7

0.6

0.5

ZDMA

0.4
——DMA : DMF Mechanochemistry
0.3

No selectivity
0.2

0.1 / ——DMA : DMF Solution

0 0.2 0.4 0.6 0.8 1

XDMA

Figure 5.2 DMA:DMF selectivity plot for crystallisations performed in the refrigerator (blue) and
mechanochemically (red). Xpwma represents the mole fraction of DMA in the solvent mixture and
Zpma is the measured mole fraction of DMA in the crystals. Error bars indicate the standard deviation
of at least three repeated experiments. There is a definite selectivity towards DMA over DMF in
both the solution and mechanochemical experiments.
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Figure 5.3 DMA:DMSO selectivity plot for crystallisations performed in the refrigerator and at
room temperature (blue) as well as mechanochemically (red). Xoma represents the mole fraction of
DMA in the solvent mixture and Zpwa is the measured mole fraction of DMA in the crystals. Error
bars indicate the standard deviation of at least three repeated experiments. For both sets of
experiments the host shows selectivity towards DMSO when the solution contains mostly DMSO.
When the crystallisations are carried out in solution, the host also shows selectivity for DMA when
the solution contains mostly DMA. However, when experiments are carried out mechanochemically,
the host shows no selectivity at higher concentrations of DMA
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Figure 5.4 DMSO:DMF selectivity plot for crystallisations performed in the refrigerator (blue) and
mechanochemically (red). Xowmso represents the mole fraction of DMSO in the solvent mixture and
Zpwmso is the measured mole fraction of DMSO in the crystals. Error bars indicate the standard
deviation of at least three repeated experiments. There is a selectivity for DMSO over DMF, more
so when the solvates were formed mechanochemically.
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523 Structural comparisons

In order to rationalise the selectivity observed in the competition experiments, an
investigation of the relevant intermolecular interactions in the structures was carried out.
The N*—H---O hydrogen bond between the phenanthrolinium ions and the solvent molecules
can give us information about the interaction between the host and guest.
The hydrogen-bond lengths between host and guest are 2.662(2), 2.609(2) and 2.589(3) A
for the DMF, DMA, and DMSO solvates respectively (Table 5.2). Although all three
hydrogen bonds are strong, and the difference between them not very large, the DMF solvate
has the longest, and therefore possibly the weakest,** hydrogen bond between host and

guest.

The corresponding interaction energy between the phenanthrolinium ion and the solvent
molecule was calculated in each case using the program CrystalExplorer 17.5.% The Tonto
computational chemistry package was used for wavefunction calculations,'® which makes
use of the B3LYP/6-31G(d,p) level of theory. For the DMF solvate the interaction energy
was calculated to be -16.6 kJ mol, while for the DMA and DMSO solvates the interaction
has an energy of -20.6 and -19.6 kJ mol™* respectively (Table 5.2). The interaction with
DMF is thus less favourable than that with DMA and DMSO, both of which have similar
interaction energies with the host.

Table 5.2 Summary of the hydrogen bond length and interaction energy between the host and guest
in the solvates, as well as the calculated densities of the solvates.

DMF solvate DMA solvate DMSO solvate

N*—H---O hydrogen bond length (A) 2.662(2) 2.609(2) 2.589(3)

Host-guest interaction energy (kJ mol?)  -16.6 -20.6 -19.6

Density (g cm™®) 1.411 1.400 1.415
5.3 Discussion and Conclusion

The ability of a 1,10-phenanthrolinium pamoate host to preferentially include one solvent
above others in a mixture, has been demonstrated. The host preferentially includes DMA
above DMF for all ratios of DMA:DMF except at very low concentrations of DMA where

there is no significant selectivity. This is true whether the solvates are obtained from
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solution, or obtained mechanochemically. When exposed to mixtures of DMSO and DMF,
the host framework shows a slight but definite preference for DMSO above DMF — more
so when the solvates are obtained via mechanochemical methods. When exposed to
mixtures of DMA and DMSO, the preference of the host is not as clear-cut: when crystal
are obtained from solution, the host displays concentration dependant selectivity i.e. the host
is selective for DMA at high concentrations of DMA, and selective for DMSO at high
concentrations of DMSO. When the competition experiments are carried out by
mechanochemistry the selectivity shown by the host is less pronounced, as the host is only
selective for DMSO at high concentrations of DMSO, and shows no selectivity at high

concentrations of DMA.

The reason behind this selectivity has been investigated. The solvent molecules (DMA,
DMF, and DMSO) are similar in size, and are included into the host to produce solvates of
similar densities (1.400, 1.411, and 1.415 g cm™ respectively). The selectivity must then
stem from the strength and nature of the host-guest interactions.

A study of the intermolecular interactions (specifically between the positively charged
nitrogen atom of the phenanthrolinium ion and an oxygen atom in the solvent molecule)
was carried out. The hydrogen bond between the phenanthrolinium ion and DMF is slightly
longer than the equivalent hydrogen bonds in the other two solvates. The interaction energy
between the two interacting molecules in the DMF solvate is also weaker than the others.
These two observations could explain why DMA and DMSO are selectively included above
DMF. The DMA and DMSO solvates are also shown to be very similar with respect to their
host-guest interactions, which explains why a clear preference between the two was not
observed. The slightly different solution and mechanochemistry results could potentially be
caused by a difference in temperature (heating for dissolution vs frictional heating), or by
the effect of large amounts vs small amounts of solvent (more solvent-solvent and solvent-

host interactions in solution).

To our knowledge, this is the first time mechanochemistry has been used to demonstrate
selectivity. As the mechanochemical results differ slightly from those in solution, it would
be interesting to see how the results of other competition experiments previously reported
in the literature, might be altered by using this method. Additionally this may aid in
determining the reason behind the difference in selectivity.
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SUMMARY AND CONCLUDING REMARKS

An investigation into the solid-state forms that materials can adopt is a worthwhile
endeavour, as the form obtained after synthesis is not always the one that is most useful.
Without further examination, one could think something is not of value. However, further
investigation could reveal polymorphs or multi-component crystals with improved
properties for the intended application. In this study, polymorphism and the formation of
multi-component crystals was investigated, as well as the effect thereof on the structure and
properties of certain zwitterionic organic molecules. Furthermore, the structure-property
relationships of another organic host have also been studied by investigating the selectivity
of the host for different guests, and correlating these results with the solid-state structures.
Here follows a short summary of the results obtained:

e Four zwitterions were successfully synthesised by reacting acetylenedicarboxylic
acid with nicotinamide, isonicotinamide, 4-cyanopyridine, and pyridine.

e Two of the zwitterions have salt by-products that can also form. These are the Kinetic
products of the zwitterion-formation reactions.

e Chapter 3 describes the polymorphic behaviour of the known 4-cyanopyridine (1)
and pyridine (2) zwitterions. The first exists as two forms, while the latter has three
different polymorphs. The solid-state behaviour of all forms was investigated, as
well as the relationships between them. We report on the factors influencing which
polymorph forms as well as the structural changes that occur.

e Chapter 4 reports on the two new nicotinamide (1) and isonicotinamide (2)
zwitterions. The solid-state behaviour of these zwitterions was investigated, as well
as their ability (and inability) to form multi-component crystals. Zwitterions 1 and 2
(as well as the 4-cyanopyridine zwitterion discussed in the previous chapter) form
salts with melamine, as well as suspected salts with 2-aminopyridine and
2,6-diaminopyridine. Salts are compared with regards to their intermolecular

interactions.
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e Chapter 5 describes an isostructural series of solvates formed by the
1,10-phenanthrolinium-pamoate host, namely a DMA, DMF, DMSO, and THF
solvate. The selectivity of this host, for these particular solvents, has been
demonstrated when it crystallises from solution, as well as when the solvates are
formed mechanochemically. The host shows selective encapsulation of DMA and
DMSO above DMF, using both these methods. This selectivity has been rationalised

by a comparison of the structures.

6.1 Obstacles

Throughout a research project, results (or the lack thereof) are heavily influenced by the
problems that are encountered — whether these can be overcome or not. It is thus important

to discuss these obstacles if a clear picture of the work is to be obtained.

The majority of the problems experienced during this project were caused by solubility. The
first instance where this was problematic was during initial synthesis of the zwitterions. The
acetylenedicarboxylic acid starting material is not very soluble, so this reduced the number
of solvents and solvent mixtures that could practically be used during synthesis. To dissolve
the starting materials, the solvent mixtures had to contain either methanol, ethanol, water,
DMF, or DMSO. The last three of these have very high boiling points, which meant that it
took a very long time for crystals to grow from these solutions, as crystals were grown via

slow evaporation of the solvent.

An even bigger problem was the insolubility of the zwitterions themselves. None of the
zwitterions dissolve in any common laboratory solvent — dissolution has only been achieved
in water near boiling point. In addition, once the zwitterion is dissolved, it remains in
solution until almost all the water has evaporated and the zwitterion precipitates out as a
fine powder. This is quite unusual. Recrystallisation and co-crystallisation experiments were
therefore very challenging, especially since most organic co-formers are highly soluble in
water and therefore in discord with the zwitterions. The addition of a weak base, such as
pyridine, could be used to aid dissolution of the zwitterions in water so that lower
temperatures could be used, but in those cases the zwitterion remained in solution even

longer, with no formation of crystals at all.
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This may be one of the practical reasons why more multi-component crystals were not
discovered (Chapter 4). The salts that were discovered were first observed from LAG
screening experiments, of which only three could be crystallised. There are a total of six
other salts that we suspect were also formed, but which could not be crystallised as single
crystals. In addition, because the powders of these suspected salts were obtained from
grinding experiments, they were slightly amorphous. Such materials do not produce well
resolved powder X-ray diffraction data, which would be needed for structure solution from

powder data.

Nevertheless, a smooth ride does not leave much room for learning, and it is through the
challenges that we learn most about the nature and behaviour of molecules, and are forced
to discover the usefulness of new techniques, such as mechanochemistry.

6.2 Mechanochemistry

Mechanochemistry was used throughout this project as it is a simple and fast technique that
can be used to obtain a product within a few minutes. Unfortunately, the zwitterions could
not be made in this way as more energy (heat) is needed to form this thermodynamic
product. It would be interesting and useful to see if the synthesis would be successful if the
vessel could somehow be heated during grinding. On the other hand, the salts can easily be
made via grinding. Liquid-assisted grinding also proved to be a very effective screening tool
when attempting to form multi-component crystals, especially since it is not affected as
much as the solution methods are by the insoluble nature of the zwitterion. Not only that, it
is significantly faster than waiting for the zwitterion to dissolve and then waiting up to a
few weeks for the product to form, if ever. All salts can quickly be obtained via LAG. In
the case of the three melamine salts, these powders can then be recrystallised to obtain single
crystals, as the salts have improved solubility compared to the zwitterions. Unfortunately,
crystals could not be obtained for the combinations of zwitterions with 2-aminopyridine and
2,6-diaminopyridine.

The four isostructural solvates formed by the phanthrolinium-pamoate host can also easily
be formed mechanochemically. Additionally, mechanochemistry is shown to be very useful
for selectively encapsulating solvents — to our knowledge, this has not been reported before.
The selectivity results obtained, after grinding the host components in solvent mixtures, are

not exactly the same as those obtained when crystals are formed from solution. We do not
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yet fully understand why the results differ, but it should become clear as more selectivity
studies are carried out in this way. Furthermore, it would be interesting to compare these
selectivity results with those that could be obtained if experiments were performed in a

mechanical mill.

6.3 Temperature

The reaction initially used to synthesise the zwitterions is straightforward, but in most cases
temperature dependent. Mild to high reaction temperatures are needed for the covalent bond
to form between the pyridine moiety and the carboxylate backbone. When lower reaction
temperatures are used, or solutions are left to crystallise in the refrigerator, a salt of the two
reaction components often forms — this is the kinetic product of the reaction. In some
instances, the salt can even start to form at room temperature as it forms significantly faster
than the zwitterion. However, if the salt is removed after a few hours by filtration, the
zwitterion will proceed to form (unless the vial is left in the refrigerator, in which case the
salt will form again). For this reason, it has also not been possible to synthesise the
zwitterions mechanochemically as we do not have the instrumentation to heat while
grinding. It should be noted that some zwitterions have no such salt by-product, and will
therefore crystallise even in the refrigerator. In these cases, mechanochemical synthesis was

found to leave the starting materials unaffected.

It is not clear why some zwitterions do not have a matching kinetic product. It could be that
the packing of a salt would be too unfavourable, but this is unlikely due to the small size of
the components and their complementary functional groups. You might think that this is
due to zwitterion formation being more favourable in these cases, but why then can they not
form mechanochemically? It seems most likely that the lack of salt formation is due to the
pH of the solution not promoting proton transfer, but what about mechanochemical salt
formation? An in-depth study regarding the thermodynamic vs kinetic relationship between
the zwitterion and salt has not yet been carried out.

In the case of the phenanthroline-pamoate solvates, crystallisation does not seem to be
temperature dependant. The solution selectivity experiments were often crystallised both at
room temperature and in the refrigerator, with minimal deviation in the results. However,
the difference between the mechanochemistry and solution results could possibly be linked

to temperature. The solution experiments were heated for dissolution, while the only heat
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present in the mechanochemical experiments was the localised frictional heating caused by
the grinding process. It is not clear how or why this would affect the outcome of selectivity

studies, but as it is a significant experimental difference, we suspect it could have an effect.

6.4 Guest inclusion

During the initial zwitterion synthesis, various solvents and solvent mixtures were used to
test the effect thereof on the polymorphic behaviour of the zwitterions. However, we also
performed these extensive tests to see whether certain solvent molecules could be included
into the structures —which could lead to studies in solvent selectivity and porosity. Although
similar zwitterions have shown such inclusion behaviour,! none of the zwitterions in this
study crystallise as solvates, and only the isonicotinamide zwitterion crystallises as a
hydrate.

When these zwitterions crystallise they form very strong hydrogen bonds and charge-
assisted hydrogen bonds with each other. In each case, the carboxylate backbones of the
zwitterions hydrogen bond to one another to form chains of zwitterions. In some instances,
these hydrogen bonds are so strong that they seem to mimic covalent bonds — forming
polymer-like strings. While we did not necessarily expect to break these strong chains, the
idea was that solvent molecules could occupy the space between them. The nicotinamide
and isonicotinamide zwitterions were chosen for this study because of their additional amide
functionalities. We thought that these amide groups could interact with each other, to keep
the zwitterion chains further apart and thus leaving space for solvent molecules, or possibly
interact with solvent molecules. Unfortunately, instead of keeping the framework open,
these interactions only serve to hold the chains of each ladder even more tightly together to
form close-packed structures. It seems as though the interactions between the zwitterions
themselves are merely stronger than any possible interaction they could have with solvent

molecules.

Of course, shape complementarity also plays an important role in solvate formation and it
is possible that there is simply no stable way for the zwitterions and solvent molecules to
interlock closely enough. Solvent molecules are often located in pockets or channels within
a host framework; in the case of these zwitterions, they may just be too small to form a
supporting framework. Previous zwitterions that showed solvent inclusion had longer

pyridyl groups between which solvent molecules are positioned.
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On the other hand, the phenanthrolinium-pamoate host framework is more inclined to
include solvent molecules, and can even do so selectively. The molecules comprising the
host are both larger than the zwitterions, so it makes sense that such a framework could
include guest molecules. This host can include four different solvents, namely DMA, DMF,
DMSO and THF. The solvent molecules are located in pockets within the framework and
are hydrogen bonded to the host (specifically the phenanthrolinium ion) via the oxygen atom
in the solvent. As the guest molecules are all very similar, the host is able to retain its
geometry irrespective of the guest. When the host is crystallised from mixtures of DMA,
DMF and DMSO, it preferentially includes DMA and DMSO above DMF. We suspect that
this selectivity is due to the weaker host-guest interaction between the host and DMF

compared to the DMA- and DMSO solvate host-guest interactions.

6.5 Polymorphism and multi-component crystals

Chapter 3 describes the polymorphic nature of two zwitterions (Figure 6.1). We are able to
control which form is obtained, and have studied the relationships between them by
examining experimental data, as well as carrying out some supportive calculations. The
zwitterion derived from 4-cyanopyridine (1) exists as a pair of conformational polymorphs.
The first, 1a, is the kinetic polymorph that forms quickly, and is less stable than 1f. The
second polymorph, 1B, forms more slowly and is stabilised due to additional weak n-7t
interactions between overlapping aromatic rings. On the other hand, zwitterion 2, derived
from pyridine, exists as three distinct forms, 2a, 2p and 2y. In this case the polymorphs do
not differ greatly with respect to stability — although they are characterised by a slight
change in conformation, they are not conformers. Even though zwitterion 2 is not solvated,
the conformation of each polymorph is determined by the solvents used during

crystallisation (possibly due to some sort of templating effect).
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Figure 6.1 Summary showing the packing diagrams of the different solid-state forms that each
zwitterion can adopt.

For both of these zwitterions one would expect it to be possible to interconvert between the
different polymorphs. However, these polymorphs could not be interconverted, either by
changing the temperature, immersing/stirring them in different solvents/out in air or by
grinding them (with or without added solvents). This is unusual, but is probably due to the
zwitterion ladders being very closely interlocked. Major shifts in the crystal structure and
hydrogen bonding would need to occur if one form were to change to another. Unfortunately
we were not able to test the effects that a change in pressure could have, so such experiments
will still need to be carried out along with further tests regarding humidity and a change in
room temperature. Furthermore, there are calculations that could still be carried out in order
to evaluate and compare the different forms. For example, when looking at zwitterion 2, we
see that the major difference between the polymorphs is the angle of the ring with respect
to the carboxylic acid backbone. A potential energy scan could be carried out by varying
this angle and measuring the lattice energy of the system in 5° increments in order to see if
there is a rotational barrier that is preventing interconversion between the different forms.
By optimising the crystal structure at each point, we could also determine if changing the

angle would force the forms to interconvert.
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Chapter 4 describes the formation of two new zwitterions, neither of which is polymorphic.
The zwitterion derived from nicotinamide (1) is robust and can be made under a variety of
conditions without the risk of a salt by-product forming. On the other hand, zwitterion 2,
derived from isonicotinamide, is more variable and is often plagued by a salt by-product

(although this can easily be removed by filtration).

Both of these zwitterions (as well as zwitterion 1 from Chapter 3) form salts with melamine
(Figure 6.2). These salts were characterised and compared with respect to their
intermolecular interactions. All three salts have a charge-assisted hydrogen bond between
the carboxylate group of the zwitterion and a positively charged nitrogen atom on the
melamine. The two zwitterions containing amide functionalities also have hydrogen
bonding between the amide group and melamine. Through mechanochemistry screening
tests it was possible to identify six other potential salts, formed by the combination of each
of these zwitterions with either 2-aminopyridine or 2,6-diaminopyridine. Crystal structures
have not been obtained for these, but they have been identified based on NMR and PXRD
data, and IR data established that they are salts. What is important to note about all of these

salts is that they are more soluble than the zwitterions themselves.

3 3-Melamine

Figure 6.2 Summary showing some of the hydrogen- and charge-assisted hydrogen bonds in the
three melamine salts.

The important question is, why did we not form more of these multi-component crystals?
By carrying out a search of the CSD we determined that the carboxylate-carboxylic acid
synthon holding the zwitterions together is more likely to be formed than any interaction
the zwitterions could have with co-formers through these groups. However, the melamine
salts show one of these weaker interactions, which means that this test should not be used
to rule out the possibility of salt or co-crystals, it simply shows that it will be difficult to

find them, and indeed it was — extensive screening tests had to be carried out to find these.
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Originally one of our aims for the nicotinamide and isonicotinamide zwitterions was to form
multi-component crystals via interaction with the amide functional group, as we already
suspected that the zwitterion chains would probably not break (we see these chains in every
zwitterion structure). It is still unclear why this did not happen and why more co-formers
did not interact with this amide group — could the solubility issue overrule all else? If this is
the case, why then could salts not be formed between different zwitterions with similar
solubilities and functional groups? Or could the charged nature of the zwitterions deter

neutral molecules from interacting with them?

It is clear that multi-component crystals formed by these zwitterions are not common, but
they do exist. Extensive screening tests seem to be the only answer, luckily this is not very
difficult to do mechanochemically. The zwitterions could still be combined with other
simple molecules, drug molecules, or even other zwitterions, such as amino acids. Further
attempts could also be made to obtain crystals of the six suspected salts with
2-aminopyridine and 2,6-diaminopyridine. Although many techniques have already been
attempted, new methods are always being developed and could possibly be used to obtain
single crystals. As we know what the constituents of these materials are, and their ratios
with respect to each other, solving their crystal structures from powder data should be
possible for someone skilled in this technique. The instrumentation available to us was not
sufficiently sensitive for this application, but some other institutions are better set up for this
type of structure solution, so it could be investigated in the future.

One other experiment that can be carried out would be to use the improved solubility of the
salts to our advantage. Practically the co-crystallisations were hindered by the insolubility
of our zwitterions, but the salts are much more soluble. If we dissolve one of the salts, what
we have in solution is dissolved zwitterion. Of course, the co-former is also still in solution,
but if we add another co-former it could be possible for a new salt to form. It could even be

possible to obtain mixed salts with more than one co-former.

In fact, this is exactly what salts, co-crystals, and polymorphs are all about — improving the

properties of compounds to make them more useful.

Overall, the molecules investigated all show very interesting behaviour with regard to
polymorphism, multi-component crystal formation, and selective guest inclusion. Solvent

selectivity has also been demonstrated with mechanochemistry, something which has not
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been seen before. Studies like these are crucial for understanding how organic molecules
interact, and assemble to form crystals, as well as the balance of conditions and properties
that need to be taken into account during crystallisation, such as temperature and solubility.
This critical knowledge will ultimately lead to the deliberate design of new functional

materials.

6.6 References
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15, 5849-5857.
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APPENDICES

e Appendix A can be found at the back of this thesis and contains supplementary
studies carried out during the course of this project.
e Appendix B is provided on the appended CD, and contains the following
supplementary data:
o .res files (structure visualisation)
o .CIF files (crystallographic data files containing info regarding atomic
coordinates and therefore bond lengths and -angles)
o CheckCIF files (contains information regarding the quality of data)
o NMR data for the solvates in chapter 5
e Appendix C is provided on the appended CD. This contains the poster presenting
parts of this work, as well as the manuscript submitted to Crystal Growth and
Design.

131



Stellenbosch University https://scholar.sun.ac.za



Stellenbosch University https://scholar.sun.ac.za

APPENDIX A

OTHER EXPERIMENTS AND ZWITTERIONS

A.1 Isoquinoline zwitterion

Another zwitterion, (Z)-2-(3-carboxy-1,1-dihydroxyprop-2-en-1-ide-2-yl)isoquinolin-2-
ium, was also investigated. It was previously reported in the group (refcode: BIXMAY),!
but had not been studied extensively. The same methodology was followed as is described

in Chapter 2 — our aim was to obtain polymorphs, solvates, co-crystals, or salts.

The zwitterion was synthesised and crystallised in the following manner: 2 ml methanol and
1 ml water was added to isoquinoline (0.023 g, 0.178 mmol) and stirring was started. ADC
(0.020 g, 0.175 mmol) was added and stirring was continued for 10 min at 60 °C. The vial
was capped and left on a shelf for crystallisation to occur via slow evaporation of the solvent.
Clear, colourless plate-like crystals formed after 7 days. No additional solid-state forms

were obtained.

Further experiments were carried out where each of the reagents were, in turn, used in
excess. The synthesis was also carried out at room temperature and 100 °C, but these
changes had no effect. However, when the crystallisation vial was left in the refrigerator, a
previously unreported salt, similar to those obtained for some of the other zwitterions, was

formed (Figure Al). This salt can also be formed mechanochemically via neat grinding.

Figure Al The isoquinoline zwitterion (left) and the corresponding salt (right).
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The salt crystallises in the monoclinic space group, Cc, and has one protonated isoquinoline
cation and one ADC anion per ASU (Figure A2). A charge-assisted hydrogen bond is

formed between the two charged atoms.

Figure A2 Asymmetric unit of the ADC-isoquinoline salt, viewed down the c-axis, as well as the
packing diagram, viewed down the c-axis.

A.2 Unsuccessful zwitterion syntheses

The synthesis of two other, previously unpublished zwitterions was also attempted
(Figure A3). The same methodology was followed as is described in Chapter 2, however in

each case only the salts of the two starting materials formed.

Figure A3 Zwitterions of which the synthesis was attempted, but not successful.

A.3 Metal complexes

Throughout the project all zwitterions were also combined with various metal salts
(Table Al) by dissolving them together, in water, as well as in water/pyridine mixtures. The
reason behind this choice of solvents is that the zwitterions are highly insoluble and this was
the only way in which we could achieve dissolution. Unfortunately, this only led to

precipitation or recrystallisation of the zwitterion, with the metal salt remaining in solution.
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Subsequently, in situ crystallisation of metal complexes was attempted by combining each
of the metal salts in Table 1 with ADC and the pyridine derivative in a 2:1:1 mole ratio.
This was carried out by stirring the three components in water at 100 °C, for 10 minutes.
These crystallisations only lead to formation of the zwitterion, or some combination of the

metal and one of the zwitterion components (Figure A4). No zwitterion-metal complexes

were formed.

Table Al List of metal salts used in an attempt to form metal complexes.

Halogen salts Nitrate salts Acetate salts
CrCl3-4H20 Mn(NO3)2-4H,0 Co(CH3CO2)2:4H20
FeClz Ni(NO3z)2-6H20 Ni(CH3CO32)2-:4H20
CoCl Cd(NO3)2-4H20 Cu(CH3C0O2)2:4H-0
FeCl2-4H.0 Co(NOs3).2-6H.0 Cd(CH3CO2)2:4H20
NiBr2-H.0 Zn(NO3z)2-6H20 Mn(CH3CO2)2-4H20
CdBr,-4H,0 Cu(NOs). Zn(CH3CO0»)2-2H20
CuCl

CuCl2-2H.0

ZnCl;

Figure A4 (a) A metal complex formed containing cadmium and isonicotinamide. (b) A metal

(b)

complex formed containing nickel, ADC, nicotinamide and water.
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