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ABSTRACT
Biological dosage forms: the application of crystal engineering.
Paolo Lucaioli
This thesis describes the novel multicomponent crystals obtained through a cocrystallisation
screening with L-Leucine peptides synthesised through Solid Phase Peptide Synthesis. The
aim of the project was to investigate the ability of short hydrophobic peptides to generate
crystalline systems with a wide range of coformers, and to study the intermolecular
interactions involved in such structures. In this sense, the Cambridge Structural Database
and literature show a lack of systematic studies. Moreover, the peptides used for this project
did not undergo the typical purification stage to remove the trifluoroacetate (TFA)
contamination deriving from the cleavage steps. This process is routinely performed through
chromatography and ion exchange reaction, inevitably leading to consistent loss in peptide
yields. For the first time, crystal engineering concepts have been used as a proof of concept
for an alternative method of purification, exploiting the differential crystallisation pathways
established during the crystallisation.
The structures described in the present work are part of a wide landscape of outcomes with
different composition and framework features. Both TFA-free and TFA-contaminated
multicomponent crystals are herein analysed and described, in a first attempt to study the
impact of the contaminating agent on the crystallisation process of non-purified freshly
synthesised peptide.
Several unexpected crystallisation products are included to show the complexity and
unpredictable behaviour of the various species involved in the cocrystallisation process.
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PREFACE
Biologics are therapeutic agents generally obtained from natural sources (e.g. microorganism,
animals, humans, etc.) and can be composed of different compounds, such as sugars, nucleic
acids, proteins, etc. The interest toward this category of treatments has considerably increased
in the last decades and, to date, they represent the only efficient way to cure some specific
diseases within a personalised care context. Nevertheless, the use of their solid-state form for the
preparation of dosage forms is often problematic due to the questionable physiochemical
properties of the molecules. In fact, preformulation is usually dominated by the amorphous state,
resulting in disadvantageous properties affecting both the manufacturing process (e.g. low
stability, unpredictable solubility, etc.) and the therapeutic effect (e.g. low availability, etc.).
One of the possible solutions to this problem is represented by the use and application of crystal
engineering and molecular complexes concepts for the formation of crystalline forms of such
biological entities: this is the basis of the work presented in this thesis
Peptides are one of the classes of compounds included by the Food and Drug Administration
within the biological drugs and represent the main molecules investigated in this project.
A Cambridge Structural Database search and a literature review (using scientific research tools)
show that, as of 2018, differently from amino acids, peptides have been barely used for crystal
engineering purposes. As illustrated in the present work, only a relatively limited amount of
cocrystals’ structures were previously reported in literature. In fact, hydrates and solvates are the
most frequent multicomponent systems and this indicate that such molecules have been mainly
used for simple crystallisation experiments in different solvents.
One critical issue is related to the contemporary synthesis approaches and the resulting target
peptide and reaction by-products. Peptides are generally obtained from synthetic procedures
based on the use of solid insoluble supports. This procedure, known as Solid Phase Peptide
Synthesis (SPPS), represents the most used protocol both in laboratory and factory scale
because it allows a fine control of the reactions needed for the elongation of the amino acidic
sequence and has practical advantages with respect to biological methods. Nevertheless,
products obtained through this well-established method are often affected by the presence of a
contaminant: the trifluoroacetate anion. Such entity derives a chemical reaction that is required
at the end of the procedure for the final detachment of the peptide from the solid support.
Additional purification steps are routinely performed through chromatographic techniques and ion
exchange reactions to obtain but such methods lead to an extensive loss in the final yield.
For this project, trifluoroacetate-contaminated dipeptides synthesised through SPPS have been
used for a vast cocrystallisation screening. This study aimed to study the influence of the
trifluoroacetic contamination on the crystallisation behaviour of short hydrophobic and its impact
on the final crystal packing. Moreover, cocrystallisation has been used as a possible alternative
method for the removal of the undesired pollutant, exploiting the differential crystallisation
pathways established when a cocrystal former is used. This approach has been designed and
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applied to investigate the possibility to use a crystal engineering strategy for a combined
crystallisation and purification of freshly synthesised TFA-contaminated peptides.
The results of such investigations are presented and described in this work, highlighting the
properties of their crystal packings. The trifluoroacetate-free and contaminated multicomponent
crystals obtained from this project showed a wide landscape of possible outcomes. The crystal
structures of multiple novel systems are presented in this work, highlighting the crystal packing
properties and focusing on the peculiarities of each one. The results obtained from this
experimental investigation were used for the preparation of two scientific papers, successfully
published in Crystal Growth & Design.
A novel polymorphic form of succinic acid was isolated during the cocrystallisation screening with
the dipeptides, when this molecule was used as a cocrystal former. The main peculiarity of the
structure can be found in the unusual folded conformation of the acidic molecule. Such
serendipitous discovery resulted in a collaboration with Prof. Sarah L. Price FRS’ research group
at University College of London. The results of such cooperation resulted in the publication of a
third scientific paper, published in CrystEngComm.
Two polymorphic forms of the cyclic leucine peptides (also known as diketopiperazines) were
accidentally obtained during the cocrystallisation experiments aiming to crystallise the linear form
of the peptidic molecule. Their crystal structures are included in this work since they represent an
additional aspect that must be considered when crystallisation experiments are carried out with
such compounds.
Some preliminary results obtained through the cocrystallisation of TFA-contaminated tripeptides
will be presented in this work as a starting point for future studies.
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1.0 INTRODUCTION
1.1 AMINO ACIDS, PEPTIDES AND SOLID PHASE PEPTIDE
SYNTHESIS
Section 1.1 focus is a short introduction about amino acids, peptides and solid phase peptide
synthesis. A general overview is provided to introduce the general properties of the different
aspects concerning the products and the protocols used for the preparation of the compounds
used for this project.

1.1.1 GENERAL PROPERTIES OF AMINO ACIDS AND PEPTIDES
According to the International Union of Pure and Applied Chemistry (IUPAC), the term amino acid
can be used to describe any organic compound containing at least one amino and one acid group
in its structure.1 Although such definition makes the number of conceivable amino acids infinite,
only twenty molecules (Figure 1b) are often reported and listed in the literature. Such molecules
are known as standard amino acids and they play a vital role in the biological processes of every
living cell as they represent the building blocks for the production of proteins. All twenty molecules
are represented by α-amino acids, meaning that the amino and carboxylic group are adjacent
since they are both bonded to the same carbon atom.

Figure 1 - Chemical structure of the twenty standard amino acids (represented in their zwitterionic state).
Underlined names belong to the essential amino acids.
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The Greek letter ‘alpha’ (α) used to define such molecules derives from one of the two systems
used to label the amino acidic molecule. The atoms can be either numbered following the rules
of the normal chemical system starting from the carboxylic C-atom as C1 or by using Greek letters,
with the C2 representing the α carbon (Figure 2). The second method is fundamental for the
characterisation of position of the eponymous amino group: in fact, the twenty standard amino
acids have both the amino and the carboxylic functionalities bonded to the same carbon atom,
the alpha one.2 This property is the one differentiating such entities from other amino acids playing
important biochemical roles. For example, β-alanine (Figure 2c) is a natural non-alpha amino acid
and a constituent of vitamin B5, carnosine and anserine: the amino group in this case is bonded
to C3. Another example is represented by the γ-aminobutyric acid (GABA), the main inhibitory
neurotransmitter of the central nervous system, in which the amino group is bonded to the C4
(Figure 2d).

α

β

α

α

β
γ

α

Figure 2 - General structure of an alpha-amino acid (a) and (b). Chemical structure of beta-alanine (c) and
GABA (d). Carbon atoms are labelled using both the typical chemical system for the designation of locants
(red labels) and the Greek letters system (blue labels).

The chemical structure of an α-amino acid can be divided in two distinct parts: a polar head
containing both the amino and acid functionality and a side chain, usually designed as R (Figure
2a). The features of the side chain are of crucial importance because they will affect the molecular
properties of the twenty standard amino acids. In fact, they are usually classified into different
groups with properties related to the structure and chemical functionalities of the side chains. The
twenty standard amino acids are usually classified as follow:
a) amino acid with hydrophobic side chains: Ala, Ile, Leu, Val, Phe, Trp, Tyr
b) amino acids with polar neutral side chains: Asn, Cys, Gln, Met, Ser, Thr
c) amino acid with negatively charged side chains: Asp, Glu
d) amino acid with positively charged side chains: Arg, His, Lys
e) unique amino acids: Gly, Pro
Such classification3 is commonly encountered and it is based on the pKa value of their side chains
and the relative charges at physiological pH.
When the attention is focused on the impact of the side chains in the molecular crystal structure,
the classification of the twenty standard amino acids is completely different. From a
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crystallographic point of view, an amino acid is often considered to be hydrophobic when only the
amino and carboxylic functionalities generate hydrogen bonds with O or N acceptors, with no
other hydrogen bonded interactions involving the atoms of the side chains. 4 According to this
definition, Cys is usually accepted to be included in this group while Trp represents a special
case. In fact, the NH group on its side chain is usually interacting with the π-electron moiety of an
adjacent Trp or with other aromatic systems5–9 but sometimes it can also create N-H···O or NH···H contacts10–14.
With the only exception of glycine (R= H), all the standard amino acids are chiral since they
contain a carbon atom (Cα) bonded to four different chemical groups (Figure 2). Each of them
exists in two different enantiomers. Beside the typical R/S system used for the identification of the
absolute configuration of a chiral molecule, amino acids are generally labelled as left- and righthanded (or L- and D-form, respectively). This system does not have to be confused as it does not
correspond to the obsolete d-l notation used for the description of the optical activity of a specific
substance (currently replace by the (+)/(-) notation). The D-/L- system (also known as FisherRosanoff) describes the relative configuration of the molecule, compared to the enantiomers of
the simplest carbohydrate in nature, glyceraldehyde. The L-form of the various amino acid is the
most frequently encountered and used by biological systems. The configuration of the amino
acids has an important impact from a crystallographic point of view since it will influence the
symmetry of the final crystal structure. In fact, crystals containing only one enantiomer of a chiral
molecule cannot have an inversion or mirror symmetry and will be non-centrosymmetric.
The presence of an acid and a basic functionality in the molecule results in an amphoteric
character to all the amino acids. For this reason, they can accept or donate protons generating
cations, anions, or both at the same time existing in different protonation states (Figure 3). In the
last case, the proton is theoretically transferred from the carboxylic acid to the amino one with the
molecule in the zwitterionic state (Figure 3c). Such protonation state is very common in solution
for most of the amino acids and their derivatives, while the truly neutral form (Figure 3a) can be
obtained only in extreme conditions (noble gases environment). The presence of charges on the
molecule is indeed related to the pH of the solution. When this is below the pK a of the amino
group, this will be protonated, and the amino acid has a positive charge on it (Figure 3b). For pH
values that are above the pKa of the acidic functionality, this group will be deprotonated with the
molecule carrying a negative charge (Figure 3d). When the pH has a value between the previous
two, both events can occur: in this case the amino acid will carry two opposite charges on the two
functionalities. When the solution has a medium pH, a dynamic equilibrium will be established for
the protonation and deprotonation processes: most of the molecules will exist in the zwitterionic
state with only small portion of cations and anions. The isoelectric point (pI) is a value of pH
(typical for each amino acid) at which the positive and negative charges are balanced. Amino acid
with no chemical functionalities on the side chains have isoelectric points at values between the
pKa of the two functionalities. Nevertheless, the presence of an additional acidic or basic group
on the side chains will affect the situation and the pI can be calculated by considering the pKa of
all groups present.

5

Figure 3 - Schematic representation of the different protonation states of the polar head of an amino acid
(glycine).

Generally, amino acids are soluble in water and not in organic nonpolar solvents. In the solid
state, the zwitterionic molecules are held together by ionic interactions that in aqueous solution
are then replaced by interactions between the amino and carboxylate group with molecules of
water. Of course, the properties of the side chains (i.e. presence or absence of chemical
functionalities and size of the chain)15 with amino acids having low solubilities when the R group
is represented by hydrophobic chains.
Table 1 - Solubility (g/100 mL water), at 25ºC16 and hydropathy17 of the twenty standard amino acids.2
Name

Solubility

Hydropathy

Name

Solubility

Hydropathy

Alanine

16.63

1.8

Leucine

2.19

3.8

Arginine

19.59

Asparagine

2.51

-4.5

Lysine

24.66

-3.9

-3.5

Methionine

5.59

Aspartic acid

0.51

1.9

-3.5

Phenylalanine

2.80

2.8

Cysteine

2.56

2.5

Proline

130.07

1.6

Glutamic acid

0.88

-3.5

Serine

36.57

-0.8

Glutamine

4.25

-3.5

Threonine

9.79

-0.7

Glycine

25.23

-4.0

Tryptophan

1.32

-0.9

Histidine

4.36

-3.2

Tyrosine

0.054

-1.3

Isoleucine

3.17

4.5

Valine

5.87

4.2

Researchers have developed different methods for the measurement of the hydrophobicity of
amino acids. One of the most used is represented by the hydropathy index (shown in Table 1),
developed by Kyte and Doolittle by using a computational method based on experimental
observations from literature.17 Such parameter is represented by a number indicating the
hydrophobicity of the amino acids: the higher the value of the number, the more hydrophobic is
the residue.
Amino acids can react with each other through a condensation reaction between the carboxylate
and the amino group (Figure 3). The amide bond generated through this mechanism is called a
‘peptide bond’ and the repetition of such process lead to the formation of chains with different
lengths. Considering the size of it, it is possible to distinguish between dipeptides (chain of two
amino acids), tripeptides (three amino acids), etc. This are generally referred to as oligopeptides
to differentiate them from longer chains called polypeptides (usually they contain more than ten
amino acids), although the boundaries between these two classes are not well defined. The term
protein generally used for molecules containing a higher number of amino acidic residues and
having complex external structures resulting from the folding of their chains (while polypeptides
usually exist as unfolded chains).
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Figure 4 - Simplified graphical representation of the condensation reaction between two amino acids
generating a dipeptide. The resulting peptide bond is shown in red.

By virtue of the molecular sequence of amino acids, the resulting peptidic chain has its own
directionality with two distinct terminals with different chemical properties. At one end the peptide
has a free amino terminal: this side is often defined as amino- or N-terminus (Figure 5), while on
the opposite side the free carboxylic acid is named carboxyl or C-terminus. The two terminals
must be considered when the amino acidic sequence is described: in fact, the molecular formula
of a peptide is written with the N-terminal residue on the left and the carboxylate on the right.
The general properties of a peptide (e.g. solubility) are strictly related to the amino acidic residues
in its sequence. Molecules composed of hydrophobic amino acids will have a hydrophobic
character, while peptides constituted residues with a polar side chains will act accordingly. For
extended sequences containing a mixed variety of both types of constituents, the general
behaviour will be the result of the relative influence of each constituent.
Similarly, the physiochemical properties of the crystal structure of peptides is influenced by the
amino acids contained in their sequence. The presence of functionalised side chains results in
the availability of donors/acceptors for hydrogen bonded interactions (additional to those
generated by the chemical functionalities of the backbone). Residues characterised by non-polar
side chains will confer a hydrophobic character to the molecule (Figure 5), or portions of it, with
the consequent possibility of the establishment of non-H-bonded contacts (i.e. van der Waals
interactions) in the final crystal packing.

Figure 5 - Structure of the hydrophobic Leu-Leu dipeptide used for the project. The peptide is shown in its
neutral, non-charged state.

1.1.2 SOLID PHASE PEPTIDE SYNTHESIS
Proteins and peptides are ubiquitous in all the living cells and they have a wide variety of biological
roles as receptors, enzymes, hormones, etc. For more than a century, scientists have focused
their attention in the development of efficient procedure for the production of molecules that can
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be used to study the mechanism behind many biochemical processes, the relationship between
their structure and the activity and the development of new active molecules with pharmaceutical
properties. An important example is the synthesis and the development of new peptide antibiotics
that can overcome the increasing problem of bacterial resistance.18,19 Nevertheless, obtaining
pure forms of such compounds by biochemical methods is often extremely complex or unfeasible
and for this reason synthetic alternatives have been designed in the last decades.
Nowadays, Solid Phase Peptide Synthesis (SPPS) represents a well-established method for the
production of tailored peptides both in laboratory and industry. This approach was introduced by
Bruce Merrifield20 (he won the Nobel prize for Chemistry in 1984) and it is based on the sequential
addition of amino acid to an insoluble solid support (Figure 6). While the peptide is synthesised,
one end remains attached to the resin and this allows the easy removal of the excess of any
soluble reagent by filtration and washing. The advantages of a solid-phase based chemistry are
mainly represented by an increase in simplicity and speed of the reaction (carried out in a single
reactor) and by a high efficiency, due to the use of excess of reactants and to the lack of isolation
and purification steps (typical of biomolecular methods, they cause large losses in the final yield).
The SPPS procedure contains the following ten operational steps:
-

Attachment of the first Fmoc N-α-protected amino acid to the solid support

-

Washing of the resin with the elimination of the excess of reagents

-

Deprotection of the Fmoc protecting group on the first amino acid

-

Washing of the solid support with removal of the detached Fmoc and excess of reagents

-

Coupling of the next Fmoc N-α-protected amino acid

-

Washing

-

Deprotection of the Fmoc group of the second amino acid

-

Washing

-

Repetition of the coupling, washing, deprotection and washing steps until the target
sequence is obtained

-

Final cleavage of the synthesised peptide from the resin (with synchronised deprotection
of the side chains).
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Figure 6 - General scheme of the different steps of solid phase peptide synthesis. Peptide is represented
linear for clarity.

The solid support typically consists of resin beads of insoluble polymers such as: polystyrene,
polyamines or polyethylene glycols. Polymeric materials employed are chosen to have an
effective swelling in organic solvent: this allows the different solvents and reagent to reach the
core of the polymeric material during the different steps of the protocol, leading to a robust final
yield. The resin has a linker on its surface, a chemical unit used for the coupling of the first amino
acid. A wide range of linkers have been developed and are commercially available. The nature of
such entity will determine the chemistry to be used during the synthesis and the final
functionalisation of the C-terminus of the peptide. For example, the use of a Rink amide resin
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(Figure 7a) will generate a peptide with an amidic C-terminal, while a carboxylic acid functionality
will be obtained with a 2-Chlorotrityl chloride resin (2-CTC).

Figure 7 - Linkers of Rink amide and 2-Chlorotrityl chloride resins, used for the peptide syntheses of this
project.

The amino acids used for this method are characterised by the presence of protecting groups on
both the N-terminus and the side chains (when they contain chemical functionalities that might be
involved in side-reactions during the peptide synthesis). The chemistry of the solid-phase
synthesis is connected depends on the temporary protecting group on the N-terminus. Two
different groups are used to protect the amino functionality of the amino acids: the tertbutoxycarbonyl (Boc) group and the fluoren-9-ylmetoxycarbonyl (Fmoc) group (Figure 8). The first
one is an acid labile group and is usually removed using trifluoroacetic acid, while the second one
is sensitive to bases such as piperidine. For this reason, the Fmoc strategy is usually preferred
to the Boc-based one, since this can be performed under milder condition and because most of
the linkers and side-chains protecting group of amino acids can be detached using acidic
reagents.
The loading of the resin with the first amino acid is a crucial step: the final yield of the peptide will
depend on the amount of first amino acid bonded to the solid support. The use of the Fmoc-based
approach has the advantage that the coupling of the first residue to the resin can be monitored
exploiting the UV absorbance at 301 nm of the dibenzofulvene-piperidine derivative generated
with the deprotection of the Fmoc group (Fig 8).21 As described above, the reaction for the
deprotection of the N-α-protecting group is always performed under basic conditions (Figure 8)
with a 20% solution of piperidine in dimethylformamide (DMF) when this is represented by the
Fmoc.
An efficient formation of the peptide bond between the last amino acid of the growing chain and
the next residue requires the activation of the C-terminus of the latter. This is necessary since,
due to the relative pKa of both the amino and the carboxylic group, a reaction without this step
would result in a normal acid-base reaction and not in an addition. Onium salts are frequently
used as activating agents because side reactions (i.e. racemisation of the amino acids) are
minimised. Figure 9 shows the mechanism of activation, using diisopropylethylamine (DIPEA)
and

N-{(Dimethylamino)-1H-1,2,3-triazolo[4,5-b]-pyridino-1-ylmethylene}-N-methylmethan-

aminium hexafluorophosphate (HATU).
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Figure 8 - Reaction mechanism of Fmoc deprotection. The protecting group is shown in blue for clarity.22

Figure 9 - Mechanism of carboxyl activation. The reagents shown in this scheme (DIPEA and HATU) are
the ones used in the SPPS procedures carried out for the project.23,24

Once the synthesis is completed, a final deprotection is carried out to remove the Fmoc groups
from the last amino acid added (at the N-terminal). The peptide is then ready to be detached from
the solid support. The reaction is carried out using a cleavage cocktail containing an excess of
trifluoroacetic acid (TFA), a strong agent that is also able to remove any possible acid labile
protecting group of amino acid with functionalised side chains.
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1.1.3

PURITY

ISSUES

RISING

FROM

THE

FINAL

CLEAVAGE:

TRIFLUOROACETATE CONTAMINATION OF FRESHLY SYNTHESISED
PEPTIDES
Trifluoroacetic acid (TFA) is a derivate of acetic acid (AcOH) in which the three hydrogen atoms
of the methyl are substituted by fluorine atoms. Such modification has a strong impact on the
acidic character of the molecule with the pKa shifting from ≈4.76, for the acetic acid, to 0.23. Due
to its high volatility and miscibility with water and most of the common organic solvents (along
with the strong acidity), TFA is employed in a wide variety of reactions and applications. It is for
these physiochemical reasons it represents the main cleaving agent in Fmoc SPPS since it can
remove the peptide from the solid support and all the protecting groups on the side chains of
functionalised amino acidic residues. Notwithstanding this suitability, TFA represent an undesired
contaminant: in fact, it generates a strong ion pair with the positively charged amino terminal of
the synthesised peptide (as for the amino acids, peptides usually exist in their zwitterionic state
in solution) or with the chemical functionalities on the side chains of some residues (e.g. histidine,
arginine, lysine). The presence of such contaminant has negative effects on both the
physiochemical25 and biological activity of the peptides (e.g. erratic cell growth or death in cellular
essays).26–29
Multiple cycles of freeze-drying can be carried out to remove most of the unbound trifluoroacetate
excess. Nevertheless, traces of TFA will remain in the final product in the anionic form (peptides
are then usually obtained as trifluoroacetate salts.

Additional purification steps through

chromatographic techniques and ion exchange reactions are routinely performed to remove the
trifluoroacetate anions from the synthesised product. Nevertheless, the use of such procedures
determines an extensive and disadvantageous peptide loss.30
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1.2 CRYSTAL ENGINEERING
1.2.1 INTRODUCTION TO CRYSTAL ENGINEERING
The term “crystal engineering” was introduced for the first time by Pepinsky in 1955 to describe a
new emerging branch of science that was developing at the crossroad between chemistry and
crystallography.31 Desiraju defined it as ‘the understanding of intermolecular interaction in the
context of crystal packing and the utilisation of such understanding in the design of new solid with
desired physical and chemical properties’32 and the appearance of such discipline can be related
with many contributions in different research fields.
With respect to the crystallographic side of this discipline, the extensive and systematic
crystallographic studies of J. M. Robertson on polynuclear aromatic hydrocarbons represents one
of the most important examples.33,34 His research on the relationship between the molecular
structure of different compounds and the relative solid crystal forms can be considered as the first
attempt to answer one of the most important question of crystal engineering: “given a compound
with a well-defined chemical structure, is it possible to predict its crystal structure?”.
Pioneering crystal engineering approaches can be found in the solid state reactivity studies of G.
Schmidt35 on 2+2 photocycloaddition reactions of substituted trans-nitrocinnamic acids, in the
solid states. For the first time, a chemical property of a compound (i.e. the ability to undergo a
reaction in the solid state) was directly linked to its polymorphic form. Such structure-reaction
interconnection highlighted the fundamental role of the crystalline matrix and moved the attention
and interest of many researchers towards the control of the crystal structures of many different
reactive solids.
Such innovative observations were enforced by the important and developing theme of
supramolecular chemistry, the chemistry beyond the molecule. Until 50 years ago, the molecule
was considered as the fundamental entity for the description of a substance and its properties.
Thus, important features that are related to the interactions between different molecules (e.g.
melting point) were just superficially considered or totally ignored. In 1948, H. M. Powell’s
description of an organic crystal of hydroquinone clathrates36 was a revolutionary turning point.
For the first time, such a structure was defined as a network with the attention shifted from the
constituent molecules toward the assembly generated by those entities. ‘Supermolecules’ turned
out to be not only simple aggregates of molecules but proper self-standing entities with
physiochemical properties that are characteristic not of the molecules themselves but of larger
and more extended assemblies. Accordingly with such concepts, atoms, covalent bonds and
molecules have their respective counterparts in molecules, intermolecular interactions and
supermolecules.37 Following the rules of supramolecular chemistry, molecular crystals might be
considered as entities in which single constituents (molecules) generate highly ordered structures
(supermolecules) through a network of connections (intermolecular interactions). The idea of a
molecular crystal as a ‘supermolecule par excellence’38 was at the base of the increasing interest
in crystal engineering in the last 30 years.39
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The design of specific crystal structures in which molecules are connected in a well-defined way
through intermolecular interactions is the main objective of crystal engineering in order to obtain
innovative solid forms with specific and desired physiochemical properties. Such purpose requires
a wide variety of skills and consists of many operations. The determination of the new crystal
structures, the analysis of these and the comparison with already know structures, the use of the
information obtained from the previous investigations to design a suitable strategy for a target
crystal and the actual crystallisation experiment represent some of the typical moments of the
‘crystal engineering routine’.

1.2.2 INTERMOLECULAR INTERACTIONS
Since the project is based on the crystallisation of hydrophobic leucine-based peptides, in section
1.2.2, only intermolecular interactions that are involved in the crystal packings of such entities will
be described.
Molecular crystals are defined as ordered solid structures made up of molecules held together by
intermolecular interactions, generated by attractive and repulsive forces between different
chemical groups and functionalities of different molecules. Such interactions are often defined as
non-covalent because of their weaker character with respect to the intramolecular interactions
that hold together the atoms in the molecule. While most of the covalent bonds have energies
between 75 and 125 kcal/mol, intermolecular interactions can be found in the range of 1-15 kcal
mol-1.40 Despite their tenuous character, such interactions are fundamental for the establishment
of the crystal packing of many substances since they are often numerous. The synergic effect
obtained by the combination of multiple weak intermolecular forces can be often stronger than
that obtained from few more energetic interactions.31
Along with the strength, other important features of intermolecular interactions that affect the
robustness of the crystal packing are represented by directionality and distance dependence.
The term isotropic is used to describe the lack of directionality that usually can be found in
dispersion-repulsive forces or in pure ionic bonds. From a crystallographic point of view, such
interactions are the ones responsible for close packing. Anisotropicity is instead typical of
intermolecular interactions characterised by a directionality. Such situation is often originated by
a specific distribution of electrons around the atoms involved in the bond. Hydrogen bond
represents the most important example of anisotropic intermolecular interactions commonly
encountered in crystal engineering.31,41
The distance dependence of an intermolecular interaction is an important factor affecting the
mutual recognition of the molecules during the pre-nucleation phase of the crystallisation process.
Most of the repulsive-dispersion interactions have an inverse sixth power distance dependence
(1/r6), meaning that they fall off rapidly with the distance between the atoms involved. Hydrogen
bonds usually have an inverse distance dependence (1/r1), with the exception of those generated
between weak donors and acceptors: in this case the distance dependence is comprised between
14

the one of the strong H-bond and those of the isotropic interactions.31,40 Such distance
dependence difference shows that hydrogen bonds (especially those existing between strong
donor and acceptors) can be established at longer distances with respect to the other
intermolecular interactions.

1.2.2.1 VAN DER WAALS INTERACTIONS AND CLOSE PACKING
The term ‘van der Waals interaction’ has not a unique meaning and its definition might vary from
one text to another. It is generally used to define all the attractive and repulsive force between
molecules (or parts within of the molecular entities) that are different from covalent or ionic
interactions.1 Such definition will often include forces generated by dispersion effects (London
forces) and might often contain hydrogen bond and interactions between permanent dipoles as
well. Nevertheless, from a crystal engineering point of view, van der Waals interactions comprise
all the stabilising and destabilising interactions between molecules or group of atoms, with the
exclusion of the H-bond and any other kind of anisotropic force (i.e. dipole-dipole).31 Based on
such distinction, they represent weak, short-medium range interactions with an isotropic character
and they are strictly connected with the relative polarizability of the molecular entities involved. 40
Dispersion forces represent the most commonly encountered type of van der Waals interaction
in the field of crystal engineering. Differently from those involving permanent dipoles, they can
explain the existence of cohesive forces between molecules (or part of molecules) represented
by hydrophobic residues.42 Also known as London forces (for Fritz Lorenz who studied them 40),
such interactions are generated by fluctuation of the electron density leading to a temporary
rearrangement of the electrons. The resulting dipole generates an electric field that will influence
the surrounding environment and will induce a polarisation in subsequent molecules.40,43
van der Waals interactions are fundamental for the description of the principle of close packing
formulated by A. I. Kitaigorodskii.44 According to this approach, molecules tend to pack as closest
as possible in order to optimise the utilisation of space and minimise the potential energy of the
system. The isotropic nature of Van der Waals interactions leads molecules to approach each
other around short distances (the ones around the energetic minima) by maximising the number
of interactions: such requirements drive molecules to pack by fitting their protrusions in the cavity
of the close entities. In a perfect close packed system, by idealising the molecular entity as a
sphere, the optimisation of both spatial and energetic demands generates a situation in which
twelve neighbours generally surround each reference molecule.
van der Waals interactions are often established when the hydrophobic portions of molecules are
prominent. They can be easily found in the crystal structure of hydrophobic amino acids or
peptides in which such residues are contained. In fact, the absence of chemical functionalities on
the side chains limits the possibility to form hydrogen bonds to the groups of the hydrophilic
backbones. The nonpolar branches of different molecules can interact with each other through
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hydrophobic interactions (Figure 10): such forces are weaker when compared with the H-bonding
but they largely contribute to the final architecture of the crystal.

Figure 10 - Crystal packing architecture of L-Leucine (Refcode: LEUCIN01). Crystal packing of L-Leu-L-Leu
hydrophobic dipeptide (Refcode: JUCSEF01). The light-red colored area indicate the region where van der
Waals interactions (hydrophobic) are established between the isobutyl side chains of the molecules.

1.2.2.2 HYDROGEN BOND
While the close packing model works perfectly for hydrocarbons and non-polar moieties, the
presence of hetero-atoms in the molecular backbones can generate intermolecular interactions
with a strong directionality and, thus, deviations from the ideal situation described above. The
most important anisotropic interaction exploited in supramolecular chemistry is represented by
those interactions designated as hydrogen bonding.31,41,43
Hydrogen bond is usually described as an intermolecular interaction between a donor X-H and
an acceptor Y-Z (Figure 1) and since it plays a crucial role in biological and chemical processes,
it has been one of the most discussed topics in the past decades.

Figure 11 - Typical representation of a hydrogen bonded interaction. The three dots are representative of
the H-bond.

The term ‘hydrogen bond’ was introduced for the first time by Pauling45,46 and since that time it
has been largely used in literature. The importance of such interactions in different fields (e.g.
biology, physics, chemistry) has been the main reason of a continuous and intense debate about
its peculiarities and definition. Pauling stated that ‘… Under certain conditions an atom of
hydrogen is attracted by rather strong forces to two atoms, instead of only one, so that it may be
considered to be acting as a bond between them.’ and ‘…the hydrogen atom, with only one stable
1 s orbital, can form only one covalent bond, that the hydrogen bond is largely ionic in character;
and that it is formed only between the most electronegative atoms’.46 With such definition, the
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interaction was considered to be possible only when highly electronegative X and Y atoms were
involved: in this situation, the electron of the hydrogen atom is mainly located between the H and
the X atoms. The subsequent polarisation of the H-X entity results in the electrostatic attraction
with the other electronegative atom Y.47 In 1960, Pimentel and McClellan stated that ‘A hydrogen
bond is said to exist when (I) there is evidence of a bond, and (II) there is evidence that this bond
sterically involves a hydrogen atom already bonded to another atom’48 while, in 1993, Steiner and
Saenger considered as hydrogen bond ‘…any cohesive interaction X-H—Y, where H carries a
positive and Y a negative (partial or full) charge, and the charge on X is more negative than on
H…’.49 Such descriptions were not focused on the electronegativity of X and Y and they included
the possibility of having an H-bond interaction also when such atoms are not represented by the
typical highly electronegative non-metals F, O or N (initially used to describe the only possibilities
for hydrogen bonding). The electrostatic character of the interaction was a focal point of the
above-mentioned interpretations of the phenomenon, but this could not explain important and
crucial aspects of the interaction. The depression in the stretching frequency of the X-H covalent
bond (bathochromic or red shift in the infrared spectrum) consequent to the H-bond formation
was considered as an indication of the covalent character of the hydrogen bond. Along with
spectroscopy, the advancement and use of different techniques, such as crystallography, gave
the possibility to scientists to obtain more accurate information about both the geometry and
energic aspect. An important example of such investigations is represented by the measurement
of the distance between the electronegative X and Y atoms. Scientists observed that the distance
D between such elements was shorter than the sum of the relative van der Waals radii when a
hydrogen bonded interaction was established. Such shortening was also determined for many
different types of hydrogen bonds (Table 2) with respect to the H···Y distance: such parameters,
also defined as d, has been always used as evidence of H-bond interaction.
The latest definition of hydrogen bond dates to 2011 when an IUPAC task group of scientists
released a detailed manuscript as a result many years of activities and communications. The
paper contains a novel definition of hydrogen bond with a list of criteria that must be satisfied to
describe an interaction as an ‘hydrogen bond’ and a detailed report of data and techniques that
have been obtained and used in the past to study it. According to Arunan et al., ‘The hydrogen
bond is an attractive interaction between a hydrogen atom from a molecule or fragment D-H in
which D is more electronegative than H, and an atom or a group of atoms A in the same or a
different molecule, where there is evidence of bond formation’. 50,51
From a crystal engineering perspective, hydrogen bond has been often defined as one of the
most important tools due to its strength (with respect to van der Waals interactions) and
directionality. Hydrogen bonds have strengths that lie between those of the covalent bond and
the van der Waals forces; Pauling’s initial concept has been changed to include other interactions,
such as C-H···O or C-H···N, O-H···π, etc. (in which the X atom is not firmly electronegative)
completely accepted as weak hydrogen bonds (Table 1).52
Geometry represents another important property of the different hydrogen bond related with their
relative strength. In the third point of the IUPAC manuscript list of features, the angle between the
atoms involved is mentioned as a vital criteria for the definition of the energetic properties of the
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interaction.50 The geometrical arrangement of the species in a H-bond interaction is described
using the value of the X-H···Y angle, also defined θ or hydrogen bond angle (Figure 12).

Figure 12 - Graphical representation of the theta angle describing the geometry of the hydrogen bonded
interaction.

The general tendency for hydrogen bonds is towards notional linearity (θ = 180º).31 In such
configuration, the hydrogen is located between the electronegative X and Y atoms and shields
the repulsive effect by virtue of the residual positive partial charge. Nevertheless, such situation
is not always possible in a crystal structure because the spatial organisation of the molecular
entities represents a trade-off between many different interactions having different distancedependence, intensities, and geometrical requirements. For this reason, the hydrogen bond
angles can be affected by the final packing in the crystal structure with the weak hydrogen bonds
characterised by larger distortions (Table 2).31
Table 2 - Distances, angles and characters of different types of hydrogen bonds. 31,53

Strength

X-Y
distance
(D, Å)

H···Y
distance
(d, Å)

X-H···Y
angle
(θ, º)

Very strong
(mainly covalent)

2.2 – 2.5

1.2 – 1.5

175 - 180

Strong
(Mainly
electrostatic)

2.6 – 3.1

1.6 – 2.5

145 - 180

Weak
(Electrostatic)

3.0 – 4.0

2.0 – 3.0

110 –
150/180

Examples
HF complexes
Gas phase dimers with
very strong
acids/bases
Alcohols
Phenols
Acids
Biological molecules
C-H hydrogen bonds
O-H···π hydrogen
bonds
Gas phase dimers with
weak acids/bases

Despite the general tendency of hydrogen bonds towards linearity, large deviations are often
exhibited in crystal structures containing biological molecules. Such entities are usually
characterised by a high flexibility of the backbone and an excess of acceptors with respect to the
donors. This may often result in the formation of interactions in which a second or third acceptor
engages with the H atom of the donor generating multi-centred hydrogen bonds. When two
acceptors are H-bonded to the same hydrogen, the final arrangement is called bifurcated (or
three-centred. Figure 13a) while trifurcated (or four-centred. Figure 13b) is the term generally
used to refer to hydrogen bonds in which three acceptors interact with the same H. Similarly,
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many crystal structures show the inverse situation in which one acceptor is H-bonded to different
subsequent donors (Figure 13c).

Figure 13 - Multi-centred hydrogen bonded interactions.

The physiochemical properties of both amino acid and peptides are strongly influenced by the
presence of various chemical functionalities that can act as donor or acceptors for hydrogen
bonds. In fact, they usually exist in the zwitterionic form and this results in the establishment of
strong head-to-tail charge assisted H-bonded interactions between the positively charged Nterminal and the negatively charged C-terminus (red contacts in Figure 14). An important example
of the crucial role played by the hydrogen bonds in amino acids and peptides can be highlighted
by considering the solubility of the different molecules. As shown in Section 1.1.1, some amino
acids are poorly soluble in water. Despite appearing plausible for those with hydrophobic side
chain (e.g. phenylalanine, isoleucine, etc.), some cases appear contradictory. Amino acid with
functionalised side chains, such as glutamic acid or tyrosine, are characterised by low solubilities:
the additional chemical groups are in fact involved in additional hydrogen bonded interactions
(orange contacts in Figure 14b) resulting in an increase of the stability of the solid form with
respect to the dissolved one.

Figure 14 - (a) Head-to-tail charge assisted interactions between the N- and C-terminals in the P21
polymorph of L-Leucine (Refcode: LEUCIN01).54 (b) H-bonded network of L-Glutamic acid (Refcode:
LGLUAC12).55 Hydrogen bonds involving the carboxylic acid of the side chains are shown in orange. (c)
Schematic representation of a β-sheet structure. (d) Hydrogen bonds between the molecules of Leucine
tripeptide in YIMWOH.56 Hydrophobic side chains are not shown for clarity.
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With regards to structures of peptides and proteins, the chemical functionalities of the internal
peptide bonds play a crucial role for the secondary structure of such compounds. In fact, they
generate a common motif called a β-sheet (Figure 14c). Such assembly is constituted of adjacent
molecules connected through hydrogen bonded interactions between the N-H and the C=O
groups. These interactions are often found in the crystal structures of short hydrophobic peptides
in which they interconnect parallel chains of molecules generating two dimensional sheets (Figure
14d).

1.2.3 CRYSTAL ENGINEERING DESIGN STRATEGY: THE USE OF
SUPRAMOLECULAR SYNTHONS
Considering the parallelism between organic and supramolecular chemistry (mentioned above in
section 1.2.1), crystals are often described as solid-state supermolecules in which the single
molecular entities are interconnected through intermolecular interactions at an ‘amazing level of
precision’.38 Crystal engineers are scientists focusing their attention on the understanding and
use of intermolecular interactions for the preparation of new crystalline materials: for this reason,
crystal engineering can be referred to as the supramolecular equivalent of organic synthesis.41
The parallelism between these two research fields is well-represented by the approach that crystal
engineers generally use to design the “synthetic strategy”. In 1967, Corey introduced for the first
time the term “synthon” to describe a “…structural unit within molecules which can be formed
and/or assemble by known or conceivable synthetic operations”.57 Such definition represent the
cornerstone of retrosynthesis, the method used in organic chemistry to synthesised complex
molecules. The retrosynthetic approach is based on the analysis of the target compound in terms
of connections (bonds) and in the consequent conceptual disconnection of its molecular structure
into smaller parts that could undergo known reactions leading to the formation of the desired
product.58 With this method, the attention is not focused on the starting material and the use of
structural sub-unites simplify the synthetic process. Despite their small dimensions, synthons
contains the combinations of bonds that can be obtained by well-established reactions and they
are, therefore, representative elements of the target molecules.31
The crystal structures of organic molecules can be visualised as networks in which the molecules
represent the nodes and the intermolecular interactions are the interconnections between nodes.
Using the same approach described by Corey, such connections can be disconnected to obtain
smaller fragments containing the chemical functionalities that can be re-used to create similar
interactions. In 1995, Desiraju applied Corey’s concepts to a supramolecular point of view and he
introduced the ‘supramolecular synthons’ as ‘structural units within supermolecules which can be
formed and/or assembled by known or conceivable synthetic operations involving intermolecular
interactions’.41
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Supramolecular synthons are composed of both a molecular and a supramolecular element. In
fact, they are spatial arrangements of molecular entities held together by specific intermolecular
interactions and they play the same role of the synthons in normal synthesis. Chemical groups
can interact in many ways in a crystal and some of these interactions can repeat in other
structures composed of different molecules with similar functionalities. When a specific pattern
involving certain groups is repeated in many crystal packings, this can be classified as a synthons
and its reliability is based on the fact that it can be disconnected to obtain a set of molecules (with
specific chemical moieties) that can be re-assembled to obtain a particular intermolecular
cohesion mode.59 The aim of crystal engineers is to identify strong and robust synthons that can
be used for the design of unique structures: such patterns can be then interchanged from one
network to another due to their reliability and generality. 41
In accordance with the peculiarities of the different types of intermolecular forces (listed in the
previous paragraphs), the most useful synthons in crystal engineering are usually the ones
generated by strong and directional hydrogen bonds. Nevertheless, synthons based on weak
interactions are often observed in many crystal structures and they are considered to be important
for transient processes in solution affecting the conformation and the crystal packing of
biomolecules.41

Figure 15 - Some representative supramolecular synthons frequently encountered in crystal engineering.
Adapted from 'Supramolecular Synthons in Crystal Engineering - A New Organic Synthesis’.41

The combination of both chemical and geometrical recognition features can lead to different kinds
of patterns. Carboxylic acid and amides are the classical species that are used to describe the
general characteristic of the supramolecular synthons. Figure 15 depicts some of the most
frequent supramolecular synthons found in literature for crystal structure of organic molecules
containing such moieties. Two different types of spatial arrangements are possible: dimers
(Figure 15a, c and e) and catamers (Figure 15b and d). The first configuration is typical of benzoic
acid, while the latter is typical of acetic acid in which the addition C-H···O interaction disrupt the
ring.31 The carboxylic dimer (Figure 15a) is strictly connected to the one that can be generated
via N-H···O hydrogen bonded interactions in primary amides (Figure 15c); nevertheless, the
presence of an additional H atom bonded to the nitrogen one results in a connection of such
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dimers with the consequent formation of a linear tape (Figure 15f).43 Intermolecular interactions
leading to the formation of supramolecular synthons can occur between molecules of the same
compound or between different species containing chemical functionalities with complementary
properties. The former structure is defined as homosynthon (Figure 15a, b, c, d) while the latter
is called heterosynthon (Figure 15e).60
The general description of architectures that can be built by using robust supramolecular synthons
can be illustrated by considering the hydrogen bonded patterns of benzoic acid and its derivatives
(Figure 16). Figure 16a shows a zero-dimensional dimer, the simplest supramolecular
arrangement, obtained through a homosynthon between two molecules of benzoic acid.
Terephathalic acid contains a second carboxylic group in the para-position and the presence of
two chemical functionalities results in the formation of a higher grade of assembly with the creation
of a one-dimensional arrangement (Figure 16b). Such kind of arrangements are often described
as chains or ribbons. The importance of the geometrical features of molecules involved in a
supramolecular synthon can be highlighted by considering the supramolecular networks that can
be generated using isophthalic acid. This compound is an isomer of the previous one and it
contains two acidic groups located at 120º with respect to each other: this orientation leads to the
formation of a crinkled chain (Figure 16c). Each molecule of trimesic acid (benzene 1,3,5tricarboxylic acid) can generate the homo-synthon with three other molecules: such
multidirectional extension of connection lead to the formation of a two-dimensional sheet (Figure
16d).61 Three-dimensional extension of such architectures can be obtained using the
adamantane-1,3,5,7-tetracarboxylic acid: in this case the carboxylic synthons are disposed
tetrahedrally with respect to the adamantyl nucleus (Figure 16e).62

Figure 16 - (a) Zero-, (b and c) mono-, (d) two-, and (d) three-dimensional architectures built using the
carboxylic acid dimer homosynthon.41
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From a supramolecular chemistry perspective, peptides are promising as candidates for crystal
engineering experiments since they contain a diversity of chemical functionalities and groups that
can generate hydrogen bonded architectures. The N-terminal, positively charged in the usual
zwitterionic state, represents a valid H-bond donor with three amino H atoms available; similarly,
the C-terminus (in its deprotonated state) contains two oxygens that can act as acceptors. The
internal peptide bonds contain additional NH and C=O groups that can contribute to stabilise the
H-bonded network. Additionally, the use of a different synthetic procedure can lead to the
preparation of peptides with a differently functionalised carboxyl terminal. For example, a SPPS
procedure with a Rink amide resin (Section 1.1.2) leads to the production of a peptidic molecule
with an amide C-terminal: the introduction of a different functionality results in a modification of
both the chemical and geometrical properties63 of such a moiety with a subsequent change of the
potential synthons that can be generated.
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1.3 MULTICOMPONENT CRYSTALS
Crystallisation is the process in which molecules self-assemble in a highly ordered way generating
a solid product, through a first order phase change, from a solution, a melt or even a solid phase.
It represents one of the oldest and most used operational steps in many chemical and industrial
protocols (e.g. production of table salt from sea water, sugar from molasses, etc.) since it
combines both the purification and the obtaining of a well-defined solid form of a target
compound.64 If a crystal can is considered as the best example of a supramolecular entity,
crystallisation can be described as a supramolecular reaction in which intermolecular interactions
generate the final products.31 The properties of the resulting material are indeed influenced by the
interactions involved in the formation of the crystal structure and, for this reason, the possibility to
control and understand the crystallisation process of a specific compound represent a valuable
aspect. With this regard, the application of crystal engineering concepts embodies the perfect
solution since it offers useful tools for the manipulation of the physiochemical properties of
materials that can be tuned for many purposes.
The application of crystal engineering design strategies is frequently related to the use of
crystallisation strategies to produce crystals containing more than one component. Such systems
are different with respect to crystalline solids composed of only one molecular entity but some of
the basic rules behind their formation are the same. For example, the intermolecular interaction
occurring between the various molecules and the way they influence the crystallisation process
are the same. However, when it comes to multicomponent crystals, some specific properties of
the single constituents must be considered and evaluated before the experimental preparation
(e.g. relative solubilities, vapour pressures, etc.).65 Similarly to single-component crystals, stable
multicomponent systems can be associated to free energy minima: in this case, the free energy
of the AB system (with its specific A:B stoichiometry) is lower than those associated with the solidphase of either single A or single B.31
The preparation of innovative multicomponent crystals with optimised properties has been used
in many different fields but one of the most important applications is represented by
pharmaceutical dosage forms.66 In fact, most of the developed drugs are prepared and sold in
their solid state and the production of crystalline forms of active ingredients (APIs) has always
represented the forefront of the pharmaceutical research and development. The main idea behind
such approach is the preparation of crystals containing the API and a second compound to obtain
new formulation with improved properties. Salts, hydrates and solvates represent some of the
most used solutions to meet both therapeutic and manufacturing challenges.67 More recently
crystal engineering has moved its attention towards cocrystals, a new class of multicomponent
systems that contribute to enlarge the already vast variety of possible pharmaceutical solid-state
forms.68
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1.3.1 HYDRATES, SOLVATES, SALTS AND COCRYSTALS
The packing landscape of possible solid crystalline forms of organic molecules is extremely wide
and complicated (Figure 17). Despite their differences, it is difficult to find a general and welldefined method for the classification of such solid forms: discussions have been carried out in
the last decades trying to find a definitive way to describe the properties of each one.69,70 Various
terms have been coined from time to time (e.g. mixed crystals,71 host-guest compounds,
molecular compounds, etc.) with some cases in which the consensus about their use, definition
or even the way of typing was not unanimous.72–74 Thus, boundaries between the different types
of solid crystalline forms are not well-defined yet but a general characterisation of the main
properties of each classes is a prerogative for the development of new formulations.

Figure 17 - Graphical representation of the different classes of solid forms and their relative overlaps.

1.3.1.1 SOLVATES AND HYDRATES
The crystallisation process of organic molecules can be influenced by kinetics or thermodynamic
factors resulting in the establishment of strong interactions between those entities and the solvent
used. Molecules of the latter are then included in the final crystal lattice and become an integral
part of the three-dimensional structure (sometimes playing a crucial role for the stability of the
crystal structure).75
Polar solvents are usually included in crystal structures of compounds containing chemical
functionalities that can be involved in directional interactions. Studies have shown that solvents
that are able to form multi-point recognition H-bonding synthons are included more often with
respect to those displaying only one H-bonding site.76 Non polar solvents can be found in many
crystal structures but, in this case, due to the lack of heteroatoms, they usually fill empty spaces
(e.g. cavities, voids, etc.).
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When the solvent included in the crystal is represented by water, the relative multicomponent
systems are called hydrates. The ability to generate hydrogen bonded interactions, along with its
reduced dimensions, makes water one of the solvents most frequently encountered in the crystal
structures of many organic molecules.77 Due to the high level of moisture at room temperature,
water can be often included in the final crystalline products, even when it is not used as the solvent
for the crystallisation experiment.
Solvates have been often used to modify the properties of an active pharmaceutical ingredient
but, in many cases, they represents unwanted and unexpected outcomes of a crystallisation from
solution experiments. It has been often stated that solvents (especially water) can be included
when an organic molecule contain an excess of hydrogen bond acceptors. In fact, water is one
of the few molecules in which the number of donor atoms is higher than the acceptor one: for this
reason water can generate two-centred H-bonds with those molecules, reducing the need to
generate multifurcated ones.31
From this point of view, peptides represent molecules that can easily generate crystal structure
in which solvents are included, as evidenced by CSD entries analyses (see Section 1.3.2).

1.3.1.2 SALTS
Salts are the most representative types of multicomponent crystals. They are usually defined as
neutral species in which a positively charge molecule is interacting with a negatively charged
counter-ion (and vice versa) through an ionic interaction. Thus, they are usually composed of an
acid and a base with a sufficiently marked difference between their relative acidity and basicity.43
From a crystal engineering point of view, salts have been widely investigated since they embody
the principles behind such science. For example, the fact that many natural products (e.g.
alkaloids) can be extracted as salts and that such solid forms are characterised by a better watersolubility (with respect to the pure compounds) determined and increasing interest towards these
entities.
Nowadays, half of the therapeutic molecules currently used for medical purposes are
administered as saline derivatives78 and salt formation represent a technique that is part of the
pharmaceutical research and development process.79 The possibility to generate a salt version
of a drug molecule with a suitable counter-ion is an important tool resulting in the modification of
the physiochemical and biopharmaceutical properties of a desired product. For instance, drugs
showing low solubility in water are often used for screenings aiming to obtain salts with a better
hydrophilic character and improved dissolution rate.80 Such operation is fundamental from a
pharmaceutical point of view since it will affect the behaviour of the drug candidate in different
stages of the development process (e.g. pharmacological in-vitro tests, toxicity studies,
preparation of parenteral or intravenous formulations, increase of the bioavailability, etc.).
Moreover, bio-active products are often represented by amorphous, oily or low-melting point
molecules that can be transformed into the crystalline salt with a better stability.
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Of course, salts require the presence of ionisable chemical functionalities in the structure of the
molecular entities involved in the subsequent attractive coulombic interaction. Carboxylic acids
and bases with nitrogenous groups are of course the most prone to undergo the salification
process. Amino acids and peptides can be included in the list of optimal candidates for the
formation of salts due to the availability of both the N- and the C-terminal (along with additional
functionalities on the side chains). This is in fact the reason why, as previously explained, the final
cleavage of a peptide synthesised on a solid support results in the establishment of a strong ionpar between TFA (cleavage agent) and the N-terminal.

1.3.1.3 COCRYSTALS
The term cocrystal was introduced in 1967 to describe an hydrogen bonded structure of 9-methyl
adenine and 1-methyl thymine66 and its use became frequent during the 1990s.81 Nevertheless,
the definition of “cocrystal” remains unclear and the boundaries with other classes of
multicomponent crystals (e.g. salts) remain not completely defined.
Cocrystals are commonly referred to as crystals in which two or more different kind of neutral
molecules, in a specific stoichiometric ratio, are held together through intermolecular interactions.
Based on this definition, cocrystals differ from salts because they are not built by ionic interactions
since the proton transfer between the functionalities involved in the formation of the interaction is
not complete (Figure 18). Moreover, many times only multicomponent systems constituted by
compounds that are solid at room conditions are considered real cocrystals: with such limitation,
hydrates and solvates are excluded from this class of materials.

Figure 18 - Proton transfer difference between a cocrystal (a) and a salt (b) of 2-(2-methyl-3-chloroanilino)
nicotinic acid.82

In the last decades, interest toward cocrystal formation has arisen and a valuable approach for
the preparation of products with tuned properties. From a pharmaceutical point of view,
cocrystallisation is an appealing alternative to salt or solvate formation when an active
pharmaceutical ingredient (API) must be modified during the preparation of a specific dosage
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form.31 Cocrystals can be designed applying the concepts of crystal engineering previously
described. When compared to salification or solvation, this approach shows some clear
advantages. Additional chemical functionalities (e.g. amides, carbonyl of ketones or aldehydes,
etc.) and intermolecular interactions (e.g. weak C-H···O hydrogen bonds, π···π or hydrophobic
interactions, etc.) can be exploited for the final crystal packing in addition to those typically used
for salt formation. Cocrystal formers that are solid at room temperature represent a valid solution
to desolvation phenomena often observed with solvates or hydrates. Under different storage
conditions, the solvent might leave the crystal lattice with the consequent formation of polymorphic
or amorphous phases. Such eventuality is a problematic aspect that must be avoided during the
development of a drug: stability is in fact one of the fundamental requirements that therapeutic
agents need to possess. Solid coformers are less prone to leave the crystal packing.
From a crystallographic and chemical point of view, many studies have been performed
comparing behaviour and final properties of both cocrystals and salts showing that generally the
former are usually more controllable for what concerns their stoichiometry and composition.83
Pharmaceutical cocrystals contain an API and a second molecule that is used to obtain suitable
and desired crystalline form (sometimes, both components might be represented by molecules of
distinct therapeutic agents). For this reason, the cocrystal former must respect the requirements
needed for Generally Recognised As Safe (GRAS) substances. In this sense, another convenient
aspect of cocrystallisation is that the number of pharmaceutically-accepted coformers is larger
than the number of counterions that can be used for the formation of the salts.84

1.3.2 MULTICOMPONENT CRYSTALS OF DI- AND TRIPEPTIDES
It will be shown that examples of co crystals of di- or tripeptides, as of 2018, is surprisingly under
reported in public domain, even though, from a chemical point of view, peptides represent optimal
building block for the formation of multicomponent crystals. The presence of both an acid and a
basic functionality, of different hydrogen bonding donors and acceptors on their backbone and
the possibility to have additional chemical moieties on the side chains of the different residues
make such molecules attractive objects for crystal engineering purposes. Nevertheless, the
crystallisation of peptides is a non-trivial event made challenging by various aspects and features
of the compounds. Peptides are in fact chains of amino acidic residues with differently sized,
shaped and functionalised branched side chains. This aspect confers a high flexibility to the
peptidic product, making the crystallisation process unpredictable and not easy to control. The
final crystal packing of a peptide represents, in fact, the result of a self-assembly process in which
the final arrangement can be described as the result of many aspect that might interfere. From a
supramolecular point of view, the crystallisation of a peptide is a compromise between the
following three criteria:
-

the creation of the best hydrogen bonded network

-

the allocation of the hydrophobic portions of their non-polar residues
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-

the close packing requirements aiming to reduce the formation of voids that would
undermine the stability of the three-dimensional architecture

Sometimes it is not possible to fulfil such requirements and the crystallisation outcome could fail
or show unexpected results. For example, molecules of solvent/water might be included in the
lattice leading to the formation of various solvated forms. A CSD search aiming to retrieve crystal
structures of di- and tripeptides previously reported in literature (see Appendix A for details) show
that solvation/hydration represent a common phenomenon for such compounds. This tendency
is confirmed when the search is extended to all peptides, with hydrates and solvated (containing
organic alcohols) forms representing half of the entries of the database.85 Beside being one of the
most important parameters for a successful crystallisation of the peptide, solvents frequently play
an active role in the formation of the hydrogen bonded network: this is particularly true for water
molecules using both the H atoms to generate contact with the different chemical functionalities
of the peptides. Solvents can also act as space-filler located in the empty cavities frequently
present in the three-dimensional arrangements, behaving as guests.
Various salts of di- and tripeptides have been retrieved from the database but, although being an
important class of compounds, the relative percentage shows that they don’t represent a
consistent portion. Hydrochlorides represent the most encountered form of such multicomponent
systems and this is not surprising being HCl one of the most used agent for the salification of
compounds containing basic functionalities. Furthermore, with regard to the solid phase synthesis
protocol, as explained in Section 1.1.3, HCl is the most used reagent for the removal of
trifluoroacetate contaminations through ion exchange reactions (see Section 1.1.3).
Cocrystals (multicomponent crystals containing neutral molecules of the peptide and a second
component that is solid at room temperature) of short peptide sequences represent only the 2%
of the hits of our CSD search. An additional investigation using both scientific and normal research
engines (i.e. SciFinder, PubMed, Google) did not produce any example of crystal engineering
approach for the production of such class of multicomponent systems.

Figure 19 - Pie chart representing the results of the CSD search for multicomponent crystals of di- and
tripeptides.
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1.4

STRATEGIES

FOR

ADDRESSING

THE

CRYSTAL

EGINEERING DESIGN THEME FOR PEPTIDIC COMPOUNDS
An ambitious and novel approach is presented in this thesis. In order to employ a systematic and
potentially fruitful approach, the background information reported in the present section were
employed to define the design strategy embedded into the studies on cocrystals of peptidic
compounds.

1.4.1 TFA-CONTAMINATED PEPTIDES FOR CRYSTAL ENGINEERING
PURPOSES
As previously described, peptides that are synthesised through solid phases-based protocols
require additional purifications to overtake the problematic contamination of trifluoroacetate
anions. Such procedures can result in the obtaining of highly pure peptidic products, suitable for
chemical, biological or pharmacological tests and studies. The Cambridge Structural Data was
used to conduct a detailed search for crystals structures containing trifluoroacetate salts of
peptides (see Appendix A for details). The results of the investigation (Table 3) showed that,
despite being a common aspect of the peptide synthetic procedure, the presence of such polluting
agent can be found only in seventeen crystal structures.
Further examination of the papers connected with those entries showed that in most of the cases
TFA is barely considered or described. In fact, many articles mention it just for experimental
aspects (e.g. Boc deprotection, cyclisation, etc.)86–90, while others completely ignore the
contaminant or give succinct descriptions of its contacts and position in the crystals structure.91–
93

The CSD contains many crystal structures of peptides and derivates: a search for “any” acyclic

peptidic sequences by using ConQuest show that there are more than 1,500 total entries.
Nevertheless, from the limited number of structures containing trifluoroacetate anions (including
also cyclic entities) it is possible to deduce that only purified molecules (possibly purchased from
specialised suppliers) were previously used for crystallisation studies.
Table 3 - List of TFA-contaminated peptides contained in the Cambridge Structural Database.

Refcode
1

BEVYIL

2
3
4

6

BIVLOH
CALFEB
EDOCIK
EROSO
V
FITTIQ

7

KIHRUQ

8

LUQSAS

5

Multicomponent
system type

aa
residue
s

Features

Solvated (propanol)
TFA-salt
TFA-salt
Hydrated TFA-salt
Hydrated TFA-salt

3

linear (carboxylic C-terminal)

2
4
10

linear (blocked C-terminal: ethyl ester)
linear (amide C-terminal)
cyclic

TFA-salt

3

linear (amide C-terminal)

TFA-salt

3

linear (blocked C-terminal: methyl ester)

TFA-salt
Hydrated solvated
(DMSO) TFA-salt

2

linear (blocked C-terminal: methyl ester)

4

cyclic
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9
1
0
1
1
1
2
1
3
1
4
1
5
1
6
1
7

NIFGEP

Hydrated TFA-salt

5

linear (carboxylic C-terminal)

VEZZIK

Hydrated TFA-salt

9

cyclic

XEPZAU

Hydrated TFA-salt

3

linear (carboxylic C-terminal)

XOPZAD

TFA-salt

6

cyclic

XOPZEH

TFA-salt

6

cyclic

YIRPOA

Hydrated TFA-salt

10

cyclic

YIRQEX

Hydrated solvated
(DMF) TFA-salt

10

cyclic

YIRQIB

Hydrated TFA-salt

10

cyclic

YODLAG

Hydrated TFA-salt

10

cyclic

The results of these searches show that the impact of trifluoroacetic acid on the crystallisation
process and its role on the three-dimensional packing of peptides have not been investigated at
all. The reasons behind this scarcity of data might be different. A possible motivation is that
peptides are often difficult to crystallise and the presence of an additional chemical species with
a strong character might interfere with the self-assembly processes during the nucleation and
crystal growth phases. In fact, multiple experiments of this project resulted in the obtaining of noncrystalline materials, unsuitable for further experiments.
The use of TFA-contaminated peptides, the extended cocrystallisation screening and the novel
multicomponent crystals obtained with this project represent a first in the field of crystal
engineering.

1.4.2 SELECTION OF THE COMPOUNDS: HYDROPHOBIC PEPTIDES OF LLEUCINE
The lack of any possible reference in literature made the selection of a suitable peptide for the
experimental plan represented the first and most important step of the project. In fact, both the
length and the composition of the peptide represent important parameters affecting the
crystallisation process. In fact, an increase of the length of the peptide causes an increase of
molecular flexibility, a hurdle that frequently undermine the successfully obtaining of good quality
crystals suitable for X-ray diffraction analysis. The possibility to include hydrophobic or hydrophilic
residues influence the number of available chemical groups that could be used of the construction
of supramolecular synthons: the presence of amino acid with functionalised side chains will add
other heteroatoms to those already present in the backbone of the molecule.
Being a first case of study, the preferred approach was to start by investigating the behaviour of
simple and short molecules. Hydrophobic peptides represent the best option in this sense since
the absence of chemical functionalities on their branches limits the hydrogen-bonding moieties to
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those located in the main chain (i.e. N- and C-terminus, internal peptide bonds). Nonetheless, the
differences between the non-polar side chains of hydrophobic amino acids are numerous and can
indeed influence the behaviour of the peptide, in which they are contained. A literature search for
information about crystal studies on hydrophobic dipeptides revealed that L-Val-L-Leu and L-LeuL-Leu, differently from other sequences, are the ones giving good quality crystals (instead of
fragile thin plates or needles).94 Such peculiarity was considered as fundamental and the
molecules choses for the project were peptides of L-Leucine.
From a crystal engineering point of view, the strategy used for the synthesis of the leucine
peptides used for this project gave an additional advantage. In fact, both an Fmoc Rink amide
and a 2-CTC resins (Figure 7) were used, resulting in the obtaining of peptides with both an amidic
and a carboxylic C-terminal (Figure 20). The availability of these two functionalities represents an
important aspect for the establishment of different supramolecular synthons. Furthermore, the
presence of these different chemical groups affects the final charge of the peptide. In fact,
differently

from

the

carboxylic

one,

the

amide

group

cannot

undergo

any

protonation/deprotonation process (in the standard condition of the crystallisation experiments)
and for this reason, only the peptide containing a COOH carboxy-terminal can exist in its
zwitterionic form.

Figure 20 - Molecular structure of the two peptides synthesised through Solid Phase Peptide Synthesis for
the project.

Table 4 shows the results of a CSD search for L-leucine di- and tripeptides with both amidic and
carboxylic C-termini (see Appendix A, section c for details). The crystal structures of the resulting
hits confirm that these peptides have been mainly used for crystallisation experiments using
different solvents. The reported entries of Leu-Leu-COOH represent solvates of this compound
with 2-methyl-1-propanol (Refcode: HIQWAF)94, water (IDUZOW)95, ethanol (JUQQIV), 1propanol (JUQQOB), 2-propanol (JUQQUH), 1-propanol:2-propanol (JUQRAO)96 and DMSO
(YORPEA)97. Also the leucine tripeptide, with the same C-terminal, was reported only in solvated
forms56,98. The amidic functionalised terminal appears to be even less considered since no entries
were found for the dipeptidic sequence, while only one structure was reported for the tripeptide. 99
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Table 4 - Refined results of the CSD search for L-Leucine di- and tripeptides.

1
2
3

Refcode
HIQWAF
IDUZOW
JUQQIV

Peptide type
dipeptide
dipeptide
dipeptide

C-terminal
COOH
COOH
COOH

Crystal type
solvate
hydrate
solvate

4
5
6
7
8
9

JUQQOB
JUQQUH
JUQRAO
YORPEA
RELWIO
YIMWOH

dipeptide
dipeptide
dipeptide
dipeptide
tripeptide
tripeptide

COOH
COOH
COOH
COOH
COOH
COOH

solvate
solvate
solvate
solvate
hydrated solvate
solvate

10
11
12

YIMWUN
YIMXAU
YIMXEI

tripeptide
tripeptide
tripeptide

COOH
COOH
COOH

hydrated solvate
solvate
hydrated solvate

13

KEYSUD

tripeptide

CONH2

hydrate

The absence of studies investigating the ability of such molecules to generate multicomponent
systems in which the second component is a solid (at room temperature) represent one of the
basics of the present project.
For most of the hydrophobic peptides, short sequences of leucine residues tend to crystallise
generating multi-layered structures in which there is an alternation of hydrophilic and hydrophobic
layers (Figure 21). The latter are represented by two dimensional sheets generated through
various types of hydrogen bonded networks between the peptide molecules, involving the
chemical functionalities of their backbones; such planar arrangements stack on top of each other.
The hydrophobic side chains located above and below the sheets are involved in van der Waals
interactions.
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Figure 21 - General scheme of multilayered structures of Leucine di- (a) and tripeptide (b). Hydrogen on C
atoms are not shown for clarity.

The arrangement described above usually generate a crystal packing problem in the crystal
structures of hydrophobic peptides. In fact, two of the three amino H-atoms of the N-terminal
(positively charged) are involved in hydrogen bonded interaction creating the sheet. The third one
would be usually accepted by an acceptor located in the side chain of a neighbouring peptide but,
in the case of non-polar residues this is not possible. For this reason, the third hydrogen
(highlighted in magenta in Figure 21) is usually accepted by a molecule of crystallising solvent
included in the lattice. The second component of the crystal structure is generally contained in
channels that run in the hydrophobic layers. Such location is extremely important because
structures with empty voids would not be stable: the incorporation of molecules of solvent is
required to fill these empty cavities and create solid architectures.
The consistent repetitive formation of the above described structures represented an additional
motivation for the selection of Leucine-based dipeptides for this project. Having a limited number
of possible crystal packings generated by the investigated molecule is an additional advantage.
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1.4.3 CRYSTALLISATION DESIGN STRATEGY FOR THE PROJECT:
COCRYSTALS AND DIFFERENTIAL CRYSTALLISATION
TFA-contaminated peptides synthesised through Fmoc solid phase peptide synthesis were used
for crystallisation and cocrystallisation screenings with a wide range of co-crystal formers. These
molecules were selected from the most common coformers to have a wide variety of chemical
properties (i.e. acid, bases), chemical functionalities (i.e. hydrogen bond donors and acceptors to
be used for supramolecular synthons) and structural features (e.g. linear and aromatic
compounds, heterocycles, etc.). The multicomponent crystals presented in this work were
prepared in solution by solvent evaporation. This technique represents one of the most used
procedures for the preparation of cocrystals/salts100 and was considered the most suitable for the
aim of this work.
The cocrystallisation experiments have been undertaken with a dual aim:
a) obtaining multicomponent crystals of trifluoroacetate-contaminated leucine-based short
peptides by introducing a second molecule that is solid at room temperature (coformer).
b) investigate the possibility to use cocrystallisation as an alternative method for the purification
of TFA-contaminated peptides synthesised by SPPS.
The second objective is a first in the field of crystal engineering and is based on the idea of
introducing a cocrystal former in the crystallisation process of the TFA-contaminated peptide. The
solution undergoing the solvent evaporation contains the peptide, the trifluoroacetate anions and
the coformer. Theoretically, such species can combine with each other giving different systems
(TFA-peptide, peptide-coformer, TFA-coformer and additional adducts in which the crystallisation
solvent or water might be included), all characterised by different solubilities (Figure 22). The
concept is to investigate the possibility of establishing intermolecular interactions between the
peptide and the coformer, the latter competing with the trifluoroacetate anion, and to isolate TFAfree crystals.

Figure 22 – Hypothetical representation of a solubility plot for some of the adducts of a differential
crystallisation process.
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2.0 AIM AND OBJECTIVES
As the introduction has highlighted, the CSD searches evidenced a lack of crystal engineering
studies on the ability of short peptidic sequences to generate multicomponent crystal systems
with coformers that are solid at room temperature. Such paucity can be highlighted with the limited
amount of crystal structures of short hydrophobic peptide sequences.
Moreover, the use of highly purified peptides results in a lack of investigations concerning the
impact of trifluoroacetic acid contaminations on the crystallisation process of such compounds,
despite being one of the common issues related with the synthesis of such entities.
Thus, the aims of this project can be summarised as follow (Figure 23):
-

Investigating how the presence of the contaminant (trifluoroacetate) affects the
crystallisation and cocrystallisation ability of the synthesised non-purified peptides

-

Using typical crystal engineering approaches and strategy to design and obtain
multicomponent crystalline system of the peptide and a cocrystal former

-

Studying the supramolecular interactions and the crystal packing of the crystals obtained
from cocrystallisation screening, highlighting the possible formation of alternative selfassemblies

-

Understanding of common supramolecular synthons generated by the different
components to obtain data concerning the different role of each of them in the final threedimensional architecture.

-

Use of the cocrystallisation experiments for the purification of the trifluoroacetatecontaminant through the various combination of self-recognition pathways established in
the differential crystallisation processes

Figure 23 – Workflow illustrating the strategy used for the development of the experimental method of the
project.

From a crystal engineering point of view, such aims represent a novel and fundamental approach
for a better understanding of the behaviour of trifluoroacetate-contaminated peptides synthesised
through SPPS. Such knowledge is vital for future investigations concerning the use of
cocrystallisation approaches for the combined crystallisation and purification of peptides
synthesised through solid phase-base protocols. The overreaching objective for the project was
to define and develop a strategy for cocrystal design from the outcome of the solid phase peptide
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synthesis. This was subsequently defined as the ‘SynCryst’ approach presented in this thesis
(Figure 24).

Figure 24 - Graphical representation of the 'SynCryst' approach.

The subsequent chapters outline the journey to achieve the ambition of SynCryst, and layout of
the thesis reflects the scale of the screening and the spectrum of structures obtained across the
possible crystal forms. Consequently, the relevant sections on the respective crystal forms are
as follows:
-

Section 4.1: multicomponent crystals containing L-Leucine-L-Leucine dipeptide and a
second cocrystal former but not TFA

-

Section 4.2: multicomponent complexes containing L-Leu-L-Leucine dipeptide, a
selected coformer, trifluoroacetate anions and a variable amount of solvents.

-

Section 4.3: preliminary data concerning multicomponent complexes containing LLeucine tripeptides and trifluoroacetate anions

-

Section 4.4: crystal structure of the gamma polymorph of succinic acid (one of the
coformer used for the cocrystallisation screening)

-

Section 4.5: crystal structures of diketopiperazines (products of unexpected cyclisation
reactions)

The decision was taken to use extensive appendices for supporting information relevant
for each chapter in part due to the mapping of resulting publications and to improve the
readability of the respective chapters.
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3.0 EXPERIMENTAL
3.1 MATERIALS
A detailed list of chemical compounds, solvents and reagent used for the experimental methods
shown in this section is provided at the end of this thesis in Appendix B.

3.2 SYNTHESIS OF PEPTIDES
The present section contains a brief description of the main chemicals and stoichiometric ratios
used for the preparation of the peptides. The reader is invited to refer to Appendix C for a detailed
description of the synthetic protocols used for the synthesis of the peptides.
Amidic C-terminal. Peptides with an amidic C-terminal were synthesised through manual solid
phase peptide synthesis, using a Fmoc-Rink Amide AM resin (Iris Biotech GmBH) and Fmoc-NH
Leu-OH protected amino acids (Merck Millipore). The initial manufacturer loading for the resin
was 0.74 mmol/g. Fmoc deprotection steps (for both the protected resin and amino acid) were
carried out using a 20% solution of piperidine in dimethylformamide (DMF), while a solution of
protected

amino

acid

(4

equiv),

1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU; 4 equiv) and N,N-diisopropylethylamine
(DIPEA; 8 equiv) in DMF was used for the coupling reactions. The final cleavage was performed
using a 95:2.5:2.5 mixture of trifluoracetic acid, triisopropylsilane (TIS), and water.
Carboxylic C-terminal. Peptides with a carboxylic C-terminal were produced through manual
Fmoc SPPS, using a 2-chlorotriryl chloride resin (Iris Biotech GmBH) with an initial manufacturer
loading of 1.60 mmol/g. The initial loading of the resin has been carried out using 4 equiv of
protected amino acid (the same used for the synthesis described above) and 8 equiv of DIPEA in
DCM. Fmoc deprotection steps were performed using a 20% solution of piperidine in DMF, while
the solution used for the coupling reactions was the same used for the synthesis of the peptide
with amidic C-terminals. The cleavage mixture contained a 20:5:75 mixture of TFA, TIS and DCM.
The suspension of resin (insoluble) and product (solubilised in the cleavage solution) was filtered
and the filtrate was evaporated with a rotavapor. The final product was then lyophilised to
eliminate any possible trace of water. Such treatments lead to the removal of the unbound TFA
(boiling point: 72.4 °C). Nevertheless, such contaminant is still present in the final solid, as a
trifluoroacetate salt of the peptidic molecule.

3.3

CRYSTALLISATION

AND

COCRYSTALLISATION

EXPERIMENTS
All the crystallisation and cocrystallisation experiments performed for this project were conducted
in solution through slow solvent evaporation.
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To help the reader, screening experiments are presented with different tables showing the peptide
and solvent or coformer (for simple crystallisation or cocrystallisation, respectively) used. The
result of each experiment is represented using different symbols indicating the outcome:
-

red ‘X’ symbol: unsuccessful experiment. The final product is represented by a noncrystalline material that cannot be analysed by X-ray diffraction (generally oily/rubbery
residue) or by crystalline material with unsuitable properties (e.g. low quality reflections,
defects, etc.)

-

crystal icon: experiment resulting in the formation of crystalline residues.

Each colour of the crystal symbol in the tables has a different meaning:
-

green: the crystal obtained is a multicomponent system of the peptide

-

orange: unexpected crystalline outcome (not a multicomponent crystal of the peptide)

-

grey: crystalline material represented by coformer

A detailed list of solvents and cocrystal formers is provided in Appendix B.
Crystallisation. As a preliminary study aiming to investigate the crystallisation behaviour of the
synthesised products, TFA-contaminated peptides were used for simple crystallisation
experiments using different solvents, without any co-crystal former. The selected solvents for this
step were:
-

Methanol

-

Ethanol

-

Water

-

Pyridine

-

2-methylpyridine (2-picoline)

-

3-methylpyridine (3-picoline)

-

4-methylpyridine (4-picoline)

The crystallisation experiments were carried out dissolving 15 mg of each lyophilised TFAcontaminated peptide in the minimum amount of solvent, using a 20 mL glass vials. Once
dissolved, the solutions were filtered, and the crystalliser was covered with perforated parafilm to
allow the evaporation of the crystallisation solvent (at controlled temperature: 20 ºC).
Table 5 shows the outcomes of experiments.
Table 5 - Results of the simple crystallisation experiments in different solvents*

SOLVENT

Leu-Leu-COOH

PEPTIDE
Leu-Leu-LeuLeu-Leu-NH2
COOH

Leu-Leu-LeuNH2

MeOH
LLNH2:MeOH
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EtOH
LLNH2:EtOH

H2O
LLNH2:H2O
Pyridine

2-picoline

3-picoline
LL:(3MePy)
(cyclisation)

LLNH2:(3MePy)
(cyclisation)

LL:(4MePy)
(cyclisation)

LLNH2:(4MePy)
(cyclisation)

4-picoline

*Green names represent structures that have been already published. Orange names represent structures
that will be used for future publication.

Cocrystallisation. A wide range of cocrystal formers have been used to perform cocrystallisation
experiments. These molecules were selected between the most commonly encountered
coformers to have a wide variety of structural features and chemical functionalities with different
properties.
The solvent selected and used for the cocrystallisation screening was methanol since this resulted
the suitable for the dissolution of all the peptides and the coformers used for the screenings.
Water was only used for the cocrystallisations with sodium carbonate as a cocrystal former.
The cocrystallisation experiments were performed by dissolving 15 mg of the TFA-contaminated
peptide and a molar equivalent of coformer in the minimum amount of solvent, using two different
glass vials. Once dissolved, the two solutions were mixed and filtered to eliminate any possible
undissolved particle. Crystallisers (20ml glass vials) was capped with perforated parafilm (to allow
the slow evaporation of the crystallisation solvent) and placed inside an incubator at 20 ºC.
Results of the cocrystallisation screening using the leucine dipeptides are shown in Table 6.
The LLNH2:Pyd(x4) represent the only successful case in which a crystalline material was
obtained from a solution containing a peptide:coformer=1:4 stoichiometric ratio. In all the other
cases in which the coformer was used in excess (to investigate the possible impact of different
molar ratios on the outcome) non-crystalline materials were obtained.
40

Table 6 - Results of the cocrystallisation screening of Leu-Leu-COOH and Leu-Leu-NH2.*

DIPEPTIDE
COFORMER

Leu-Leu-COOH

Leu-Leu-NH2

2-nitrophenol

3-nitrophenol

4-nitrophenol

2-aminobenzamide

3-aminobenzamide
LL:3ABA
4-aminobenzamide

2-hydroxybenzhydrazide

4-hydroxybenzamide

Phthalamic acid

Nicotinamide

Isonicotinamide

Mandelic Acid

Oxalic acid

Succinic acid
Succinic Acid (γ-polymorph)
5 Nitrobarbituric acid
.3H2O
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trans-2-Nitrocinnamic
acid
trans-3-Nitrocinnamic
acid
trans-4-Nitrocinnamic
acid

Purine

Adenine

Thymine

Cytosine

Imidazole
a) LL:Imi
b) TFA:Imi

Pyrazine

a) LL:MeOH
b) LL:Pya
c) LL:Pya2

Pyridazine
LL:Pyd

LL:NH2:Pyd

LL:1H-Pyz

LLNH2:1H-Pyz

Pyrimidine

1H-Pyrazole

Saccharin

Pyridine N-Oxide
LLNH2:PyNOx
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Collidine
LL:(coll)
(cyclisation)

4-dimethylamino pyridine
(DMAP)

a) LLhex
b) TFA:DMAP

Sodium carbonate
LLNH2:(NaCarb)
(cyclisation)
*Names in green represent the crystal structures already published. Orange names represent structures that
will be included in a future publication.

As shown in the table, the cocrystallisation of the Leu-Leu-COOH dipeptide with succinic acid
resulted in the isolation of a new polymorphic form of the co-crystal former molecule (the relative
cell is highlighted in Table 6). Additional experiments were conducted to investigate the possibility
to reproduce the new polymorphic phase. Such experiments are reported in the dedicated
paragraph for clarity (Section 4.4).
The cocrystallisation screening with leucine-based tripeptides was performed using only the
cocrystal formers that gave positive results with the dipeptides. The outcomes of these
experiments are shown in Table 7.
Table 7 - Results of the cocrystallisation screening with leucine tripeptides.

COFORMER

TRIPEPTIDE
Leu-Leu-Leu-COOH
Leu-Leu-Leu-NH2

3-Aminobenzamide

Succinic acid

Imidazole

Pyrazine

Pyridazine

1H-Pyrazole

3L:1H-Pyz

3LNH2:1H-Pyz

Pyridine N-Oxide
43

Collidine

4-dimethylamino pyridine

Refcode: KEYSUD

3.4 CRYSTALLOGRAPHY
As shown by the different tables from the previous section, the crystallisation and cocrystallisation
of TFA-contaminated peptide is a complicated operation due to the presence of the contaminant.
In fact, many experiments failed and resulted in the formation of sticky non-crystalline materials.
In cases of successful crystallisations, small crystals can generally be observed on the walls or
at the bottom of the glass vial along with amorphous residues (represented by chunks of rubbery
matter). The retrieval of crystalline solids for SCXRD analysis was a non-straightforward
operation. When crystals with dimensions suitable for SCXRD were separated, they frequently
did not diffract well. In many cases, the determination of the unit cell was a non-trivial operation
with many indexing issues. For this reason, in most of the cases, different crystals were recovered
and screened (testing the quality of the diffraction spots) before proceeding with their analysis.
The use of the material for PXRD was not convenient because the diffractograms obtain from
such analysis are qualitatively questionable due to the presence of amorphous excess. Moreover,
the utilisation of the solvent evaporation residues for powder analysis would result in a loss of
already limited amounts of crystalline solids. This is an inopportune situation because different
experiments showed that the repetition of the same cocrystallisation procedure (e.g. same
method, conditions, starting material, stoichiometric ratios, etc.) can lead to different outcomes.
Despite

the

operational

difficulty,

the

best

methodology

for

the

analysis

of

the

crystallisation/cocrystallisation products is through single crystal X-ray diffraction.
PXRD has been possible when experiments were performed in the absence of contaminated
peptide. This is the case of the crystallisation experiments conducted in the attempt to reproduce
the new polymorphic form of succinic acid. In fact, the use of commercial material (e.g. succinic
acid, monomethyl-hydrogen succinate, etc.) resulted in crystalline products that could be easily
analysed.

3.4.1 SINGLE CRYSTAL X-RAY DIFFRACTION
The vials containing the residues of the crystallisation/cocrystallisation experiments were
analysed and visually screened using a Zeiss SteREO Discovery V8 microscope to identify the
presence of possible crystalline solids. Crystals suitable for diffraction analyses were mounted on
MiTeGen Dual-Thickness MicroMounts and analysed using a Bruker D8 Venture diffractometer
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with a photo detection system. Unit cell measurement and data collections were performed at 173
K using a Cu Kα radiation (λ= 1.54056 Å).
Structure refinements performed with SHELXL101 were finished using the ShelXle102 software.
The highly disordered electron density found inside the channel of LLhex (Section 4.1) was
processed using the PLATON/SQUEEZE.103

3.4.2 POWDER X-RAY DIFFRACTION
Crystalline powder materials have been analysed using a Bruker D8 Discover powder
diffractometer.
Materials were manually ground before being placed on a transmission metal tray with twentyfour position. Once mounted on the diffractometers, the samples were analysed from 3 to 40º (2θ
angle) at room temperature using a Cu Kα radiation (λ= 1.54056 Å). Data analyses of the results
were performed using the DIFFRAC.SUITE EVA software.104
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4.0 RESULTS
An extensive and systematic crystallisation screening (described in Section 3.2) performed using
the trifluoroacetate-contaminated hydrophobic peptides of L-Leucine resulted in the isolation of
17 novel crystal structures of multicomponent systems. The absence/presence of TFA anions in
their lattice can be used to differentiate them into two different categories (Figure 25):
-

TFA-free multicomponent crystals of L-Leu peptides (4 structures)

-

TFA-contaminated multicomponent systems of L-Leucine peptides (13 structures)

Nevertheless, the various crystal structures obtained in this project display a wide variety of
features (e.g. composition, stoichiometric ratios, crystallographic properties, etc.) and for this
reason (and to facilitate the reader) they are grouped in subcategories when described in the
present section.

Figure 25 – Schematic representation of some TFA-free and TFA-contaminated multicomponent crystalline
systems obtained during the cocrystallisation screening with the L-Leucine peptides.

Moreover, the experiments conducted with the synthesised peptide resulted, sometimes, in the
obtaining of unexpected products. Beside the multicomponent crystals of the di- and tri-peptides
the following unplanned products were obtained:
-

crystals of cyclic L-Leu-L-Leu dipeptides (also known as diketopiperazines)

-

a new polymorphic form of succinic acid (γ polymorph).

Such accidental results will be presented and analysed in the present section along with the above
described multicomponent systems.
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4.1 TFA-FREE MULTICOMPONENT CRYSTALS
The structure presented in Section 4.1 have been used for the publications of a scientific paper
in Crystal Growth & Design.105 The reader is invited to reference to Appendix D for additional
information.
Four novel trifluoroacetate-free multicomponent crystals of L-Leu-L-Leu-COOH were isolated
during the cocrystallisation screening. Two of them contains the respective cocrystal former used
for the experiment (i.e. 3-aminobenzamide and 1H-pyrazole), while the other two are solvates in
which the co-crystal formers (i.e. pyrazine and DMAP) are not included in the three-dimensional
lattice.
A fifth TFA-free structure has been obtained when the TFA-contaminated leucine tripeptide with
the amide C-terminal (Leu-Leu-Leu-NH2) has been cocrystallised with DMAP. In this case the unit
cell determination showed that the crystal obtained was a known structure, previously reported in
literature.

4.1.1 TFA-FREE STRUCTURES OF L-Leu-L-Leu-COOH DIPEPTIDE
The TFA-free structures of the leucyl-leucine dipeptide with the carboxylic C-terminus can be
grouped in two subcategories according to the specific three-dimensional packing:
-

Multi-layered structures (3 structures)

-

Nanotube structure (1 structure)

4.1.1.1 MULTILAYERED TFA-FREE STRUCTURES
The structures named LL:3-ABA, LL:1H-Pyz and LL:MeOH were obtained when 3aminobenzamide, 1H-pyrazole and pyrazine were respectively used as coformers along with the
Leu-Leu-COOH dipeptide. Figure 26 depicts the asymmetric units of the three multicomponent
crystals and the chemical structure of the cocrystal former used for the cocrystallisation
experiments. LL:MeOH (Figure 26c) is the methanol solvate of the Leu-Leu-COOH dipeptide and,
differently from LL:3-ABA (Figure 26a) and LL:1H-Pyz (Figure 26b), it does not contain the
cocrystal former. As explained in Section 1.4.2, many solvates of Leu-Leu-COOH were previously
reported in literature. Nevertheless, the methanol one was not found in the crystallographic
database: its absence is explained by Görbitz with the impossibility to obtain crystals suitable for
X-ray analysis when simple crystallisation experiments are performed using methanol as a
solvent.85
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Figure 26 - Asymmetric units of LL:3-ABA (a), LL:1H-Pyz (b) and LL:MeOH (c) with chemical structures of
coformers used for their preparation. Please note only those projections without TFA are given to preserve
clarity.

The main features in term of composition, content and space groups of the three crystals are
shown in Table 8.
The dipeptide molecules self-assemble generating the typical two-dimensional sheets previously
described and illustrated in Figure 21. The two isobutyl side chains of each peptidic entity extend
in opposite directions, above and below the plane. Subsequent sheets stack on top of each other
creating the multi-layered structure in which hydrophobic and hydrophilic regions alternate. Such
scaffolding is held together by hydrophobic interactions generated between the isobutyl side
chains of adjacent sheets. The above-described orientation of the non-polar branched chains
result creates channel of different sizes running in the hydrophobic regions of the architecture.
Such empty voids are occupied by a variable number of cocrystal former molecules.
Table 8 - Multi-layered TFA-free crystal structures of Leu-Leu-COOH.
Sample
Composition

Z’ peptide

Peptide:cocrystal former

Space group

2

1:1

P21

1

1:1

P21

(deposition no.)
LL:3-ABA

Leu-Leu-COOH

(1579695)

3-Aminobenzamide

LL:1H-Pyz

Leu-Leu-COOH

(1579698)

1H-Pyrazole
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LL:MeOH

Leu-Leu-COOH

(1579697)

Methanol

2

2:3

P21

Two-dimensional sheets. An easy and comprehensive method for the description of the
hydrogen bonded networks generating the sheets of dipeptides is based on the distinction
between strong head-to-tail charge-assisted interactions involving the N- and C-terminals and
those involving the functionalities of the internal peptide bonds.
Differently from the other two cases, the two-dimensional sheet of LL:3-ABA on the ac-plane is
generated exclusively by head-to-tail charge-assisted hydrogen bonds between the amino and
the carboxylate group of the two independent dipeptides; the NH and C=O groups of the internal
peptide bonds are not involved in conventional H-bonds. As shown in Figure 27, only two of the
three amino H-atoms of each peptide are involved in contacts with neighbouring molecules. One
of them creates a single contact with an oxygen atom of an adjacent dipeptide, while the second
one forms a bifurcated interaction with the COO- group of another molecule.

Figure 27 - Two-dimensional sheet of Leu-Leu-COOH dipeptides in LL:3-ABA. Carbon atoms of the two
independent molecules of the asymmetric unit are shown in different colours. Isobutyl side chains are not
shown for clarity.

The single molecule of dipeptide of LL:1H-Pyz generates a set of interactions resulting in a
different hydrogen bonded network for the formation of the sheet. In this case, both the
functionalities of the peptide bond are involved in the contacts resulting in the structure. Two of
the three amino H-atoms generate the strong head-to-tail H-bond with the O atoms of the Ctermini of two neighbouring peptides (red contacts in Figure 28). The NH group of the internal
amidic bond generates a N-H···O- hydrogen bonded interaction with a carboxylate O atom (blue
contacts in Figure 28), while the carbonyl acts as an acceptor for one of the two amino H atoms
(orange contacts in Figure 28).
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Figure 28 - Sheet generated by the dipeptide molecules in LL:1H-Pyz. Isobutyl side chains are not shown
for clarity.

The two-dimensional sheet of the methanol solvate LL:MeOH results from an hydrogen bonded
network that is an intermediate between the previous two. The strong head-to-tail hydrogen bonds
between the N- and C-terminal involve two amino H-atoms (red contacts in Figure 29). One of the
two independent peptides (shown in green in Figure 29) generates the same set of interactions
previously described for LL:3-ABA. The N-terminus of the other Leu-Leu-COOH (blue molecules
in Figure 29) uses two hydrogen atoms to generate two single N-H···O- H-bonds. In this case,
only the NH functionalities of the peptide bonds (of both the independent dipeptides) are involved
in the hydrogen bonded network, acting as donors for a carboxylic O atom of a subsequent
molecule (blue contacts in Figure 29).

Figure 29 - Two-dimensional sheet of LL:MeOH. Carbon atoms of the two independent molecules are shown
in different colours. Side chains are not shown for clarity.
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When only the strong charge-assisted H-bonds are considered (red contacts in the previous
pictures), the above described sheets of dipeptides can be used to draw a relationship with the
sheets generated by the hydrophobic amino acids, described by Görbitz et al.106 For example,
the arrangement of dipeptides in LL:3-ABA resemble the L3 structure previously reported for 5methyl-L-glutamate107 (Figure 30). In the sheets of both the amino acid (Refcode: GAVRAX) and
dipeptides it is possible to identify consecutive rows of molecules (white and grey stipes in Figure
30). A 180º rotation (along the c-axis) of one of the symmetrically equivalent group of dipeptides
in LL:3-ABA, determine a hydrogen bonded arrangement that is similar to that seen in the amino
acid. This can be visualised by considering the relative pointing direction of the N-H group
involved in the bifurcated H-bond (black arrows in Figure 30).

Figure 30 - Two-dimensional sheets generated by 5-methyl-L-glutamate (CSD refcode: GAVRAX) (a) and
the Leu-Leu-COOH dipeptide in LL:3-ABA (b). Hydrophobic side chains are not shown for clarity.
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The charge-assisted head-to-tail strong hydrogen bonds of LL:1H-Pyz can be compared with the
interactions generating the L1 structure.106 Figure 31 shows the comparison between the sheets
of the dipeptides in LL:MePyz and L-Leucine molecules in the high pressure polymorph108
previously reported in literature (Refcode: LEUCIN03). In this case, the asymmetric of both the
L1 hydrophobic amino acid and the LL:1H-Pyz structures are Z’ = 1.

Figure 31 - L1 sheet generated by Leucine molecules in LEUCIN03 (a) and two-dimensional arrangement
of Leu-Leu-COOH molecules in LL:1H-Pyz. Hydrophobic side chains are not shown for clarity.

The hydrogen bonded network connecting dipeptides in LL:MeOH, involves the same types of
head-to-tail interactions of the L2 sheet.106 For this reason, the sheet of the methanol solvate is
reminiscent of the one that can be found in the crystal structure of the P21 polymorph of leucine
(Refcode: LEUCIN02).109 As shown in Figure 32, in both cases it is possible to identify chains of
symmetrically equivalent molecules (shown in different colours). Some contacts are responsible
for the formation of such assemblies (magenta contacts in Figure 32), while others (black in Figure
32) interconnect flanking chains. In LEUCIN02, ribbons of amino acids are created through single
head-to-tail hydrogen bonds and parallel ribbons are connected through bifurcated and single
interactions. In LL:MeOH, both bifurcated and single H-bonds are responsible for the formation
of the two types of chain, while the interconnections are obtained through single contacts.
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The differences between the two-dimensional assemblies of hydrophobic dipeptides and LeuLeu-COOH are indeed generated by the larger dimension of the latter. In fact, they are
characterised by a higher conformational flexibility that can determine a completely different
arrangement of the molecules.

Figure 32 - Two-dimensional sheets of LEUCIN02 (a) and LL:MeOH (b). Isobutyl side chains are not shown
for clarity.

Three-dimensional stacking of sheets. The sheets stack on top of each other, held together by
hydrophobic interactions between the isobutyl chains: this arrangement results in the formation
of a peptidic scaffolding with empty channels running in the hydrophobic regions, between the
non-polar branched chains (Figure 33a, 34a and 35a).
The two-dimensional sheets stacks along the b-axis in LL:3-ABA. The resulting multi-layered
structure is shown in Figure 33a. The channels in the hydrophobic regions host two chains of 3aminobenzamide, each one composed of only one of the two symmetrically independent
molecules of cocrystal former. Such strands are generated through C=O···H-N interactions
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between the amide functional groups (magenta contacts in Figure 33b). The two chains of
coformer molecules are interconnected via weak (bond angle = 119.30º) N-H···O H-bonds
between the amino group of one type of 3-aminobenzamide and the C=O group of the other
(orange contacts in Figure 33b). The meta-substitution on the coformer molecule allows it to act
as a cross-linker between two subsequent sheets (Figure 33c). The amino group is involved in a
N-H···O- contact with the carboxylic terminal of an adjacent peptidic C-terminal. On the other side,
the amidic group generates two different hydrogen bonds: the NH 2 creates a N-H···O- with a
carboxylic O atom, while the C=O accepts the third amino H atom (not involved in the formation
of the two-dimensional sheet) of a peptidic N-terminal. The twofold screw axis run perpendicularly
to the ac-plane (the one of the sheets) and determine an antiparallel arrangement of the twodimensional sheets along the b-axis. This means that each sheet is rotated by 180º with respect
to the previous one (Figure 36a).

Figure 33 - (a) Multi-layered structure of LL:3-ABA generated by stacks of dipeptide molecules along the baxis. (b) Chains of cocrystal former molecules. (c) Interactions between the coformer and the sheets.
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In LL:1H-Pyz, the sheets of Leu-Leu-COOH molecules stack along the c-axis generating a multilayered architecture with smaller channels (Figure 34a). Due to the different hydrogen bonded
network generating the layers, the hydrophobic chains of the peptides are closer, and this
determines the presence of empty spaces that can host just one single row of 1H-pyrazole (Figure
34a and 34b). In this case the molecules of cocrystal former are not interacting between each
other, instead both their donor and acceptor functionalities are involved in hydrogen bonded
interactions. The N atom accepts the peptidic amino H atom not involved in the H-bonded network
creating the sheet. The NH group forms a N-H···O- single interaction with the carboxylate O atom
of a second adjacent molecule (Figure 34b). Differently from the previous case, the relative
positions of the two chemical functionalities do not allow the coformer to act as a bridge
connecting two subsequent sheets. The twofold screw axis runs parallel to the ab-plane and for
this reason the resulting multi-layered scaffolding is composed of parallel sheets (Figure 36b).

Figure 34 - (a) Multi-layered packing of Leu-Leu-COOH molecules in LL:1H-Pyz. (b) Hydrogen bonded
interactions involving the cocrystal former.

Despite having been used for the cocrystallisation, pyrazine is not contained in the lattice of the
resulting multicomponent system LL:MeOH. The hydrogen bonded network between the
dipeptide molecules implicate the formation of sheets with a zig-zagged aspect (Figure 35a) and
the consequent presence of channels with limited dimensions. In fact, the isobutyl non-polar
chains are even closer in this crystal packing and the empty spaces between them are occupied
by few small molecules of crystallisation solvent (MeOH). There are three independent molecules
of methanol in the asymmetric unit interacting with the functionalities of the hydrophilic backbones
and acting as cross-linkers interconnecting adjacent molecules of dipeptides. The disordered
molecule (blue in Figure 35b) acts as both an acceptor (N+-H···O interaction with the amino
terminal of a peptide) and a donor (O-H···O=C with the carbonyl of a flanking molecule). The
other two methanols molecules cooperate tighter to create a “bridge effect” between two facing
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Leu-Leu-COOH. One of them (magenta in Figure 35b) acts as both an acceptor (same interaction
of the disordered one) and a donor (O-H···O hydrogen bond with the third MeOH), while the other
one (green in Figure 35b) generate a bifurcated H···O- contact with a C-terminal. As in the
previous case, the twofold screw axis lays on the ab-plane and parallel sheets stack along the caxis.
The influence of the twofold screw axis described for each structure is illustrated in Figure 36.
The direction of the symmetry element is represented by the dark green lines. The relative
orientation of each two-dimensional sheet can be easily visualised considering the position of one
of the two terminals of the molecules. The C-terminals have been highlighted in red (while the
rest of the molecules is black) to facilitate the identification of the parallel and anti-parallel stacking
of the sheets in each multicomponent system.

Figure 35 - (a) Multi-layered structure of LL:MeOH. (b) Hydrogen bonded interactions involving the three
molecules of methanol.

Figure 36 – Anti-parallel (a) and parallel (b and c) stacks of peptidic sheets in LL:3-ABA, LL:1H-Pyz and
LL:MeOH, respectively.
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4.1.1.2 TFA-FREE NANOTUBE STRUCTURE
The cocrystallisation of the Leu-Leu-COOH dipeptide with 4-(dimethylamino)pyridine (DMAP)
resulted in isolation of a novel structure. Nanotube formations of hydrophobic dipeptides have
been already reported in literature95, studied110–112 and exploited for different purposes.113–115
The novel structure, named LLhex, crystallises in the hexagonal crystal system with the P61
space group. The asymmetric unit (Figure 37) contains just one molecules of dipeptide: as for the
LL:MeOH case, the cocrystal former is not included in the lattice. Additional highly disordered
electron density was found inside the channel of the nanotube, but the structure was squeezed
during the refinement process to improve the quality of the data.

Figure 37 - Asymmetric unit of LLhex.

The main difference between the present structure and the ones described in the previous section
can be found in the molecular conformation of the dipeptide. This feature can be described using
the θ=C1β-C1α···C2α-C2β, a useful descriptor of the relative position of the isobutyl side chains with
respect to the plane generated by the peptide bond of the molecule (Figure 38a). Most of the
dipeptide molecules contained in the CSD have a |θ| > 90º meaning that the isobutyl groups are
pointing in almost opposite directions. A |θ| = 0º represents a situation in which the two chains
are pointing in the same direction in an “eclipsed” conformation. A comparison of the torsion
angles of the different molecules of the TFA-free structures of Leu-Leu-COOH shows that,
differently from the others, the dipeptide of LLhex shows a value of torsion angle that is not
consistent with the general tendency (Figure 38b). Such remarkably low |θ| indicates that the two
isobutyl chains are positioned on the same side of the peptide bond plane.
The dipeptide molecules are connected via strong charge-assisted head-to-tail bifurcated
hydrogen bonds (N+-H···O-, red in Figure 39b) resulting in helices that contain six molecules per
turn (Figure 39a). The carboxy-terminals acts also as bridges connecting the parallel spirals
through two different hydrogen bonded interactions: on one side, it generates a strong charge
assisted H-bond with an N-terminal (orange in Figure 39b), while, on the opposite side, it is
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involved in an O-···H-N contact with the NH group of the internal peptide bond (blue in Figure
39b). The wall of the channel contains the chemical functionalities of the hydrophilic backbones
of the L-Leu-L-Leu-COOH molecules. The diameter of the channel is around 10 Å (15% of the
unit cell volume) and it likely contains molecules of water and methanol. The outer part of the
structure is composed of the isobutyl side chains involved in hydrophobic interactions.

Figure 38 - (a) Graphical illustration of the θ torsion angle and (b) |θ| torsion angle values for the different
molecules of the TFA-free multicomponent systems of Leu-Leu-COOH.

Figure 39 - (a) Unit cell and molecular packing of LLhex. (b) Hydrogen bonded network: molecules of
dipeptide belonging to the same spiral have the same coloured C atoms. Isobutyl side chains are not shown
for clarity.

Figure 40 show the comparison of the LLhex structure with two nanotubes of hydrophobic
dipeptides previously reported in literature. The first one (Figure 40c) is a nanotube formation of
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L-Leu-L-Leu-COOH dipeptide (refcode: IDUZOW).95 This structure crystallises in P212121 with
four molecules per turn in the helices. The other one (Figure 40b) is a hexagonal structure of LPhe-L-Phe-COOH (described by Görbitz in the same paper (refcode: IFABEW) and is highly
similar to LLhex. The hydrogen bonded patterns of the three structures are the same with the
same contacts between the chemical functionalities of the dipeptides (Figure 40). The value of |θ|
(shown in Figure 40) of the L-Leu-L-Leu dipeptides are lower than the ones of the L-Phe-L-Phe
ones: this is indeed related to the lower steric hindrance of the isobutyl side chains with respect
to the benzyl group of the phenylalanine.

Figure 40 - Structural comparison of hydrophilic channels, theta angle values and hydrogen bonded
networks of LLhex (a), IFABEW (b) and (c) IDUZOW. Hydrophobic side chains are not shown in the Hbonded patterns for clarity. Molecules belonging of the same colour belong to the same spiral chain.

4.2 TFA-CONTAMINATED MULTICOMPONENT SYSTEMS
The multicomponent crystal presented and described in Section 4.2 have been used for a
scientific publication in Crystal Growth & Design. 116 The reader is invited to consult Appendix E
for further information.
Novel ternary and quaternary complexes containing the contaminating agent (TFA) were obtained
during the cocrystallisation screening with both Leu-Leu-COOH and Leu-Leu-NH2. Composition,
stoichiometric ratio and other characteristics are widely assorted within these structures. These
multicomponent crystals represent a substantial part of the vast landscape of possible outcome
that can be obtained when a TFA-contaminated dipeptide is used for crystal engineering
purposes.
In the present section, a short paragraph with some preliminaries data concerning the
cocrystallisation behaviour of leucine-based tripeptides will be presented as a starting point for
future works. The use of a contaminated peptidic molecule with an additional residue makes the
crystallisation experiment even more difficult due to many parameters (e.g. flexibility of the
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molecule, etc.). Nevertheless, some important information can be inferred for the design and
optimisation of cocrystallisation experiments with such materials.

4.2.1 TFA-CONTAMINATED MULTICOMPONENT COMPLEXES OF Leu-LeuNH2
The presence of an amidic chemical functionality at the C-terminal of a peptide corresponds to
the absence of a negatively charged carboxyl group. Such modification determines a different
hydrogen-bonded arrangement with respect to the one that is typical for Leu-Leu-COOH. In fact,
the two-dimensional sheet is not generated through strong charged-assisted head-to-tail
interactions between the N- and C-terminals The only reported structure of an hydrophobic
dipeptide (refcode: BEJPEM117) shows that, when only peptide-peptide contacts are considered,
mono-dimensional ribbons of molecules are formed through H-bonds involving the amide Cterminus and the NH group of the internal peptide bond. Flanking strands of peptides generate
the typical two-dimensional sheet (Figure 41).

Figure 41 – Monodimensional strand (grey band) and two-dimensional sheet generated by flanking ribbons
of peptides in BEJPEM.

The crystal structures of ternary and quaternary TFA-contaminated multicomponent crystals
obtained during the cocrystallisation screening with the Leu-Leu-NH2 peptides differ in
composition, content and space group (Table 9). They can be classified in four different groups,
each one composed of systems that show similarities in their crystal packing.
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Table 9 - Trifluoroacetate-contaminated multicomponent crystals of Leu-Leu-NH2.
Sample

Composition

Z’
peptide

Peptide:TFA

Space
group

Torsion angle (|θ|)*

LLNH2:MeOH

Peptide
Trifluoroacetate
Solvent (MeOH)

1

1:1

P21

147.48°

LLNH2:EtOH

Peptide
Trifluoroacetate
Solvent (EtOH)

1

1:1

P21

142.35°

C9A-C2A···C4A-C5A:
121.93°

LLNH2:1H-Pyz

Peptide
Trifluoroacetate
1H-Pyrazole
Water

C9B-C2B···C4B-C5B:
153.19°
4

1:1

P21

C9C-C2C···C4C-C5C:
115.42°

C9D-C2D···C4D-C5D:
141.90°

C9A-C2A···C4A-C5AB:
149.15°
C9A-C2A···C4A-C4AA:
127.53°

LLNH2:PyNOx

Peptide
Trifluoroacetate
Pyridine Noxide
Water

4

1:1

P21

C9B-C2B···C4B-C5B:
142.56°
C9C-C2C···C4C-C5C:
113.86°
C9D-C2D···C4D-C5DA:
129.59°

C9-C2···C4-C5:105.79°
C9B-C2B···C4B-C5B:
141.69°
C9C-C2C···C4C-C5C:
161.01°

LLNH2:H2O

Peptide
Trifluoroacetate
Solvent (H2O)

6

1:1

P21

C9D-C2D···C4D-C5D:
134.72°
C9P-C2D···C4D-C5D:
157.76°
C9E-C2E···C4E-C5E:
118.47°
C9E-C2E···C4Z-C5Z:
120.08°
C9F-C2F···C4F-C5F:
133.88°
C9F-C2F···C4F-C5W:
164.90°
C9W-C2F···C4F-C5F:
111.73°
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C9W-C2F···C4F-C5W:
142.75°

C9A-C8A···C5A-C4A:
152.96°
C9B-C8B···C5B-C4B:
143.08°
C9P-C8B···C5B-C4B:
156.65°

LLNH2:Pyd(x4)

Peptide
Trifluoroacetate
Pyridazine
Water

C9C-C8C···C5C-C4C:
126.68°
6

1:1

P21
C9D-C9C···C5D-C4D:
110.16°
C9E-C8E···C5E-C4E:
114.65°
C9F-C8F···C5F-C4F:
139.10°
C9F-C8F···C5F-C4L:
158.44°

C9A-C2A···C4A-C5A:
102.36°
C9B-C2B···C4B-C5B:
143.22°

LLNH2:Pyd

Peptide
Trifluoroacetate
Pyridazine

C9C-C2C···C4C-C5C:
131.64°
6

1:1

P1
C9D-C2D···C4D-C5D:
128.08°
C9E-C2E···C4E-C5E:
145.30°
C9F-C2F···C4F-C5F:
152.49°

*Torsion angles values in italic are representative of the less-frequent conformation.

The first case is represented by crystal structures obtained through simple crystallisation
experiments using methanol (LLNH2:MeOH) and ethanol (LLNH2:EtOH), respectively. These
systems contain just one molecule of peptide in the asymmetric units and crystallise in P2 1. Linear
stands of Leu-Leu-NH2 (running along the b-axis) that are equivalent to the ones of BEJPEM are
generated through two different hydrogen bonds: the first one is a C=O···H-N contact involving
the amidic C-terminals (orange in Figure 42a and 42b), while the second one is an interaction
between the carboxylate O atom and the NH group of the internal peptide bond (blue in Figure
42a and 42b). Parallel strands of molecules flank each other on the ab-plane generating the
typical two-dimensional sheet (Figure 42b). The final peptidic scaffolding is built through the stack
of parallel sheets along the c-axis resulting in the typical multi-layered structure (Figure 42c).
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Figure 42 - (a) Straight mono-dimensional ribbons, (b) two-dimensional sheet and (c) multi-layered structure
in LLNH2:EtOH (representative of the first group). Hydrophobic side chains are not shown in (a) and (b) for
clarity.

The second group is represented by LLNH2:1H-Pyz and LLNH2:PyNOx, obtained through the
cocrystallisation of the dipeptide with 1H-pyrazole and pyridine N-oxide, respectively. They
crystallise in P21 and their asymmetric units contain four independent Leu-Leu-NH2 molecules.
When only interactions between the peptides are considered (same hydrogen bonded network
described above), the resulting assembly is a straight ribbon running in one direction. The
repetition of such assemblies on the ac-plane create the two-dimensional sheet of dipeptides
(Figure 43a). The multi-layered structure generated by the stack of sheets (Figure 43b) is different
from the one described for the first group. The twofold screw axis runs on the same direction of
the mono-dimensional strand in LLNH2:EtOH and LLNH2:MeOH, while it is perpendicular to the
dipeptide sheets for these structures. Such variance determines a stack of anti-parallel sheets in
which, each layer is rotated by 180º with respect to the previous one.
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Figure 43 - (a) Mono-dimensional ribbons of Leu-Leu-NH2 flanking to generate the two-dimensional sheet of
peptide and (b) multi-layered scaffolding in LLNH2:1H-Pyz (representative of the second group). The four
independent molecules are labelled, and their C atoms are differently coloured by symmetry equivalence.
Hydrophobic side chains are not shown in (a) for clarity.

The product of a simple crystallisation in water, LLNH2:H2O, and the cocrystallisation product of
Leu-Leu-NH2 with pyridazine (peptide:pyridazine = 1:4 stoichiometric ratio), LL:Pyd(x4),
crystallise in P21, but in this case the asymmetric unit contain six molecules of dipeptide. Such
components are characterised by a wide diversity of conformations: Table 9 shows their |θ| torsion
angles. The hydrogen bonded network generated between the dipeptide molecules is the same
the two previous groups but, in this case, the resulting arrangement is completely different: the
mono-dimensional assembly is represented by an undulated strand. As for the previous cases,
parallel ribbons flanking on the plane create the sheet. Nevertheless, the presence of a molecule
with a theta torsion angle lower than the others (105.79º in LLNH2:H2O and 110.16º in
LLNH2:Pyd(x4)) along with the twofold screw axis running in the same direction of the monodimensional strands, determines the wavy aspect of the ribbons (Figure 44a).

Figure 44 - (a) Flanking of undulated ribbons generating the two-dimensional sheet in LLNH2:Pyd(x4).
Carbon atoms of the six independent molecules are differently coloured by symmetry equivalence. Isobutyl
side chains are not shown for clarity. (b) Multi-layered structure of LLNH2:Pyd(x4)

When the two-dimensional sheet stack on top of each other, the final multi-layered structure does
not have a planar aspect (Figure 44b).
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When the dipeptide with the amide C-terminal was crystallised with pyridazine in a 1:1
stoichiometric ratio, the multicomponent system LL:Pyd has been obtained. Similarly to
LLNH2:H2O and LL:Pyd(x4), it contains six independent molecules of Leu-Leu-NH2 yet crystallises
in the P21 space group. Also in this case, one of the dipeptides is characterised by a low theta
torsion angle (|θ| = 113.86) but, because of the only translational symmetry, it does not represent
a “bending point” for the mono-dimensional strand. This results in the formation of ribbons with a
straight aspect (Figure 45a). Parallel strands laying on the bc-plane create planar twodimensional sheets that stack on top of each other (along the a-axis) to generate the multi-layered
scaffold (Figure 45b).

Figure 45 - (a) Flanking linear mono-dimensional ribbons of dipeptides in LLNH2:Pyd. Carbon atoms of the
six independent molecules are differently coloured and labelled. Isobutyl side chains are not shown for
clarity. (b) Multi-layered scaffolding of LLNH2:Pyd.

Despite the differences highlighted above, the various structures are characterised by the
presence of free amino terminals at both sides of the mono-dimensional strands of dipeptides
(Figure 46). Most of the amino H atoms are not used for peptide-peptide interactions but are
involved in charge-assisted hydrogen bonds with the trifluoroacetate anions (Magenta contacts
in Figure 47a).
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Figure 46 - Spatial location of the positively charged amino terminals (blue moieties) in LLNH 2:MeOH (a)
and LLNH2:Pyd(x4). Isobutyl side chains are not shown and molecules (except for the N-terminals) are
shown in black to facilitate the visualisation of the arrangement.

TFA also interacts with the hydrogens of the amidic C-terminals, and acts as a connection
between peptides that belong to adjacent ribbons (Figure 47a). Molecules of solvent and water
are occasionally included in such networks and participate in the “bridge effect” (Figure 47b).
Molecules of coformer use their chemical groups to interacts with the H-bond donor and acceptors
of the dipeptides (Figure 47c) or the other components (Figure 47d).

Figure 47 - Intermolecular interactions involving trifluoroacetate anions (a), solvent or water molecules (b)
and coformers (c and d). Peptides belonging to adjacent ribbons are differently coloured and their side chains
are not shown for clarity.
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The multi-layered structures formed by the stacks of two-dimensional sheets are held together by
hydrophobic interactions between the isobutyl chains. The relative orientations of these branched
moieties create empty channels and voids that contain molecules of coformer, TFA and solvent
or water (Figure 48a and 48b). In all the structures of Leu-Leu-NH2, the host are located in the
hydrophobic (pink in Figure 48) regions and interact just with one side of the layer without creating
connections between subsequent sheets.

Figure 48 - Multi-layered scaffolding of LLNH2:Pyd and LLNH2:Pyd(x4). The non-peptidic components are
shown in black.

4.2.2 TFA-CONTAMINATED MULTICOMPONENT CRYSTALS OF Leu-LeuCOOH
Structures described in Section 4.1.1 and solvates previously reported in literature show that
dipeptides with the carboxylate at the C-terminal usually exist in the zwitterionic state. This results
in the establishment of head-to-tail charge-assisted hydrogen bonds. Nevertheless, the presence
of an additional ionic species (TFA) determines some important deviations from the typical selfassemblies with novel alternative crystal packings (Table 10).
Table 10 - TFA-contaminated ternary and quaternary systems of Leu-Leu-COOH.
Samples

Composition

Z’
Peptide

Peptide:TFA
molar ratio

Space
group

Torsion angle (|θ|)
C9x-C2···C4-C5: 107.41°
C9y-C2···C4-C5: 106.30°

LL:Pya

L-Leu-L-LeuCOOH
Trifluoroacetate
Pyrazine
Water

C9B-C2B···C4B-C5B:
155.90°
4

2:1

P1
C9C-C2C···C4C-C5C:
149.91°
C9D-C2D···C4D-C5D:
109.08°

LL:Pya2

L-Leu-L-LeuCOOH
Trifluoroacetate
Methanol
(solvent)
Water

4

2:1

P21

C9A-C2A···C4A-C5A:
104.01°
C9B-C2B···C4B-C5B:
162.60°
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C9B-C2B···C4B-C5P:
110.60°
C9C-C2C···C4C-C5C:
99.38°
C9C-C2C···C4C-C5Z:
150.18°
C9D-C2D···C4D-C5D:
101.63°

LL:Pyd

Leu-LeuCOOH
Trifluoroacetate
Pyridazine

1

1:1

P212121

103.46

C9A-C2A···C4A-C5A:
158.28°
C9B-C2B···C4B-C5B:
155.45°

LL:Imi

Leu-LeuCOOH
Trifluoroacetate
Imidazole

C9C-C2C···C4C-C5C:
137.57°
6

6:1

P21
C9D-C2D···C4D-C5D:
150.16°
C9E-C2E···C4E-C5E:
142.89°
C9F-C2F···C4F-C5F:
142.54°

* Torsion angle values in italic are representative of the less-frequent conformation.

LL:Pya and LL:Pya2 represent multicomponent systems that are related with the methanol
solvate previously described in Section 4.1.1.1. In fact, they are the products of different
cocrystallisation experiments performed using pyrazine as coformer. The former was retrieved
from the same crystalliser from where LL:MeOH was retrieved while the latter was obtained after
a recrystallisation of the material of this vial in the attempt to obtain better crystals for X-ray
diffraction analyses. In these crystals, the four independent Leu-Leu-COOH molecules generate
alternative peptide-peptide interactions resulting in the formation of tetramers (Figure 49a and
49b). Such assemblies are obtained through carboxylate-carboxylate (orange contacts in Figure
49a and 49b), carboxylate-NH group (blue in Figure 49a and 49b), and N-terminal-carbonyl (light
green in Figure 49a and 49b) H-bonds. Single tetramers are connected through C-O-···H-N
interactions resulting in mono-dimensional ribbons running along one axis (Figure 49c).
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Figure 49 - (a) Tetramer of Leu-Leu-COOH molecules in LL:Pya2. The four independent dipeptides are
coloured by symmetry equivalence and labelled for clarity. (b) Conformational comparison of the tetramers
of LL:Pya (magenta) and LL:Pya2 (black). (c) Two-dimensional sheet of LL:Pya2. (d) Two-dimensional sheet
of LL:Pya. Hydrophobic side chains are not shown for clarity.

In this case, the two sides of each ribbons do not contain only positively charged amino-terminals.
In fact, the particular arrangement of the Leu-Leu-COOH expose different H-bond donor and
acceptors available for the establishment of multiple types of contacts. In LL:Pya2, for example,
some of them are involved in +N-H···O=C between dipeptides belonging to adjacent sheet
(highlighted contacts in Figure 49c) while, in LL:Pya, parallel strands are not connected via
peptide-peptide interactions (Figure 49d). Nevertheless, most of these chemical moieties form
hydrogen bonds with trifluoroacetate anions, solvent and water molecules: such non-peptidic
elements act as the only elements cross-linking the different strands in LL:Pya, while they supply
additional connections to the already bonded ribbons of LL:Pya2. The host molecules are located
in the voids and channels between the isobutyl side chains, in the hydrophobic regions of the
multi-layered scaffolding (Figure 50a and 50b). The two nitrogen atoms of the coformer in LL:Pya
are involved in two N···H-O contacts with two molecules of water (50c). The water-pyrazine-water
hydrogen bonded pattern represent an interconnection between subsequent sheets.
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Figure 50 - Multi-layered structures of LL:Pya2 (a) and LL:Pya (b). Non-peptidic molecules are shown in
black. (c) Hydrogen bonded interactions involving the pyrazine molecule in LL:Pya.

Cocrystallisation of Leu-Leu-COOH with imidazole leads to the isolation of a ternary system,
named LL:Imi, containing dipeptide, trifluoroacetate and cocrystal former. In this structure, the
two-dimensional sheet is generated through the typical head-to-tail charge assisted hydrogen
bonds (red in Figure 51a) between the N- and C-terminals. Two of the amino H atoms are used
by each molecule to create contacts with two neighbouring molecules: only one of them
(highlighted in Figure 51) creates a bifurcated interaction. Interactions involving most of the NH
and C=O groups of the internal peptide bonds stabilise the assembly (light green and blue
interactions in Figure 51a). The twofold screw axis is perpendicular to the ac-plane, and the
resulting multi-layered structure is characterised by an alternation of antiparallel sheets along the
b-axis. As expected, the non-peptidic components are contained in the hydrophobic regions and
are involved in the formation of two types of interactions. The protonated molecules of imidazole
interact with a second one (neutral) forming a peptide-imidazole+H-imidazole-peptide
interconnection running along the b-axis. The third molecule of imidazole interacts with both a
peptide and a trifluoroacetate anion creating a similar connection (Figure 51c).
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Figure 51 - (a) Two-dimensional sheet and (b) multi-layered scaffolding in LL:Imi. Side chains are not shown
for clarity (c) Intermolecular interactions generated by the non-peptidic components.

LL:Pyd was obtained when pyridazine was the cocrystal former. This structure crystallises in P21
and its asymmetric unit contains only one molecule of peptide with a low torsion angle (|θ| =
103.5º). The three-dimensional self-assembly of Leu-Leu-COOH molecules is completely
different from all the others and has not been reported in literature. In fact, the dipeptide creates
mono-dimensional chains running along the a-axis via hydrogen bonded interactions between the
C-terminal and the NH group of the internal peptide bond (Figure 52a). The twofold screw axis
running along the same direction of the chain results in an adjacent chain connected to the first
one through +N-H···O=C H-bonds between the amino and the carbonyl group (light green
interactions in Figure 52b). The P212121 leads the ribbon of dipeptides to form columns held
together by hydrophobic interactions between the isobutyl side chains (Figure 52c). The internal
channels contain trifluoroacetate anions (creating the well-known ionic pair with the positively
charged amino-terminals) and molecules of coformer (involved in bifurcated hydrogen bonds with
the C-terminals).
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Figure 52 - (a) Ribbon, (b) column and (c) crystal packing of Leu-Leu-COOH peptides in LL:Pyd.
Hydrophobic side chains are not shown in (a) for clarity. Trifluoroacetate anions are pyridazine molecules
are shown in black in (c).

4.2.3 TRIFLUOROACETATE SALTS OF COFORMERS
DMAP+TFA- and Imi+DMAP- represent trifluoroacetate salts of two cocrystal formers (DMAP and
imidazole, respectively) used in the cocrystallisation of the Leu-Leu-COOH. Such products were
identified though a careful and meticulous observation (at the microscope) of the crystalline
products contained in two crystallisation vials.
The cocrystallisation experiments of the dipeptide with DMAP lead to the simultaneous
crystallisation of two different crystalline products. The first one is represented by the LLhex
nanotube crystals, previously described in Section 4.1.1.2), while the second is the
trifluoroacetate salts of 4-(dimethylamino)pyridine. A first visual identification of the two distinct
products was possible through the observation of the crystalliser at the microscope (Figure 53):
the bottom of the crystallisation vial contained both needle-like (LLhex) and blocky (LL:DMAP)
crystals. The X-ray analysis confirmed the difference in composition of the two materials.
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Figure 53 - Picture showing the different morphology of LLhex (needle-like crystal circled in red) and
DMAP+TFA- (blocky crystalline material in the green square).

At the end of the solvent evaporation process, the cocrystallisation experiment of Leu-Leu-COOH
along with imidazole resulted in the formation of a crystalline blocky material at the bottom of the
crystalliser. Following the standard procedure used for the project, the vial was observed at the
microscope and different crystals were selected for an initial unit cell determination. The ones
selected at the beginning showed the same parameters, corresponding to those of LL:Imi.
Nevertheless, the low quality of the reflections required a further selection of additional crystals
to find the one characterised by good data. During such screening, one of the blocks showed a
good set of particularly intense spots. The unit cell parameters were completely different from
those related to LL:Imi (not determined at that moment, yet) and lower with respect to those
typically found for systems containing the peptides. The solution of the structure showed that the
product was the trifluoroacetate salt of imidazole, Imi+TFA-.
Despite the absence of the molecule of interest (i.e. peptide), such structures have been studied
and included in the results. In fact, they represent an additional outcome of the already vast
landscape of multicomponent crystals obtained cocrystallising TFA-contaminated peptides. For
the formation of these structures, the protonated molecules of coformers compete with the
positively charged N-terminals of the peptides to generate a strong ionic interaction with the TFA.
Both salts are characterised by simple asymmetric units containing only one trifluoroacetate anion
and one molecule of coformer; DMAP+TFA- crystallises in P-1, while Imi+TFA- in I212121. The
differences in the chemical structure of the coformer result in two different arrangements. In
DMAP+TFA-, the proton bonded to the heterocyclic N atom is involved in a bifurcated hydrogen
bonded interaction with the two oxygens of the acid (Figure 54a). Such interaction determines the
formation of zero-dimensional dimers. The presence of two hydrogen bonded donors in the
molecules of the cation results in a completely different self-assembly in Imi+TFA-. In fact, the NH···O- and +N-H··· O- interactions of each molecule of protonated imidazole with two distinct
trifluoroacetate anions generate zig-zagged chains running along the a-axis (Figure 54b).
In Section b of Appendix E some additional information about the trifluoroacetate salt are
provided.
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Figure 54 - (a) Dimers of TFA and DMAP in DMAP+TFA-. (b) Chains of trifluoroacetate and imidazole in
Imi+TFA-.
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4.3 TFA-CONTAMINATED STRUCTURES OF TRIPEPTIDES
The present section contains some preliminary raw data concerning the cocrystallisation
experiments of leucine tripeptides. The screening was limited to the use of cocrystal formers that
resulted successful in the formation of TFA-free systems with the dipeptides (i.e. 3aminobenzamide, 1H-Pyrazole, pyrazine and DMAP) along with peptidic molecules characterised
by both an amidic and a carboxylate at the C-terminal.
Most of the experiments resulted in the obtaining of residues that were not suitable for X-ray
diffraction experiments. Crystals were obtained only in three cases and, despite the low quality of
the data, the structures are described here as they represent a starting point for further
investigations and future works.
The reader is invited to refer to Appendix F for additional information.

4.3.1 MULTICOMPONENT CRYSTAL STRUCTURE OF Leu-Leu-Leu-COOH
3L:1H-Pyz represents the cocrystallisation product of the leucine tripeptide (with carboxylate Cterminal) and 1H-pyrazole. This structure crystallises in P21 with an asymmetric unit containing
two different tripeptides, one trifluoroacetate anion and one molecule of coformer.
Similarly to previously reported multicomponent system,56 the two independent peptides selfassemble generating two distinct antiparallel mono-dimensional chains, each one formed of only
one type of molecule. Such arrangement is obtained through strong head-to-tail bifurcated
hydrogen bonds involving one of the amino H atoms and the oxygens of the adjacent C-terminals
(red contacts in Figure 55). The two different chains alternate along the a-axis, connected through
different H-bond interactions. The blue contacts shown in Figure 55 represent N-H···O=C
interactions between the functionalities of the internal peptide bonds. The presence of a
protonated C-terminal (blue molecule in Figure 55) determines a difference between the present
structure and those in literature, with respect to the interactions involving the terminals. In the
reported structures, there are only H-bonded interactions between the amino and carboxylate
functionalities of peptides belonging to different chains (orange interactions in Figure 86,
Appendix F). In 3LOH:1H-Pyz, a new type of contact (magenta in Figure 55) is established
between the protonated C-terminal of one molecule and the negatively charged carboxylate of
the other.
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Figure 55 - Two-dimensional sheet of Leu-Leu-Leu-COOH tripeptides in 3LOH:1H-Pyz. Carbon atoms of the
two independent molecules are differently coloured by symmetry equivalence. Isobutyl side chains are not
shown for clarity.

The two-dimensional sheets of peptides stack on top of each other along the b-axis creating the
three-dimensional multi-layered structure (Figure 56a) in which hydrophilic (peptidic backbones)
and hydrophobic layers are alternating. The voids and channels between the isobutyl side chains
contain the non-peptidic elements: such compounds interact with the amino H atoms of the
tripeptides that are not part of the hydrogen bonded network of the two-dimensional sheet. The
1H-pyrazole interacts with the N-terminal of the zwitterionic peptide, while the trifluoroacetate
anion interact with the one of the peptides characterised by a protonated C-terminal (Figure 56b).
These two components are also interacting between each other and this create a peptidecoformer-trifluoroacetate-peptide interconnecting bridging the two different chains of Leu-LeuLeu-COOH molecules.

Figure 56 - (a) Multi-layered structure of 3LOH:1H-Pyz. (b) Hydrogen bonded interactions involving the nonpeptidic molecules. Carbon atoms of the independent tripeptides are differently coloured by symmetry
equivalence in (b).
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4.3.2 MULTICOMPONENT STRUCTURES OF Leu-Leu-Leu-NH2
When the tripeptide used for the cocrystallisation experiments was the one with the amidic Cterminal, crystalline material suitable for X-ray diffraction analyses was obtained in two cases.
3LNH2:(1H-Pyz) is the product of an experiment in which the tripeptide with the amidic C-terminal
was cocrystallised with 1H-pyrazole. It crystallises in P21 and its asymmetric unit contains only
one tripeptide, one trifluoroacetate anion and water. In this case, the tripeptide molecules selfassemble generating strands running along the b-axis (Figure 57a). The hydrogen bondeing
behind such an arrangement contains three different interactions, but no head-to-tail contacts
between the amino and amidic terminals are formed. The C-terminal is involved in two different
kind of interactions with the functionalities of adjacent peptide bonds: while the C=O is in contact
with an adjacent NH group (blue contact in Figure 57a), one of the H atoms is used in a N-H···O=C
(orange contact in Figure 57a). The other chemical groups of the internal peptide bonds contribute
to the formation of the strand by interacting between each other (green contact in Figure 57a).
Strands of molecules flank along the a-axis generating the two-dimensional sheet of peptide.
Nevertheless, the amino and amidic termini of different strands do not interact through peptidepeptide interactions (Figure 57b). The connections between subsequent ribbons are provided by
the trifluoroacetate anions that act as cross-linkers: in fact, they are involved in a complex net of
hydrogen bonds with the H atoms of both the N- and C-termini (Figure 57c).

Figure 57 - (a) Mono-dimensional strand of Leu-Leu-Leu-NH2 in 3LNH2:(1H-Pyz). (b) Flanking ribbons of
tripeptides. (c) Cross-linking "bridge effect" involving the trifluoroacetate anions. Hydrophobic side chains
are not shown for clarity.
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The two-dimensional sheet of peptides stack on top of each other, held together by hydrophobic
interactions established between the isobutyl side chains of the peptidic molecules. The resulting
structure is the typical multi-layered scaffolding in which voids and channels are present in the
hydrophobic regions (Figure 58): trifluoroacetate anions (black molecules in Figure 58) are hosted
in such pockets.

Figure 58 - Multi-layered structure of 3LNH2:(1H-Pyz).

3L:(DMAP) represents the product of the cocrystallisation experiment of the leucine tripeptide
with an amidic C-terminal in presence of 4-(dimethylamino)pyridine as coformer. The unit cell
parameters shown in Table 11 were collected after a unit cell determination performed by
analysing one of the plates at the bottom of the crystallisation vial. Such data were used for a
CSD search: these resulted to be highly similar to those of a previously reported structure (refcode
KEYSUD).118 As shown in Table 4, KEYSUD represents the only example of a leucine tripeptide
with an amidic C-terminal in the database.
Table 11- Unit cell parameters of 3LNH2:(DMAP).
KEYSUD

3L:(DMAP)

a

31.639(5) Å

31.6827

b

31.639(5) Å

31.6827

c

31.639(5) Å

31.6827

α

90º

90

β

90º

90

γ

90º

90

Volume
Crystal lattice

31671.5Å

31803

Cubic I

Cubic I

Distinctively, unique from the packing trends in the other structures described above, this system
crystallises in I23 with an asymmetric unit containing two independent Leu-Leu-Leu-NH2
molecules and water. The hydrogen bonded network and the symmetry of the present structure
are different with respect to the previously mentioned ones. As described in the relevant paper118,
the two independent molecules self-assemble generating dimers with a concave aspect. The
interconnection of such dimers determines the formation of hydrophobic pores that, due to the
cubic symmetry of the system, run along the three axes at the centre and the four corners of each
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unit cell (Figure 59a). Figure 59b shows the unit cell of KEYSUD with its forty-eight peptides
(differently coloured by symmetry equivalence) and sixteen molecules of water (Figure 59b).
As explained at the beginning of this Section, these results were obtained at the end of the PhD
laboratory period and further structure determination studies were not carried out due to the lack
of time. Nevertheless, these data are presented in this thesis because they represent a valuable
starting point for further studies. The formation of a face-centred cubic structure is already an
interesting starting point for deeper investigations about the crystallisation ability of Leu-Leu-LeuNH2. Nevertheless, the possibility to obtain such arrangement using a trifluoroacetate
contaminated peptide represent an additional aspect since, in the previous reported cases, the
presence of such contaminant is never mentioned. This means that in most of the cases, as
shown by our CSD investigation, the crystallisation experiments are performed using highly
purified peptidic products.

Figure 59 - (a) Hydrophobic (pink) and hydrophilic (blue) regions in KEYSUD. (b) Unit cell of KEYSUD.
Molecules are differently coloured by symmetry equivalence.
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4.4 SERENDIPITOUS ISOLATION OF THE GAMMA POLYMORPH
OF SUCCINIC ACID
The results presented in the present section were used for the preparation of a scientific paper in
collaboration with Prof. Sarah L. Price FRS’ research group at University College of London. The
manuscript was submitted and successfully published in CrystEngComm.119 In the present
section the attention will be focused on the experimental work conducted at University of Lincoln.
For further reference and information regarding the computational and prediction studies carried
out at UCL, the reader is invited to consult Appendix G.
For this project, the analytical methodology was indeed different from the standard and generally
used ones. The presence of sticky/oily amorphous residues in most of the crystallisation vials,
resulted in the necessity to observe at the microscope all the different crystallisers to identify the
presence of crystalline materials suitable for subsequent analyses. This operational procedure
required indeed a good dose of patience and determination. In some cases, such non-trivial
operational protocol resulted in the observation of unexpected but significant results.
One of the most representative cases is the outcome of the cocrystallisation experiment with the
Leu-Leu-COOH dipeptide and succinic acid, one of the acidic cocrystal formers selected for the
wide screening. From this vial, different crystals were manually isolated and mounted on the loops
for the subsequent unit cell determination and CSD search and comparison of the collected
parameters. Most of the crystals screened showed that the experiment mainly resulted in the
crystallisation of the beta-form of succinic acid: this showed that the cocrystallisation of the
dipeptide did not occur. Nevertheless, one crystal showed the unit cell parameters reported in
table 12.
Table 12 - Unit cell parameters measured for the gamma polymorph of succinic acid.
a

5.715(5) Å

b

8.454(8) Å

c

10.3538(8)

α

90º

β

90.374º

γ

90º

Volume
Crystal lattice

496.77(7) Å3
Monoclinic

The comparison of these data with those contained in the CSD database did not result in any
matching structure and for this reason a complete SCXRD analysis was performed to investigate
the system. The solution of the system crystallised in C2/c with half a molecule of succinic acid in
the asymmetric unit. This determination confirmed that the analysed crystal represented a new
polymorphic phase of succinic acid, named gamma.
Figure 60 depicts the comparison between the molecular conformations of the molecules in the
known alpha and beta forms (structure with CSD refcodes SUCACB07120 and SUCACB11121 were
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selected and used as representative of the alpha and beta form, respectively) and the one in our
gamma form. The previously reported polymorphs are characterised by succinic acid molecules
in a planar conformation: in these cases, the carboxylic functionalities are pointing in opposite
directions with respect to the plane on which C2 and C3 are located (Figure 60b and 60c). The
molecule of succinic acid in gamma is folded and the chemical groups at the terminals are placed
on the same side of this plan (Figure 60a)

Figure 60 - Conformational comparison of succinic acid molecules in the gamma (a), alpha (b) and beta (c)
polymorphs.

The relative orientation of the carboxylic acid functionalities of the succinic acid molecules can be
described by the C1-C2···C3-C4 torsion angle. Such parameter describes the relative orientation
of the groups: when its value is 180º, they are exactly in opposite sides, while a value of 0º
describes a situation in which they are eclipsed and pointing in the same directions. Table 13
shows the torsion angle values for the molecules of the different polymorphs.
Table 13 - Torsion angles of the different polymorphic forms of succinic acid.
Cambridge Structural Database
refcode/submission code

Polymorph

C1-C2···C3-C4 torsion angle
value

SUCACB07

α polymorph

Molecule A: 180º
Molecule B: 180º

SUCACB11

β polymorph

180º

CCDC 1836394

γ polymorph

75.43º

The succinic acid molecules self-assemble generating carboxylic acid dimers resulting in zigzagged chains running along the ac-direction (Figure 61a). Such intermolecular arrangement is
common for all three polymorphic forms but, due to the different molecular conformation of the
molecules, the chains connected through carboxylic acid dimers are linear for the two previously
reported polymorphs (Figure 61b and 61c).
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Figure 61 - Zig-zagged chain in the novel gamma polymorph of succinic acid (a) and linear chains in the
alpha (b) and beta (c) previously known forms. Carbon atoms of the two independent molecules of the alpha
polymorph are differently coloured by symmetry equivalence in (b).

The formation of the gamma polymorph only after the cocrystallisation attempt and in the absence
of such phase in the starting material were tested by performing a comparative PXRD analysis
(Figure 61). The diffractogram of the γ form (red in Figure 62) was obtained from the solved
structure using the “Powder…” option in CSD Mercury. This was then compared with the
diffractograms of the already known α and β forms (black and blue in Figure 62, respectively) and
with that of the succinic acid supplied by Tokyo Chemical Industries & Co. (grey in Figure 62),
used for the experiments of this project. The comparison showed that the crude compound is
mainly composed of beta polymorph and maybe some contaminants. No traces of the gamma
polymorph were detected.

Figure 62 - Powder X-ray diffractograms of the succinic acid used for the experiment (grey) and the three
polymorphs (red for the new gamma form, blue for the beta form and black for the alpha form).
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This confirmed that the formation of the γ polymorph was an event related to the cocrystallisation
experiment. For this reason, an extensive and detailed experimental plan was designed to attempt
the reproduction of the polymorphic phase considering the different entities involved in the
process that lead to its isolation.
The first step was represented by the reproduction of the initial cocrystallisation experiment. An
equimolar solution of Leu-Leu-COOH and succinic acid in MeOH was re-prepared, following the
same standard protocol used for the cocrystallisation procedure utilised in this project. The
product obtained after complete evaporation of the solvent was mainly composed of a
sticky/rubbery material, typical of the cocrystallisation experiments with the TFA-contaminated
peptides. Some fragile needles and blocks were retrieved after an accurate observation at the
microscope and used for unit cell determinations. The results of such determinations are shown
in Table 14.
Table 14 - Results of the unit cell determination of single crystals collected from the vial of the reproduction
of the cocrystallisation experiment of Leu-Leu-COOH with succinic acid.
Aspect
needle
block
block
block
elongated plate
elongated plate
needle
block

Result
N/A (bad quality reflections)
beta polymorph
N/A (bad quality reflections)
N/A (bad quality reflections)
beta polymorph
beta polymorph
N/A (bad quality reflections)
beta polymorph

The sticky material contained in the vial was then re-dissolved in methanol again and a recrystallisation was carried out to attempt a better crystallisation of the material (maintaining, also
in this case, the conditions used for the initial cocrystallisation experiment). The final residue was
similar to the previous one and only few crystals were successfully collected and used for a unit
cell determination (Table 15).
Table 15 - Results of the unit cell determinations after the re-crystallisation of the amorphous material.

Aspect
needle
block
block
block
elongated plate
elongated plate
needle
block

Result
N/A (bad quality reflections)
beta polymorph
N/A (bad quality reflections)
N/A (bad quality reflections)
beta polymorph
beta polymorph
N/A (bad quality reflections)
beta polymorph

The presence of an excess of rubbery and amorphous material did not allow the use of PXRD
techniques in these cases. The use of such material for this kind of analysis resulted in low quality
diffractograms that are not reliable and useful due to the presence of excess amorphous material.
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The attention was then focused on the possible influence of the main contaminant of our system:
the trifluoroacetic acid. For this purpose, solutions of succinic acid and variable amounts of TFA
were prepared using methanol as solvent (Table 16). The code chosen for this experimental plan
was SATFA (short form for succinic acid:TFA).
Table 16 - Experimental plan for the evaluation for the evaluation of the impact of TFA on the crystallisation
of succinic acid.
Sample name

Component A

Component B

Molar ratio

PL_SATFA_1:0.1_a

Succinic acid

Trifluoroacetic acid

1:0.1

PL_SATFA_1:0.1_b

Succinic acid

Trifluoroacetic acid

1:0.1

PL_SATFA_1:0.25_a

Succinic acid

Trifluoroacetic acid

1:0.25

PL_SATFA_1:0.25_b

Succinic acid

Trifluoroacetic acid

1:0.25

PL_SATFA_1:0.5_a

Succinic acid

Trifluoroacetic acid

1:0.5

PL_SATFA_1:0.5_b

Succinic acid

Trifluoroacetic acid

1:0.5

PL_SATFA_1:0.75_a

Succinic acid

Trifluoroacetic acid

1:0.75

PL_SATFA_1:0.75_b

Succinic acid

Trifluoroacetic acid

1:0.75

PL_SATFA_1:1_a

Succinic acid

Trifluoroacetic acid

1:1

PL_SATFA_1:1_b

Succinic acid

Trifluoroacetic acid

1:1

The crystallisation was performed using the same crystallisation techniques used for the initial
experiment (i.e. slow solvent evaporation at 20 ºC). The absence of the peptide resulted in the
formation of large amount of crystalline material suitable for X-ray diffraction investigation. For
this reason, PXRD analyses were carried out to obtain the diffractograms of the materials
obtained from the different stoichiometric ratios and to compare them to identify any possible
difference in peaks (Figure 63).

Figure 63 - Comparison of PXRD diffractograms of the different samples of the SATFA experiment.

The comparison of the different diffractograms of the different succinic acid:TFA ratios are
congruent. For this reason, one of the samples was randomly chosen as representative
(PL_SATFA, green in figure 64) and used for a comparison with the diffractograms of:
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-

α succinic acid (refcode: SUCACB07. Black in Figure 64)

-

β succinic acid (refcode: SUCACB11. Blue in Figure 64)

-

γ succinic acid (PL_LLOH14_C2c, red in Figure 64)

Such analyses aimed to investigate and verify the presence of one or more polymorphic forms in
the material obtained from the SATFA experimental plan.

Figure 64 - PXRD comparison of the outcome of the SATFA experiment with the three different polymorphic
forms of succinic acid.

Figure 64 shows that the representative sample of the SATFA experiment mainly contains the
beta polymorph. Nevertheless, some extra peaks are shown at different values of 2theta angle:
these are not related to any of the other forms.
The isolation of the initial crystal resulted in the discovery of the gamma polymorph form was
serendipitous and manually made. For this reason, the materials from the different vials were
inspected at the microscope to double check the presence of crystals with different aspects and
properties. This was done also to investigate the above-mentioned extra peaks. Crystals were
randomly selected from each vial, mounted on loops and used for unit cell determination (Table
17).
Table 17 - Results of the unit cell determinations of crystals arbitrary selected from the various vials of the
SATFA experiment.
Sample

PL_SATFA_1:0.1

PL_SATFA_1:0.25

Vial
a
a
a
b
b
b
a

Position
bottom
bottom
wall
bottom
bottom
wall
bottom

Aspect
plate
plate
block
needle
elongated plate
thin needle
plate

Result
beta polymorph
beta polymorph
beta polymorph
N/A (bad quality reflections)
beta polymorph
N/A (bad quality reflections)
beta polymorph
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PL_SATFA_1:0.5

PL_SATFA_1:0.75

PL_SATFA_1:1

a
a
a
a
b
b
a
a
a
b
b
b
b
b
a
a
a
b
b
b
a
a
a
a
a
b
b

bottom
wall
wall
wall
bottom
wall
bottom
bottom
wall
bottom
bottom
wall
wall
wall
bottom
bottom
bottom
bottom
wall
wall
bottom
bottom
bottom
wall
wall
bottom
wall

needle
elongated plate
elongated plate
plate
plate
thick plate
thick plate
plate
thick plate
elongated plate
plate
plate
plate
plate
elongated plate
plate
plate
block
plate
plate
plate
block
elongated plate
thin plate
block
thin plate
plate

beta polymorph
beta polymorph
beta polymorph
UNKNOWN CELL*
beta polymorph
beta polymorph
UNKNOWN CELL*
beta polymorph
beta polymorph
beta polymorph
beta polymorph
N/A (bad quality reflections)
UNKNOWN CELL*
beta polymorph
UNKNOWN CELL*
UNKNOWN CELL*
beta polymorph
UNKNOWN CELL*
beta polymorph
beta polymorph
beta polymorph
UNKNOWN CELL*
beta polymorph
beta polymorph
N/A (bad quality reflections)
beta polymorph
beta polymorph

Results show that the crystalline material is mainly composed of the β-polymorph of succinic acid.
This is in accordance with the results of the PXRD comparison previously shown in Figure 64. In
various cases, (highlighted in red in Table 17) the unknown parameters shown in Table 18 were
obtained.
Table 18 - Parameters of the unknown unit cell measured in different cases during the analysis of SATFA
materials.
a

11.3126(5) Å

b

5.5869(3) Å

c

9.6891(4) Å

α

90º

β

92.866(2)º

γ

90º

Volume

611.608 Å3

Crystal lattice

Monoclinic

Space Group

P 21/c

The block retrieved from the vial b of PL_SATFA_1:0.75 experiment was then used for a SCXRD
analysis. The structure solution showed that the new crystal form is represented by a new
polymorphic form of mono-methyl hydrogen succinate. The presence of this compound explains
the small extra peaks previously observed in the powder patters of the SATFA samples.
The mono-methyl hydrogen succinate is a derivative of succinic acid that was accidentally
generated with the SATFA experiments. Figure 65 shows the reaction mechanism leading to the
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formation of the ester in the vials used for the crystallisation. The reaction is a simple acid
catalysed esterification of a carboxylic acid in which the TFA act as the catalyst while the solvent
(MeOH) is the reacting alcohol.

Figure 65 – General mechanism of the acid catalysed esterification of a carboxylic acid (Fisher esterification).

The generation of an unexpected additional chemical entity in the crystallisation environment
enlarge the list of possible compounds that might influence the formation of the gamma
polymorph. Moreover, the molecule of mono-methyl hydrogen succinate contained in the new
polymorphic form has a folded configuration (Figure 66a). The C1-C2···C3-C4 torsion angle of
the derivative is equal to 68.06º: this value is close to the one observed for the acid (75.43º) in
the γ form (Figure 66b).
Additional information about the new polymorph of the ester are contained in Appendix G.

Figure 66 - (a) Molecule of mono-methyl hydrogen succinate in the new polymorphic form isolated during
the SATFA experiments and (b) structural overlay with the succinic acid (green molecule) of the new gamma
polymorph.

For this reason, commercial mono-methyl hydrogen succinate has been used to prepare solutions
that also contain succinic acid, with different stoichiometric ratios (Table 19). Crystallisations were
conducted following the same procedure described above for the SATFA experimental plan
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Table 19 - Experimental plan for the SAE (succinic acid:succinate) crystallisation screening.
Sample name
PL_SAE_1:0.1_a
PL_SAE_1:0.1_b
PL_SAE_1:0.25_a
PL_SAE_1:0.25_b
PL_SAE_1:0.5_a
PL_SAE_1:0.5_b
PL_SAE_1:0.75_a
PL_SAE_1:0.75_b
PL_SAE_1:1_a
PL_SAE_1:1_b

Component A
Succinic acid
Succinic acid
Succinic acid
Succinic acid
Succinic acid
Succinic acid
Succinic acid
Succinic acid
Succinic acid
Succinic acid

Component B
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate
Mono-methyl hydrogen succinate

Molar ratio
1:0.1
1:0.1
1:0.25
1:0.25
1:0.5
1:0.5
1:0.75
1:0.75
1:1
1:1

The products obtained in the different vials were used for PXRD analysis. Diffractograms obtained
from each sample were compared between each other (Figure 67) to investigate the presence of
any possible difference in peaks.

Figure 67 - Comparison of the diffractograms of crystalline residue obtained with the SAE experimental plan.
Some of the crystallisation vials showed the formation of crystalline powders outside the perforated parafilm
used to cap them. Such material was collected and examined as a separate sample (labelled as “op”).

Figure 67 shows that the diffractograms from the different samples are highly similar. Thus, one
of them was selected as representative for the SAE (green in Figure 68) experiment and used to
carry out a comparison with the diffractograms of:
-

mono-methyl hydrogen succinate known polymorph (refcode: MESUCC. Orange in
Figure 68)

-

new polymorph of the mono-methyl hydrogen succinate (magenta in Figure 68)

-

α polymorph (refcode: SUCACB07. Black in Figure 68)

-

β polymorph (refcode: SUCACB11. Blue in Figure 68)

-

γ polymorph (PL_LLOH14_C2c. Red in Figure 68)
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Figure 68 - PXRD of the representative sample of the SAE screening and the different polymorphs of both
succinic acid and mono-methyl hydrogen succinate.

Vials of the SAE experiments were also individually inspected under the microscope and crystal
were randomly selected (from different positions inside the container) and mounted on loops for
further unit cell determinations. The results of such screening are shown in Table 20.
Table 20 - Outcomes of the unit cell determination of crystals randomly chosen from the different vials of the
SAE experiment.
Sample

PL_SAE_1:0.1

PL_SAE_1:0.25

PL_SAE_1:0.5

Vial
a
a
a
a
a
a
a
b
b
b
b
b
b
b
a
a
a
a
a
a
b
b
b
b
b
b
b
a

Position
bottom
bottom
bottom
wall
wall
wall
wall
bottom
bottom
bottom
wall
wall
wall
wall
bottom
bottom
bottom
wall
wall
wall
bottom
bottom
bottom
wall
wall
wall
wall
bottom

Aspect
plate
plate
thick plate
plate
block
block
block
block
elongated plate
block
block
plate
block
plate
thick plate
block
block
plate
plate
block
plate
block
block
plate
block
plate
block
plate

Result
N/A (bad quality reflections)
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
N/A (bad quality reflections)
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
N/A (bad quality reflections)
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
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PL_SAE_1:0.75

PL_SAE_1:1

a
a
a
a
a
b
b
b
b
b
b
a
a
a
a
a
a
b
b
b
b
b
b
b
b
b
a
a
a
a
a
b
b
b
b
b
b
b
b
b

bottom
bottom
wall
wall
wall
bottom
wall
wall
wall
wall
wall
bottom
bottom
bottom
wall
outside parafilm
outside parafilm
wall
wall
bottom
bottom
bottom
wall
wall
wall
outside parafilm
bottom
bottom
bottom
wall
wall
bottom
bottom
bottom
bottom
wall
wall
wall
outside parafilm
outside parafilm

thick plate
plate
plate
block
plate
block
plate
block
thick plate
block
block
plate
block
plate
block
block
block
block
plate
block
block
plate
thick plate
block
plate
plate
thick plate
elongated plate
plate
plate
plate
thick plate
block
block
plate
thick plate
plate
elongated plate
block
plate

succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
N/A (bad quality reflections)
N/A (bad quality reflections)
succinic acid beta polymorph
succinic acid beta polymorph
SUCCINATE POLYMORPH*
SUCCINATE POLYMORPH*
SUCCINATE POLYMORPH*
succinic acid beta polymorph
succinic acid beta polymorph
N/A (bad quality reflections)
succinic acid beta polymorph
N/A (bad quality reflections)
SUCCINATE POLYMORPH*
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
SUCCINATE POLYMORPH*
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
SUCCINATE POLYMORPH*
N/A (bad quality reflections)
SUCCINATE POLYMORPH*
SUCCINATE POLYMORPH*
succinic acid beta polymorph
succinic acid beta polymorph
succinic acid beta polymorph
SUCCINATE POLYMORPH*
SUCCINATE POLYMORPH*

The impossibility to reproduce the gamma polymorph through the above-described experiments
confirmed that its isolation was serendipitous and that this appears to be a case of “disappearing”
polymorph.122
Succinic acid represents a biologically accepted compound that have been largely used for
cocrystallisation experiments in the attempt to create cocrystals and salts. In this sense, the
Cambridge Structural Database contains many crystal structures in which this compound is
included in its neutral or charged state. In fact, succinic acid is a polyprotic acid containing two
carboxylic functionalities at both terminal of its molecule and for this reason it can exist in different
protonation states, according to the properties of the surrounding chemical environment (Figure
69):
-

neutral state, in which both terminal carboxylic acids are protonated (Figure 69a)

-

mono-basic state, in which the molecule has just one protonated terminal and a negative
charge (Figure 69b)
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-

di-basic state, in which both terminals are deprotonated and the molecules has a double
negative charge (Figure 69c)

Based on this observation, a clustering analysis was performed to investigate the molecular
conformations of succinic acid in the different crystals contained in the Cambridge Structural
Database. Such investigation was performed to have an overview on the conformational
behaviour of this acid when involved in structures with different properties. In fact, having the
possibility to exist in different electronic states, succinic can generate multiple systems. Based on
the classification shown in Section 1.3, succinic acid can be involved in the formation of cocrystals
when in its neutral, or salts when the molecule is in the anionic state. The latter can be then
divided into hemi-succinates, when the molecule has one negative charge (mono-basic), and
succinates when the acid is completely deprotonated at both terminal carboxylic acids (two
negative charges).

Figure 69 - Different protonation states of succinic acid.

The cluster analysis was performed using dSNAP123 and carrying out three different analysis
based on the different protonation state of the succinic acid molecule. Appendix G contains
additional information about the different parameters and options used to design the queries and
analyses.
Firstly, a CSD search was conducted to retrieve all the structures containing succinic acid in its
neutral state. This resulted in 143 hits containing both cocrystals and the polymorphic (alpha and
beta) forms of succinic acid. A manual refinement was then performed to eliminate any possible
multiple instance of the same hit. The remaining results were used along with the new γ
polymorph for the real cluster analysis. Figure 70 shows the outcome of the investigation: each
structure is represented by its refcode on the x-axis, while the tie-line denote the level of similarity.
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Figure 70 - Dendogram showing the conformational clustering analysis of CSD structures containing fully
protonated molecules of succinic acid. The novel gamma polymorph is labelled as +UCACPL2. The alpha
(+SUCA07) and the beta (+SUCA11) forms are both contained in the big red cluster.

The results of the clustering analysis for crystal structures containing the non-ionic form of
succinic acid show that two main conformations can be identified:
-

planar conformation: represented by the red and cyan cluster (Figure 71)

-

folded conformation: represented by the yellow, green and blue cluster (Figure 72)

Figure 71 - Molecular conformation overlay of succinic acid molecules in crystal contained in the red (left)
and cyan cluster (right).
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Figure 72 - Molecular conformation overlay of folded molecules of succinic acid contained in the structures
of the yellow (left), green (centre) and blue (right) clusters.

The subdivision of the two possible conformations in sub-families can be explained with the
relative position of the carboxylic functionalities. Such differences can be easily visualised
comparing the molecular structure of the component of each sub-group. For instance, Figure 73
shows the molecular differences between the gamma polymorph, contained in the yellow cluster,
and two other representative structures of the green (refcode: KIJSEC) and blue
(refcode:HELFEL) families. If we consider the relative orientation of the C=O bonds of the
carboxylic functionalities, three different situations can be noted:
-

yellow cluster: the two C=O bond are pointing in opposite direction with respect to the
carbon chain (Figure 73, left)

-

green cluster: the two C=O bonds are pointing towards the same side of the carbon chain
(Figure 73, centre)

-

blue cluster: the two C=O bonds point in opposite directions on the two sides of the carbon
chain, but the orientation of the carboxylate groups is completely different if compared
with the yellow cluster (Figure 73, right)

The magenta cluster contains hits that cannot be visualised using the Multiple Fragment Viewer
option in dSNAP. This is due to the lack of coordinates in the relative structure; nevertheless, a
manual evaluation of the molecular conformation (Figure 74) showed that they can be included
in the yellow cluster.
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Figure 73 - Molecular comparison of three molecules of succinic acid contained in distinct crystal
structures belonging to the three folded conformational sub-families.

Figure 74 - Conformational comparison between the folded molecules of folded sub-families.

A second CSD search was carried out to list all the crystal structures containing the succinic acid
molecules in its mono-protonated state (hemisuccinate anion). 62 hits were obtained, manually
refined to eliminate duplicates and used for the conformational cluster analysis. Figure 75 depicts
the final dendogram with the eight different conformational clusters. As for the previous case, they
can be grouped in two different categories of conformations:
-

planar conformation: red, yellow, green and cyan cluster (Figure 76)

-

folded conformation: blue, magenta and striped orange cluster (Figure 77)

As explained above for the neutral molecules, the main differences between the cluster is
represented by the relative orientations of the C-O bonds of the carboxylic and carboxylate
functionalities.
The new γ polymorphic (labelled as +UCACPL2) is included (due to its high similarity with the
other molecules) in the blue cluster, while the alpha (+SUCAC07) and the beta (+SUCAC11) are
both in the red cluster.
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Figure 75 - Dendogram of the conformational cluster analysis of crystal structures containing hemisuccinate
anions.

Figure 76 - Multifragment 3D visualisation of the red (a), yellow (b), green (c) and cyan (d) clusters (linear
conformations).

Figure 77 - Multifragment 3D visualisation of the blue (a), magenta (b) and striped orange (c) clusters (bent
conformations).
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A third CSD search for succinate anions (molecule with both terminals in the deprotonated state)
resulted in 57 hits. The results of the subsequent conformational cluster analysis are shown in
Figure 78.

Figure 78 - Dendogram depicting the results of the conformational cluster analysis of structures containing
succinate anions.

The five clusters on the right side of the dendogram (Figure 78) represent some data elaboration
error and were manually analysed and grouped as follow:
-

the green (refcode: HIMCOX), blue (NUYRIJ), orange (HIMCOX02) and magenta
(YOTXOV) can be included in the red cluster (linear conformation)

-

the cyan cluster (ROQJUE) has a bent conformation and can be included in the yellow
one (bent conformation)

The analysis of the results show that the planar conformation is the most frequent in the
Cambridge Structural Database with a percentage of occurrence around 89% (Figure 79).
Nevertheless, there are multicomponent systems in which the succinic acid molecule is in its
folded conformation.
Ab initio conformational studies conducted by Prof. Sarah L. Price’s research group at University
College of London showed that the folded conformation of the succinic acid molecule in the novel
gamma polymorph is very similar to the most stable conformation. When the lattice energy (Elatt)
is considered, the Crystal Structure Prediction (CPS) resulted in a wide range of possible
structures between the metastable α form and the β form. Some of this present the molecules in
a non-planar conformation and the gamma polymorph appears to be the second most stable
presumed one.
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Molecular dynamics (MD), well-tempered metadynamics (WTMetaD)124 and Markov state mode
(MSM)125,126 simulations were carried out by Dr Matteo Salvalaglio’s research group at University
College of London to further characterise the conformational behaviour of succinic acid in solution
(water). The result of this investigation showed that the most stable conformation, when both
solute and solvent are included, is the one observed in the gamma polymorph.

Figure 79 - Pie chart showing the occurrence percentages of the planar and folded conformations of succinic
acid molecules and ions in the CSD.
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4.5 UNEXPECTED CYCLISATION OF DIPEPTIDES
In this section, two polymorphs of the cyclic leucine-leucine dipeptides are presented as the
results of the unexpected cyclisation of the linear molecules when crystallised with some solvents
or some cocrystal formers. Despite they do not represent target products of the present project,
such structures have been considered as an important aspect of our project and results will be
used for the preparation of a scientific paper. In fact, they represent an additional outcome that
must be added to the already wide and complex landscape of possible crystal forms that can be
obtained when TFA-peptides are used for crystal engineering experiments.
The two TFA-contaminated leucine di- and tripeptides (with both the amidic and the carboxylic Cterminals) were used for crystallisation experiments using pyridine and its methyl-substituted
derivatives. These experiments were planned to investigate the behaviour of such contaminated
molecules when crystallised in presence of solvent with molecular properties that are different
with respect to those of the previously used ones (i.e. methanol, ethanol, solvent). The idea to
design such investigation arose from the observation that similar experiments were previously
performed using purified leucine tripeptides.56 Such studies resulted in the formation of
multicomponent crystals in which the linear peptides generate the typical multi-layered structure
with inclusions of the solvent molecules. The attempt to reproduce such results lead to the
isolation of two different polymorphic forms of cyclo-Leu-Leu (Figure 80) when the linear Leu-Leu
dipeptides (with both amidic and carboxylic C-terminals) were crystallised using 3- and 4methylpyridine (also known as 2- and 4-picoline, respectively) as solvents.
Similar results were observed in two other cases. The first one was a cocrystallisation experiment
of the Leu-Leu-COOH molecule with 2,4,6-trimethylpyrine (in methanol, through solvent
evaporation. The structure have been named LL:(coll)). Such cocrystal former (solid at room
temperature) was selected after the cyclisation phenomenon was observed with the substituted
pyridine and considering that is a common reagent frequently used in the synthetic procedure for
biological compounds. The second case was a cocrystallisation experiment of the Leu-Leu-NH2
molecule with sodium carbonate (in chloroform, through solvent evaporation. The structure
tructure have been named LLNH2:(NaCarb)) as part of a larger experimental plan prepared for
some students.
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Figure 80 - Unexpected cyclisation of the linear Leu-Leu dipeptides.

A combined search by using Reaxys127 and the Cambridge Structural Database resulted in 61
crystal structures (see appendix H). It is important to highlight none of them contains the cyclic LLeu-L-Leu molecule. In most of the cases, such compounds were obtained through different
chemical procedures or well-established synthetic protocols. In many cases, they were also
purchased from different suppliers as crude materials for crystallisation studies or as starting
compound for further synthetic protocols aiming to the synthesis of derivatives. The three
structures with refcodes, NIWPUF128, GEJCOO129 and FUPDUP130 contains cyclic molecules of
L-tyrosyl-L-tryptophan (along with dimethylformamide), L-aspartyl-L-alanyl and L-isoleucyl-Lisoleucine dipeptides. Such entries represent the only cases in which they were accidentally
obtained while trying to crystallise the linear molecules: this confirm that the phenomenon
observed in the experiments of this project was already reported for different sequences.
Figure 80b shows the asymmetric units of LLNH2:(3MePy) and LLNH2:(4MePy), the two
polymorphic forms of the cyclo-(Leu-Leu) peptide. Such structures were first isolated when the
TFA-contaminated linear Leu-Leu-NH2 was crystallised through solvent evaporation from 3methylpyridine and 4-methylpyridine respectively. Needle-like crystals were observed in the
crystallisation vials of such experiments and subsequently used for SCXRD analysis and structure
determinations.
The main difference between the two polymorphic forms is represented by the number of
molecules contained in the asymmetric unit: while LLNH2:(3MePy) contains three independent
molecules of the cyclic peptide, LLN 2:(4MePy) has just one. The former crystallises in P1, while
the latter in P212121. Cyclo-(Leu-Leu) is the only component in both and no trifluoroacetate anions
are included in the crystal lattices.
Table 21 shows the unit cell parameters of the two polymorphs initially isolated. Further unit cell
determinations with crystals obtained from other experiments resulted in the formation of
crystalline material with the same data, showing that the cyclisation process occurred multiple
times. These results are included in Table 21.
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Table 21 – Unit cell parameters of the two polymorphic forms of Leu-Leu cyclic peptides.
Polymorphic forms
LLNH2:(3MePy)

LLNH2:(4MePy)

a

6.1769(4) Å

6.0829(4) Å

b

12.2072(8) Å

10.2236(7) Å

c

13.7619(10) Å

22.8516(19) Å

α

75.682(5)º

90º

β

87.164(5)º

90º

γ

87.298(5)º

90º

Volume

Å3

Unit cell parameters

Crystal system
Other structures with similar unit cell
parameters

1003.57

1421.12 Å3

Triclinic

Orthorombic

LL:(4MePy)

LLNH2:(NaCarb)
LL:(3MePy)

100

5.0 CONCLUSIONS
Peptides are molecular entities with important roles in many biological and physiological
processes. In the last decades, the increased interest around this class of compounds is
motivated by a diverse need for biologically active entities across different applications (e.g.
biological dosage forms, agrochemical treatments, etc.). From a crystallographic perspective,
peptides are versatile compounds possessing a wide range of chemical properties and structural
features, depending on the amino acid sequence. This variety is the consequence of the presence
of various amino acidic residues with differently functionalised side chains. Thus, the presence of
many hydrogen bond donors and acceptors represent only one of the aspects that make such
molecules important building blocks for crystal engineering purposes. Despite this immense
potential, the literature reveals a lack of systematic and detailed studies focused on the use of
these molecules for the design of novel materials with improved properties (e.g. solubility, stability
or other important physicochemical properties that might affect, for example, the therapeutic
profile). Additionally, when the modern and efficient techniques for the synthesis of such
compounds are considered (i.e. solid phase peptide synthesis), it is possible to see that
crystallisation studies have always been performed using highly purified products without
considering the possible effect of a common contaminant, such as the trifluoroacetate anion.
Consequently, the extensive cocrystallisation screening performed for this project and the wide
landscape of crystal structures presented in this thesis represent a first in both fields of crystal
engineering and peptide chemistry. The multicomponent systems described in this work offer a
better understanding and additional insights into the crystallisation behaviour and ability of short
peptide sequences.
In fact, for the first time, the experiments performed for the present study were carried out using
TFA-contaminated peptides, in order to investigate the impact and influence of such an impurity
during the cocrystallisation process (used as part of a differential crystallisation strategy). The
presence of such contaminating agent affects different aspects of the experimental procedure.
Firstly, the materials retrieved when slow solvent evaporation experiments are completed is often
represented by an oily product, not suitable for X-ray diffraction. When a solid residue is obtained,
small crystals can be found in different parts of the crystallisation vials along with non-crystalline
material in the form of rubbery and sticky material. The retrieval of crystalline particles suitable for
X-ray analyses is not straightforward since they are often tiny or fragile. When crystals with
suitable dimensions are collected from the vials, their single crystal analyses frequently show low
diffraction profiles with many cases of non-trivial indexing processes during the unit cell
determination. The use of PXRD proved inadequate since the diffractograms obtained are not
reliable due to the presence of amorphous material combined with a high number of peaks, due
to the different phases in the mixtures (due to the various products of the differential crystallisation
pathways). Additionally, the use of the final product for PXRD might also result in the loss of
crystals for further determinations. In many cases it has been observed that different
cocrystallisation performed using the same experimental conditions (e.g. same compounds,
stoichiometric ratio, condition, etc.) can lead to different crystalline outcomes or even fail with no
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crystalline product at all. Such aspects have an impact on the operational procedure that must be
used for the analyses of the material. For this project, each crystallisation vial was initially
analysed at the microscope to check the presence of crystalline material: once identified, the
different crystals were retrieved and used for unit cell screening and then, when possible, for data
collections. The -CF3 group on the trifluoroacetate anion is a well-known moiety that introduce
disorder in the crystal structure, making the refinement process often complicated. From a
chemical point of view, the strong acidic character of this agent can impact on the final charge of
the peptide molecule.
With regards to the purification-through-cocrystallisation concept idea, the numerous structures
obtained during the screening show that differential pathways are normally established during the
crystallisation experiments: these can lead to the formation of a wide variety of crystalline
outcomes with variable compositions and combinations of the different entities involved in the
process (i.e. peptide, coformer, trifluoroacetate anions and solvent/moisture). Moreover, the TFAfree structures described in Section 4.1 confirm the proof of concept for a synchronised
purification+crystallisation single step reaction as an alternative to the routinely performed
chromatographic techniques and ion exchange reactions (always resulting in consistent loss in
peptide yields).
When the structures are analysed from a crystallographic point of view, it is possible to
demonstrate that the leucine-based peptides can self-assemble in many ways, generating
scaffoldings with different properties. For example, as demonstrated by the TFA-free
multicomponent systems in Section 4.1, the channels contained in the hydrophobic layers can
vary in dimension, with the possibility to host a variable number of cocrystal former molecules.
Such organisational flexibility can be further highlighted when the TFA-contaminated complexes
are considered. In this case, the dipeptides showed an unexpected high degree of versatility in
terms of three-dimensional arrangement. In fact, if the undulated sheets of LLNH 2:H2O and
LLNH2:Pyd(x4) represent a variation of the typical multi-layered assembly, the column-like
structure in LL:Pyd represent a typology of packing that was never reported before for short
hydrophobic peptides. This aspect is an interesting feature that can be exploited for the generation
of inclusion compounds in which the peptide plays the role of the guest entity generating the
three-dimensional architecture hosting a second molecule. In this sense, short hydrophobic
peptides can be also considered as potential coformers to be used for the design of
multicomponent crystals in which the active ingredient will be hosted in the voids.
The hydrophilic nanotube structure obtained using 4-dimethylaminopyridine as cocrystal former
(LLhex) is another demonstration of the highly versatile organisational ability of these short
peptides. Similar structures were previously reported for other amino acidic sequences but, as for
the columns of LL:Pyd, it was never encountered for the Leu-Leu dipeptide. Considering that
previously reported experiments were performed using TFA-free peptides, the presence of an
additional entity with a strong character (trifluoroacetate anion) might represent one of the causes
of such vast landscape of different structures. Nevertheless, the limited number of reported
structures and the presence of only solvated forms in literature show that complex molecules
were not used as cocrystal formers along with short hydrophobic peptides in the past. Thus, it is
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not possible to identify the main agent pushing these molecules to prefer a determinate selfassembling with respect to others. This confirms that the crystallographic behaviour of these short
molecules is not completely explored yet: further experiments must be performed to fully
understand the factors and conditions driving the crystallisation process.
An interesting case is represented by the LL:MeOH solvate. This structure has not been reported
before in the literature, although different alcohol solvated forms could already be found in the
Cambridge Structural Database. This system

was unexpectedly obtained from the

cocrystallisation experiments using the Leu-Leu-COOH dipeptide and pyrazine and it formed
concomitantly with the TFA-contaminated system LL:Pya. Such event is a further proof of the
establishment of differential crystallisation processes resulting in adducts with different
compositions. When the material from this vial was used for a recrystallisation in MeOH, the
crystals obtained where those of LL:Pya2, a multicomponent crystal containing peptide, TFA,
methanol and water. This demonstrate that the complex composition of the crystallisation
environment often leads to the formation of structures that are difficult to reproduce.
All the results obtained during the studies for this project have always been considered as
important and fundamental for a better understanding of the processes involved in the
crystallisation of the peptides. The main example is represented by the long list of TFAcontaminated structures. Within this group, a special mention needs to be reserved for the salts
of DMAP and Imidazole. Such structures are important because these show that the use of
specific cocrystal formers can be exploited to generate trifluoroacetate salts of these, reducing
the amount of contaminate that could possibly be included in the lattice of the multicomponent
system.
The attempt to cocrystallise the Leu-Leu dipeptide with pyridine and its methyl derivatives resulted
in the isolation of two polymorphic forms of diketopiperazine. Such unpredicted events contributed
to enlarge the already vast landscape of cocrystallisation outcomes.
The unexpected isolation of many multicomponent systems with different composition,
stoichiometric ratios and combinations of the different chemicals was followed by the
serendipitous discovery of the gamma polymorph of succinic acid. The impossibility to reproduce
such polymorphic form did not give an answer to the question about the main element leading the
cocrystal former molecule to crystallise in this folded conformation.

6.0 FUTURE WORKS
As shown by different CSD surveys, the crystal structures reported in this thesis represent the
results of the first extensive cocrystallisation screening with freshly synthesised TFAcontaminated short hydrophobic peptides. The wide variety of multicomponent systems highlights
that such molecules can generate structures with a high degree of flexibility in terms of three
dimensional self-assembly. Similar screenings with TFA-free starting materials are necessary to
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investigate any possible difference in terms of crystalline outcomes and to understand whether
such results can be reproduced or not. In fact, a successful replication of these structures will
confirm that peptides are molecules characterised by the ability to create different threedimensional structures. On the other hand, negative results could demonstrate that
trifluoroacetate anions are playing an important role during the crystallisation process.
The successful obtaining of four TFA-free multicomponent crystals represent a proof of concept
for the possible use of cocrystallisation as an alternative method for the direct purification of
products synthesised through solid phase peptide synthesis. Nevertheless, further studies and
experiments are required to fully understand the thermodynamic and kinetic aspects of the
different crystallisation pathways. This will be fundamental for a better understanding of the
differential crystallisation events and to drive the process toward the exclusive formation of TFAfree systems containing the peptide. Appendix H shows the outcomes of a first investigation in
this sense. In fact, a Short Term Scientific Mission funded by the European framework “COST
Action – CM1402 Crystallise’ was used to carry out some experiments at Universite Catholique
de Louvain (Belgium) with the help of Professor Tom Leyssens. The use of a different approach
for the cocrystallisation of a TFA-contaminated Leu-Leu-COOH peptide resulted in the design of
a potential alternative method for the purification of the peptide. Of course, further studies and
experiments are required.
Future works should also focus on peptides with different lengths and compositions. In fact, the
preliminary results obtained with the leucine tripeptides must be developed and further
investigated to observed whether the increase of the chain dimensions (and subsequent
molecular flexibility) will affect the crystallisation behaviour of these molecules. Additionally, the
introduction of amino acids with functionalised side chains (e.g. acids, bases, etc.) is another
important aspect that must be studied in order to extend the concepts of the SynCryst project to
a wider variety of peptidic products.
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APPENDIX A
A1. CSD search for multicomponent crystals of di- and
tripeptides
The CSD search has been performed using the “Draw” option in ConQuest. Different approaches
have been used to optimise the search by changing the way of sketching the molecules. After
various attempts, four molecules have been drawn as shown in Figure 81 representing the
following peptides:
-

dipeptide with amide C-terminal, L-Leu-L-Leu-NH2

-

dipeptide with carboxylic C-terminal, L-Leu-L-Leu-COOH

-

tripeptide with amide C-terminal, L-Leu-L-Leu-L-Leu-NH2

-

tripeptide with carboxylic C-terminal, L-Leu-L-Leu-L-Leu-COOH

Figure 81 - (a) Structures representing the four molecules and (b) search setup used for the CSD search

The only parameters selected for the search setup was the “Only Organics” option to restrict the
search avoiding organometallic coordination complexes.
The resulting hit were manually double-checked eliminating peptides with either the N- or the Cterminal blocked with additional groups and structures containing specific components (along with
the peptide) that are not related with the aim of the search (e.g. cyclodextrins, etc.).
This search has been performed to analyse the different types of compounds for each peptide
previously reported in the structural database. When similar operations are carried out, it is
necessary to set a strict and well-defined way of classification for the different multicomponent
systems: this is a non-trivial operation considering the extended debates about the definition of
each class and the persistent use of undefined terms, sometimes not thorough. Nevertheless, the
hits were categorised according to the following, generally accepted, parameters:
-

hydrates: containing the peptide and variable amounts of molecules of water

-

salts: formed by a peptide in a charged state and a specific counterion

-

solvates: containing the peptidic molecules and a solvent (different from water)

-

hydrated salts: containing the peptide-counterion couple and a variable amount of water
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-

solvated salts: containing the peptide, the counterion and one or more non-aqueous
solvents

-

hydrated solvated salts: containing the salt components and both water and non-aqueous
solvent

-

hydrated solvates: solvates of the peptide containing variable amounts of molecules of
water

-

cocrystals: containing the peptide and a solid (at room temperature) non-charged
cocrystal former

-

hydrated cocrystals: cocrystal of the peptide containing variable amounts of water

-

hydrated solvated cocrystals: cocrystals of the peptide and a coformer with variable
amounts of both water and non-aqueous solvent

When “non-common” components (often synthesised prior to using them as cocrystallising
agents) have been found included in the crystal structures, investigations have been conducted
using SciFinder or Material Safety Data Sheets (from Sigma Aldrich) to establish the melting point
of the substance. This step is necessary because the category in which a specific structure will
be allocated, according to the above listed parameters, will depend from the physical state of the
second component at room temperature.
When a structure with a specific composition and stoichiometric ratio of its components was
represented by multiple hits, only one entry has been selected as representative for that system.
The resulting 344 structures are shown in Table 22. Each structure is represented by its refcode
in the CSD. The four different colours of the refcodes are representative of each peptide: red for
Leu-Leu-Leu-COOH, dark blue for Leu-Leu-Leu-NH2, light blue for Leu-Leu-NH2 and light red for
Leu-Leu-COOH.
The trifluoroacetate salts of dipeptide and tripeptide are shown with the label TFA-Salt in red to
differentiate them from the other since their anion is represented by the contaminant this project
has dealt with.
Table 22 - Refined list containing the multicomponent crystals of di- and tripeptides retrieved from the CSD
database.
Refcode

Type of multicomponent crystal

1

AQOVUX

Salt (hydrochloride)

2

AQOWAE

Salt (hydrochloride)

3

BEVYIL

TFA-Salt solvate (propanol)

4

BIBRUZ

Salt (hydrochloride)

5

CALXES10

only peptide

6

CALXES20

Hydrate

7

COPBIS

only peptide

8

CUWRUH

Hydrate

9

DIRPUP

Hydrate

10

DLEUGG

only peptide

11

DUCMAQ

Hydrated solvate (isopropanol)

12

DUCMEU

Solvate (DMF)
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13

DVLTLV10

Hydrate

14

FABXUV

only peptide

15

FIZWIU

only peptide

16

FIZWOA

Hydrate

17

FIZXER

Hydrated solvate (methanol)

18

FOMPUS

Hydrate

19

FONNAX

Salt (dibromide)

20

FUDFUF

Hydrated salt (hydrochloride)

21

FUDGAM

Hydrate

22

GABBAM

Hydrated salt (hydrochloride)

23

GADMIH

Hydrated salt (hydrochloride)

24

GERCEL

Salt (hydrochloride)

25

GERCIP

Hydrate

26

GESLUL

Hydrated solvate (DMSO)

27

GGGCAC

Hydrated salt (calcium chloride)

28

GLYLIB

Salt (lithium bromide)

29

GPAGLM

Hydrate

30

HIVZUI

Hydrate

31

IDOTAY

only peptide

32

IWANID

only peptide

33

IWANID01

only peptide

34

JORMEI

Hydrate

35

JORMIM

Hydrate

36

KELYIK

Hydrate

37

KELYOQ

Solvate (ethanol)

38

LTYRGG01

Hydrate

39

PATFAR

Hydrate

40

QAGBIK

Hydrate

41

RELWIO

Hydrated solvate (methanol)

42

SOHFAW

Hydrate

43

TAPYEP

Hydrate

44

TEHJAR

Hydrated solvate (2-propanol)

45

TGLYCY

only peptide

46

TLALAN10

Hydrate

47

VEDFAL

Solvated (methanol, acetonitrile) salt (hydrochloride)

48

VEPDOK

Hydrated salt (hydrochloride)

49

VISSAR

Hydrated solvated (acetic acid, 2-propanol) salt (acetate)

50

VOHFAA

Hydrated solvate (methanol)

51

VUNFEQ

Hydrate

52

VUNFIU

only peptide

53

WIRNIU

only peptide

54

XEPZAU

Solvated (ethanol) TFA-Salt

55

YAZNIW

Hydrate

56

YIMWOH

Solvate (pyridine)

57

YIMWUN

Hydrated solvate (2-picoline)

58

YIMXAU

Solvate (3-picoline)

59

YIMXEY

Hydrated solvate (4-picoline)

60

ZZZBVJ

only peptide
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61

ZZZIFQ

only peptide

62

ZZZNXY

Hydrate

63

ZZZPTQ

Hydrate

64

ZZZTMA

only peptide

65

KEYSUD

Hydrate

66

BEFYER

Hydrated salt (hydrochloride)

67

BEFYIV

Hydrated salt (hydrochloride)

68

BEFYOB

Salt (hydrochloride)

69

BEFYUH

Salt (hydrochloride)

70

BEJPEM

Hydrated salt (hydrochloride)

71

XAMFOG

Hydrated salt (hydrochloride)

72

XAMFUM

Hydrate

73

only peptide

74

ALAALA
ALAGLY

75

ALALHC

Salt (hydrochloride)

76

ALAGLY

Hydrated salt (lithium bromide)

77

ALPALC10

Hydrate salt (hydrochloride)

78

AQAROZ

only peptide

79

AQARUF

only peptide

80

AQASAM

Hydrate

81

AQASEQ

Hydrate

82

AQASIU

Hydrate

83

ASPGLY

Hydrate

84

BAPBEZ

Hydrate

85

BELCUQ

only peptide

86

BEQJAJ

Hydrate

87

BEQJEN

Hydrate

88

BERVOJ

Salt (hydrochlorate)

89

BEVXEV

Salt (hydrochloride)

90

BIBVOX

Hydrate

91

BIHWEV

Salt (ammonium)

92

BOFZOL

only peptide

93

BUDXUT

Hydrate

94

BUHGIU

Hydrate

95

BURLIJ

only peptide

96

BURLOP

only peptide

97

CAQTOD

Solvate (2-propanol)

98

CAXNUK

Hydrate

99

CAZGOA

Hydrated TFA-salt

100

CEFGOJ

Hydrate

101

CELTAO

Hydrate

102

CIHNUC

Hydrate

103

CIJGUX

only peptide

104

COCGEG

Solvate (isopropanol)

105

COCGIK

Solvate (isopropanol)

106

COCGOQ

Hydrated solvate (isopropanol)

107

CYGNAI

Salt (sodium iodide)

108

DEZQOO

Hydrate

only peptide
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109

DGLYCH

Hydrate

110

DIYZEQ

Hydrate

111

DIYZIU

Hydrate

112

DITZOA

Hydrate

113

DUHKEW

Hydrate

114

EFIFOO

Hydrate

115

EFUCIS

Hydrate

116

EMIPAR

Hydrate

117

EPATUM

only peptide

118

ETITUW

Hydrate

119

ETIWIN

Hydrate

120

ETONIK

Hydrate

121

EWOVAN

only peptide

122

EYIVAJ

only peptide

123

EYUZON

Hydrate

124

FABYEM

only peptide

125

FEFYUM

Hydrate

126

FEHPAK

Cocrystal (benzyl-methyl sulfoxide)

127

FOBLUE

Hydrate

128

FOBXAW

Hydrate

129

FUJZUF

Hydrate

130

FULGEY

Hydrate

131

FUMTAI

only peptide

132

FUPFAX

Hydrated salt (hydrochloride)

133

GAGFIG

only peptide

134

GAGFOM

only peptide

135

GAGFUS

only peptide

136

GAGPAI

only peptide

137

GAGPEM

only peptide

138

GAGPIQ

only peptide

139

GAGPOW

only peptide

140

GAGPUC

only peptide

141

GAGQAJ

only peptide

142

GAGQEN

only peptide

143

GASWEC

Salt (acetate)

144

GEHTAP

Hydrate

145

GLCICH

Hydrated salt (hydrochloride)

146

GLDLPA

only peptide

147

GLLACH

Hydrated salt (hydrochloride)

148

GLLASP

only peptide

149

GLTHRE

Hydrate

150

GLTLYR01

Hydrate

151

GLTRDH

Hydrate

152

GLTYCH

Hydrated salt (hydrochloride)

153

GLUGLY

only peptide

154

GLYALA

Salt (hydrochloride)

155

GLYALB

only peptide

156

GLYANB01

only peptide
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157

GLYDLA

only peptide

158

GLYGCA

Salt (calcium dichloride)

159

GLYGLB

Salt (lithium bromide)

160

GLYGLP

Hydrated salt (phosphate)

161

GLYGLY

only peptide

162

GLYLEU10

only peptide

163

GLYPHE

Hydrated salt (hydrochloride)

164

GLYTRE

Hydrate

165

GOJHIW

only peptide

166

GPABRS

Salt (p-bromobenzensulfonate)

167

GPALTS

Salt (p-toluensulfonate)

168

GUFQON

only peptide

169

GUKVUD

only peptide

170

HARLEU

Solvate (THF)

171

HEGLOV

only peptide

172

HEGLUB

only peptide

173

HEGMAI

only peptide

174

HEGMEM

only peptide

175

HIBBEZ

Salt (1,5-naphthalenedisulfonate)

176

HIBBID

Hydrated salt (2,4-dinitrobenzensulfonate)

177

HIBBOJ

Salt (1,5-naphthalenedisulfonate)

178

HIBBUP

Hydrated salt (2,6-naphthalenedsulfonate)

179

HIQWAF

Solvate (2-methyl-1-propanol)

180

HIZCOJ

Hydrate

181

HIZCUP

Hydrate

182

HUZVON

Solvate (DMF)

183

HUZVUT

Cocrystal (acetamide)

184

HUZWAA

Solvate (N,N-dimethylacetamide)

185

IDUZOW

Hydrate

186

IDUZUC

Hydrate

187

HIFABAS

Hydrate

188

IFABEW

Hydrate

189

IKOMOM

Solvate (2,2,2-trifluoroethanol)

190

ITOBEA

only peptide

191

ITOBIE

TFA-Salt

192

ITOBOK

Hydrated TFA-Salt

193

JAXBUG

Solvate (acetonitrile)

194

JAYFOF

only peptide

195

JAZBOC

only peptide

196

JOQLEI

Hydrate

197

JOQLIM

Solvate (methanol)

198

JORKUW

only peptide

199

JUCSEF

Solvate (isopropanol)

200

JUKMEH

only peptide

201

JUKMIL

Salt (p-toluensulfonate)

202

JUKMOR

only peptide

203

JUQQIV

Solvate (ethanol)

204

JUQQOB

Solvate (propanol)
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205

JUQQUH

Solvate (2-propanol)

206

JUQRAO

Solvate (1-propanol, 2-propanol)

207

KETXIR

only peptide

208

KIXBID

Hydrate

209

KIXBOJ

Hydrate

210

KIXBUP

Hydrate

211

KIXCAW

Hydrate

212

KIYHOP

only peptide

213

LABSOW

Salt (phosphite)

214

LABCBAS

Hydrated salt (hemisuccinate)

215

LALLSE

Hydrate

216

LAMDEK

Hydrate

217

LEUGLY

Salt (bromide)

218

LOJFUM

Hydrate

219

MAPKOE

only peptide

220

MAVTAE

Solvate (methyl lactate)

221

MAVTEI

Solvate (ethyl lactate)

222

MAVTIM

Hydrated solvated (methanol) cocrystal (pantolactone)

223

MAVTOS

Solvate (methyl-2-hydroxy valerate, methanol)

224

MAVTUY

Solvate (methyl-2-hydroxyhexanoate, methanol)

225

MAVVEK

Hydrated cocrystal (methyl mandelate)

226

MAVVIO

Hydrated solvate (methyl-2-hydroxy-methyl butyrate, methanol)

227

MAVVOU

Solvate (methyl-2-hydroxy-methyl butyrate)

228

MAZXUH

Hydrate

229

MAZYAO

only peptide

230

MAZYES

Hydrate

231

MOBYAD

Hydrate

232

MOBYEH

Hydrate

233

NAFZID

Hydrate

234

NAYJOM

Hydrate

235

NAYZET

Hydrated solvate (acetonitrile)

236

NAYZIV

Solvate (acetonitrile)

237

NIKPOO

only peptide

238

NOTSEU

Cocrystal (ethyl-phenyl sulfoxide)

239

ODOBAK

Hydrate

240

OJECEN

only peptide

241

OKOZAQ

Solvate (methyl-phenyl sulfoxide)

242

OKOZEU

Solvate (methyl 3,4-dimethylphenyl sulfoxide)

243

OKOZIY

Solvate (methyl o-tolyl sulfoxide)

244

OLOBOG

Salt (oxalate)

245

OLOGEB

only peptide

246

OREVAK

Hydrate

247

PAJFIQ

only peptide

248

PAJPUM

Hydrate

249

POTPET

Hydrate

250

POXCUA

Hydrated salt (1-phenylammonium)

251

PPHALM

Salt (bromide)

252

QIMBUJ

Hydrate
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253

QQQEVJ

only peptide

254

QUDZEU

Hydrated salt (oxalate)

255

QUDZIY

Hydrated salt (oxalate)

256

QUWYUD

Hydrate

257

RAVMAC

Salt (hydrochloride)

258

RAVMOQ

Hydrate

259

RAVZAQ

only peptide

260

RAVZEU

Hydrate

261

RAVZIY

Hydrate

262

RAVZOE

Hydrate

263

RAVZUK

only peptide

264

RAWBAT

Hydrated solvate (ethanol)

265

RILQAG

Hydrate

266

RUGHIK

Solvate (THF)

267

RUGHOQ

Solvate (2-methylprop-2-enol)

268

SAMWOT

Cocrystal (4-fluorobenzyl)methyl sulfoxide

269

SAMWUZ

Cocrystal (4-bromobenzyl)methyl sulfoxide

270

SAMZAG

Cocrystal (4-iodobenzyl)methyl sulfoxide

271

SBLCYS

only peptide

272

SEGYOS

Salt (acetate)

273

SERGLY

only peptide

274

SEYWAU

Salt (hydrochloride)

275

SEYWEY

Hydrate

276

SOJPAI

Hydrate

277

SUWLIF

Solvate (methanol)

278

SUWLOL

Solvate (ethanol)

279

TARKUT

only peptide

280

TEJGAQ

Hydrated salt (hydrochloride)

281

TEKNAY

Hydrate

282

TELVOV

Solvate (DMSO)

283

TIPTOB

only peptide

284

TIPTUH

only peptide

285

TIQHEG

Salt (hydrochloride)

286

UPUVOR

Solvate (ethanol)

287

UPUVUX

Solvate (butan-2-ol)

288

UPUWAE

Solvate (propan-2-ol)

289

UPUWEI

Solvate (cyclohexanol)

290

VEVGOS

Hydrate

291

VIFFEW

only peptide

292

VIKVUJ

Hydrate

293

VUZBAT

Hydrate

294

VUZBIB

Hydrate

295

WADWED

Hydrate

296

WADWIH

Hydrate

297

WADWUT

only peptide

298

WADXAA

Hydrate

299

WADXIJ

Hydrate

300

WASPOV

Hydrate
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301

WEVRUL

Hydrated salt (oxalate)

302

WEVWOK

only peptide

303

WILTIV

only peptide

304

WILTOB

Solvate (diethyl sulfoxide)

305

WINZEZ

Solvate (DMSO)

306

WIRYEB

only peptide

307

WISJOX

Hydrated salt (hydrochloride)

308

XEGHOG

only peptide

309

XEGNAY

only peptide

310

XEJQOS

Cocrystal (benzyl-methyl sulfoxide)

311

XOSHOC

only peptide

312

XOSHUI

Hydrate

313

XUDVIB

Solvate (acetonitrile)

314

XUDVOH

only peptide

315

XUDVUN

Solvate (methanol)

316

XUDWAU

Hydrated solvate (isopropanol)

317

YAGZEM

Salt (nitrate)

318

YAGZIQ

Hydrated solvated (acetonitrile) salt (nitrate)

319

YAGZOW

Hydrate

320

YAGZUC

Salt (ammonium)

321

YAMHUP

Hydrated salt (acetate)

322

YICGUM

Hydrated solvated (acetic acid) salt (acetate)

323

YODYAR

Salt (trichloroacetate)

324

YORPEA

Solvate (DMSO)

325

ZEFZAL

only peptide

326

ZILDON

Hydrate

327

ZZZBVG

only peptide

328

ZZZDXM

Hydrate

329

ZZZEHC

only peptide

330

ZZZEJA

Hydrate

331

ZZZEZC

Hydrate

332

ZZZIPQ

Hydrated salt (bromide)

333

ZZZIVA

Hydrated salt (hydrochloride)

334

ZZZKEU

Hydrated salt (bromide)

335

ZZZLES

only peptide

336

ZZZMMA

only peptide

337

ZZZMRA

only peptide

338

ZZZMSE

only peptide

339

ZZZQXO

Salt (bromide)

340

ZZZRVA

Hydrate

341

ZZZSAQ

Hydrate

342

ZZZSRM

Hydrate

343

ZZZTDC

only peptide

344

ZZZUJP

only peptide
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A2. CSD search for TFA-contaminated peptides
The CSD search for TFA-contaminated structures of peptides was conducted using two different
queries (Figure 82):
a) peptide molecules have been retrieved using the “Peptide builder” option (Figure 82a). The
option “Any” has been selected to obtain all the crystal structures containing any kind of peptidic
molecule or its derivative.
b) structures containing the trifluoroacetate anions have been obtained by using the “Draw” tool
(Figure 82b).

Figure 82 - Queries building set up used for the CSD search of peptides (a) contaminated by TFA (b).

The two distinct queries have been combined using the “Combine queries” > “Find entries that:
must have” option on Conquest. The search resulted in eighteen hits: the entry identified by the
refcode EDOCIK01 was not included in the list of the final structures (shown in the Table 3,
Section 1.4.1).

A3. CSD search for Leucine di- and tripeptides
The CSD search for leucine di- and tripeptides was conducted by drawing the molecules of the
peptides as shown in section A1 of this appendix. The only difference in the drawing is the
presence of the isobutyl side chains on the chiral carbon atoms. Entries were manually checked
to remove any structure containing derivatives (e.g. blocked N-terminals, blocked C-terminals,
etc).
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APPENDIX B
B1. Materials Solid Phase Peptide Synthesis
B1.1 Resins
Table 23 - Resin used for the SPPS protocol.

Name

Chemical Structure

Loading

Supplier

Fmoc Rink
amide AM
resin

Iris Biotech
GmBH

2-Chlorotrityl
Chloride resin

Iris Biotech
GmBH

B1.2 Fmoc N-protected amino acids
Table 24 - Fmoc N-protected amino acid used for the synthesis of di- and tripeptides.

Name

Fmoc-Leu-OH

Chemical Structure

Supplier

Merck Millipore
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B1.3 Reagents
Table 25 - Reagents used for the SPPS protocol.

Name

Chemical Structure

1[bis(dimethylamino)methylen
e]-1H-1,2,3-triazolo[4,5b]pyridinium 3-oxid
hexafluorophosphate
(HATU)

Purity

Supplier

98%

Fluorochem

N,N-diisopropylethylamine
(DIPEA)

Piperidine

Rathburn

Triisopropylsilane (TIS)

Trifluoroacetic acid (TFA)

98%

Fluorochem

Peptide
grade

Fluorochem

B1.4 Solvents
DCM and DMF represent common solvents routinely used during the different steps of the SPPS
procedure. Diethyl ether is used to wash the resin before the final cleavage. Such washings allow
the complete removal of all residual traces of solvent from the solid support, making it dry and
ready for the cleavage.
Table 26 - Solvents used for the Fmoc Solid Phase Peptide Synthesis.

Name

Chemical Structure

Purity

Dichloromethane (DCM)
Diethyl ether

Dimethylformamide (DMF)

Supplier
Fisher

>99%

Fisher

Alfa Aesar
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B2. Materials for Crystallisation/Cocrystallisation
B2.1 Solvents
Solvents used for crystallisation experiments are listed in Table B5. The abbreviations in red are
the ones used in the name of the crystal structure presented in this work.
Table 27 - Solvents used for the cocrystallisation screenings.

Name

Chemical Structure

Abbr.

Purity

Supplier

Ethanol

EtOH

HPLC
grade

Fisher

Methanol

MeOH

HPLC
grade

Acros Organics

Pyridine

99+%

Alfa Aesar

2-Methylpyridine

>98%

Tokyo
Chemical
Industries

3-Methylpyridine

3MePy

>98%

Tokyo
Chemical
Industries

4-Methylpyridine

4MePy

98%

Alfa Aesar

B2.2 Cocrystal formers
Coformer used for crystallisation experiments are listed in Table B6. The abbreviation in red is
the one used in the name of the crystal obtained in experiments in which they were used.
Pyridazine and pyrimidine are the only two compounds that are liquid at room temperature.
Nevertheless, they are not included in the “Solvent” section because, when used, they did not
represent the crystallisation solvent. In fact, the peptide was dissolved in the minimum amount of
solvent and then the liquid cocrystal formers were added to the solution.
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Table 28 - Coformers used for the cocrystallisation screenings.

Name

Chemical Structure

Abbr.

Purity

Supplier

99%

Alfa Aesar

>98.0
%

Tokyo
Chemical
Industries

3-Aminobenzamide

98%

Alfa Aesar

4-Aminobenzamide

98+%

Alfa Aesar

98+%

Alfa Aesar

99%

Alfa Aesar

98+%

Alfa Aesar

Adenine

2-Aminobenzamide

3-ABA

2,4,6-Collidine

Cytosine

4(Dimethylamino)pyridine

4-Hydroxybenzamide

DMAP
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2Hydroxybenzhydrazide

98+%

Alfa Aesar

>99%

Sigma Aldrich

Isonicotinamide

>99.0
%

Tokyo
Chemical
Industries

(R)-(-)-Mandelic acid

98%

Alfa Aesar

Nicotinamide

>99.0
%

Tokyo
Chemical
Industries

5-Nitrobarbituric acid
trihydrate

95%

Alfa Aesar

trans-2-Nitrocinnamic
acid

98%

Alfa Aesar

3-Nitrocinnamic acid,
predominantly trans

98%

Alfa Aesar

Imidazole

Imi
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trans-4-Nitrocinnamic
acid

98%

Alfa Aesar

2-Nitrophenol

>98.0
%

Tokyo
Chemical
Industries

3-Nitrophenol

98+%

Alfa Aesar

4-Nitrophenol

>99.0
%

Tokyo
Chemical
Industries

Oxalic Acid anhydrous

98%

Alfa Aesar

Phthalamic acid

99%

Alfa Aesar

Purine

95%

Fluorochem

Pyrazine

Pya

98%

Alfa Aesar

1H-Pyrazole

1HPyz

98%

Alfa Aesar

Pyridazine [liquid]

Pyd

98+%

Alfa Aesar
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PyNO
x

Pyridine N-Oxide

95%

Alfa Aesar

99%

Alfa Aesar

NaCar

>99.5
%

Sigma Aldrich

SA

>99.0
%

Tokyo
Chemical
Industries

o-Sulfobenzimide
(Saccharin)

>99.0
%

Tokyo
Chemical
Industries

Thymine

98.00
%

Tokyo
Chemical
Industries

Pyrimidine [liquid]

Sodium Carbonate

Na2CO3

Succinic acid

B2.3 Other chemicals for crystallisation experiments
Mono-methyl hydrogen succinate, the ester of succinic acid, used in experiments for the
reproduction of the new gamma polymorph.
Table 29 -Mono-methyl hydrogen succinate used for the SAE experiments (Section 4.4)

Name
mono-Methyl hydrogen
succinate

Chemical Structure

Abbr.

Purity

Supplier

SAE

95%

Sigma Aldrich
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APPENDIX C
C1. Set-up and experimental procedure for the manual synthesis
of di- and tripeptides through Solid Phase Peptide Synthesis
(SPPS)
In the present section, additional details will be provided to show the standard operational steps
carried out during the synthetic protocol.
For this project, 20 mL Teflon reactors (Activotech) have been used to produce higher quantities
of peptidic material.
Fmoc Rink amide AM resin. The use of this resin allows the preparation of peptides with the
amide functional group at the C-terminal.
Due to the demand of high quantities of peptides for the cocrystallisation screening, different trials
were carried out to understand the most suitable quantity of resin to be used. The main aim was
to maximise the quantity of solid support avoiding any kind of spillage and loss of material during
the reaction (as described below, some of the steps are performed under medium intensity
shaking).
2.5 g of Fmoc Rink amide AM resin were used for the synthesis of both di- and tripeptide of
Leucine. The initial manufacturer loading for this resin is 0.74 mmol/g, meaning that for each gram
of the solid support, 0.74 moles of binding sites (amino functionalities) are available for the
attachment of the first amino acid. Considering the quantity used for this project, the total loading
of the resin was:
2.5 g x 0.74 mmol/g = 1.85 mmol
The resin was placed in the Teflon reactor and a suitable amount of DMF was added to it. The
system was left shaking for 20 minutes to allow the swelling of the solid beads.
The Fmoc Rink amide AM resin reactive site for the coupling of the first amino acid is represented
by an amino group. This functionality is initially protected with an Fmoc protecting group (see
Figure 7 and Table B1), the same usually found on the N-terminal of the amino acids used for the
synthesis. For this reason, the following step is represented by the deprotection of the resin. The
Fmoc is a base labile chemical group and this step is then performed adding a 20% solution of
piperidine in DMF to the reactor. This step is performed in three subsequent steps:
-

2 minutes of reaction (shaking)

-

5 minutes of reaction (shaking)

-

15 minutes of reaction (shaking)

Each step is followed by three washes of the resin with DMF to eliminate the detached Fmoc
groups.
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The resin was deprotected and the reactive amino group was ready for the coupling of the first
amino acid (this will be the amino acid that will have the amide functionality at the C-terminal of
the peptide). The solution for this step is prepared using quantities of reagents (in excess),
calculated according to the total loading of the resin used:
-

Fmoc Leu-OH (amino acid to be coupled):

4 equivalents

-

HATU:

4 equivalents

-

DIPEA:

8 equivalents

Considering that:
-

molecular weight of Fmoc-Leu-OH = 353.41 g/mol

-

molecular weight of HATU = 380. 23 g/mol

-

molecular weight of DIPEA = 130 g/mol

-

density of DIPEA = 0.742 g/mL

the following quantities have been used for the preparation of the reaction mixture:
-

4 x 1.85 mmol x 353.41 mg/mmol = 2.615 g

-

4 x 1.85 mmol x 380.23 mg/mmol = 2.813 g

-

(8 x 1.85 mmol x 130 mg/mmol) / 0.742 mg/μL = 2,582.55 μL = 2.6 mL

The reactive solution has been prepared placing the powder of HATU and Fmoc N-protected
amino acid in a Falcon tube and adding 10 mL of DMF. The suspension was quickly sonicated to
allow the dissolution of the powders and DIPEA was poured in the tube. Once the mixture
appeared as a uniform solution, it was added to the resin in the reactor. The coupling reaction
lasted 3 hours, shaking the reactor.
Once completed, the resin has been washed:
-

3 washed with DMF

-

3 washes with DCM

-

3 washes with DMF

At this stage the reactor contains the resin with the first amino acid (C-terminal) coupled. The Nterminal of this residue is protected by the Fmoc group, thus, the next step is represented by the
its removal with a 20% solution of piperidine, following the same procedure shown above (used
for the deprotection of the resin):
-

2 minutes of reaction (shaking) + 3 washes with DMF

-

5 minutes of reaction (shaking) + 3 washes with DMF

-

15 minutes of reaction (shaking) + 3 washes with DMF

The chain could now undergo the elongation though a second coupling reaction following the
same procedure shown for the attachment of the first amino acid. In fact, now, the next residue
will react with the free N-terminal of the first one, generating the first peptide bond.
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Once the second peptide was added, the leucine dipeptide sequence was completed, while for
the tripeptide and additional deprotection (of the second residue) and coupling (of the third
residue) was needed. Such operations were carried out following always the same procedure and
reaction times.
Once completed, the chains are protected at the N-terminals: for this reason, the final deprotection
is performed using the same procedure seen above. The resin is then washed:
-

3 washes with DMF

-

3 washes with DCM

-

3 washes with DMF

The cleavage of the synthesised peptide represents the final reaction of the SPPS protocol.
Nevertheless, before proceeding with this step, the resin has to be dry and shrunk. Thus, an
“additional washing step” (it is not a proper wash) was performed using diethyl ether.
The cleavage cocktail contains:
-

trifluoroacetic acid (cleavage agent)

-

triisopropylsilane (scavenger)

-

water

Triisopropylsilane (TIS) is used as a scavenger during the cleavage. In fact, this reaction
determines the formation of a reactive carbocation. The presence of TIS, acting as hydride donor,
results in the irreversible conversion of this reactive species into the corresponding hydrocarbon
(Figure 83).

Figure 83 - General mechanism of hydrosilanes acting as hydride donors for electrophilic carbocations.

Once the dry resin was transferred into a 150 mL glass flask, the cleavage cocktail was added.
The cleavage reaction lasted for 3 hours and the flask was shaken every 30 minutes to assure
that all the beads were in touch with the reagents.
After three hours of cleavage, the solution was transferred back in the reactor (previously washed
and cleaned using acetone) for the filtration step. The liquid phase (containing the detached
peptide) was recovered for the following evaporation step. The flask in which the cleavage was
performed has been washed with water various times to recover all the beads.
The filtrated liquid phase (containing the peptide) was evaporated with a rotavapor that is used
specifically for liquids containing TFA. This step allows the elimination of most of the cleavage
cocktail.
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The residue of the evaporation was dissolved using water (and a small amount of acetonitrile to
facilitate the dissolution). Once obtained, the uniform solution was frozen: this operation is
fundamental for the lyophilisation step. The freezing of the liquid phase was obtained spinning
the flask in a mixture of dry ice and acetone, creating a frozen layer of material on the walls. The
container was then connected to the freeze-dryer for 24 hours. All the compounds were not
immediately obtained as solid after a single lyophilisation process. The presence of excess of
TFA result in the obtaining of sticky/oily residues after one single freeze-drying. For this reason,
the process has been repeated 3 times to obtain a flossy material (Figure 84).

Figure 84 - Aspect of the synthesised material (Leu-Leu-COOH) after one (a), two (b), three (c) and four (d)
lyophilisation processes.

The Falcon tubes containing the lyophilised peptides were flushed with argon, sealed with
parafilm and kept at -20 ºC in a freezer to avoid any possible moisture.

2-Chlorotrityl chloride resin. This resin was used for the synthesis of peptides with a carboxylic
acid at the C-terminal. Differently from the Rink amide resin, this solid support does not present
any protecting group at its reactive site and can be used immediately for the coupling of the first
amino acid.
2.5 g of resin were used for the synthesis of both the di- and tripeptide. Considering that the
manufacturer loading of this solid support is 1.60 mmol/g, the initial loading was:
2.5 g x 1.6 mmol/g = 4 mmol
Once weighted and transferred in the 20 mL Teflon reactor, the resin went through the swelling
step in DCM for 30 minutes (shaking the reactor).
The coupling of the first amino acid was performed using a solution containing:
-

4 equivalents of Fmoc Leu-OH

-

8 equivalents of DIPEA

The following quantities of reagent were calculated and used for the preparation of the reactive
mixture:
-

4 x 4 mmol x 353.41 mg/mmol = 5,654 mg = 5.7 g of Fmoc N-protected amino acid

-

(8 x 4 mmol x 130 mg/mmol) / 0.742 mg/ μL = 5,606 μL = 5.6 mL of DIPEA
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The coupling solution was added to the resin in the reactor and the reaction was left overnight,
shaking the reactor.
The resin was then washed with 3 times with DMF and 3 times with DCM. The resin was finally
washed for 3 times with diethyl ether to make it completely dry to facilitate the determination of
the real loading of our resin. The measurements for this calculation were carried out using a
Thermo Scientifics Nanodrop 2000. As shown in Figure 8, Section 1.1.2, the dibenzofulvene
group generated with the removal of the Fmoc group is highly UV absorbent at 301 nm and this
aspect can be used for the determination of the real amount of the first amino acid effectively
coupled to the beads. For such determination two Eppendorf tubes were prepared with:
-

10 mg of the loaded, dry resin

-

a small amount of 20% solution of piperidine in DMF (this will be used as a blank for the
UV measurement)

4 mL of 20% solution of piperidine were added to the vial containing the 10 mg of loaded resin
and the vials were shaken for 40 minutes. The addition of the basic solution to the loaded resin
beads results in the deprotection of the N-terminals of the coupled amino acids and the
detachment of UV absorbing dibenzofulvene (Figure 85).

Figure 85 - Fmoc deprotection of the loaded Leucine amino acid using a 20% piperidine solution in DMF.
Fmoc groups are represented as blue pentagons.

The determination of the absorbance of the solution was measured placing 1 μL and collecting
the absorbance values in triplicate. The average value of the measurement (for both blank and
loaded resin) was used as reference value.
The loading of the 2-CTC resin was calculated applying the Beer-Lambert equation and the final
value resulted to be 0.6 mmol/g.
At this stage, knowing the weight of the dry resin (4 g) and the value of its loading (0.6 mmol/g),
it is possible to calculate the available mmol of reactive sites (this time it is the N-terminals of the
loaded amino acid) for the next coupling reactions:
4 g x 0.6 mmol/g = 2.4 mmol
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When 2-CTC resins are used, the non-coupled reactive sites must be blocked. This operation is
called capping and was performed using a solution containing methanol, DIPEA and DCM in a
1:2:7 ratio for 1 hour.
Once capped, the resin was washed 3 times with DMF, 3 times with DCM and 3 times with DMF.
From now on, the deprotection and coupling steps were carried out following the same procedures
described for the Fmoc Rink amide AM resin.
Once the last amino acid was added and the Fmoc group at the N-terminal of the grown peptide
was removed, the resin was dried with diethyl ether and prepared for the cleavage step (3 hours).
In this case the cleavage cocktail contained:
-

20% TFA

-

5% TIS

-

75% DCM

The following steps (i.e. filtration, evaporation, lyophilisation, storage) were performed following
the same procedures described for the amide resin.
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APPENDIX D
D1. Published paper: “First Steps for the Direct Purification of lLeu-l-Leu Dipeptide through Co-Crystallization”

I Prof Nicholas Blagden hereby declare that the candidate made a substantial contribution to the
results, analysis and writing of the paper.
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D2. Crystallographic data of TFA-free multicomponent crystals
of L-Leu-L-Leu dipeptide
Table 30 - Crystallographic data of TFA-free structures
(LL:3-ABA)
Chemical formula
Mr

C12H24N2O3·C7H8N2O

(LL:1H-Pyz)
C12H24N2O3·C3H4N
2

(LL:MeOH)

(LLhex)

C12H24N2O3·1.5(CH4
C12H24N2O3[+solvent]
O)

380.48

312.41

292.39

244.33

Monoclinic, P21

Monoclinic, P21

Monoclinic, P21

Hexagonal, P61

a (Å)

5.5139 (3)

5.3441 (2)

10.5689 (5)

23.2661 (13)

b (Å)

22.4965 (13)

13.8666 (6)

13.6495 (6)

23.2661 (13)

c (Å)

16.3133 (9)

12.1977 (5)

12.4721 (5)

5.3295 (3)

Crystal system, space
group

α (°)

90

90

90

90

β (°)

92.344 (4)

90.514 (2)

107.003 (2)

90

γ (°)
V (Å3)
Z
-1

m (mm )
Crystal size (mm)
Tmin, Tmax

90

90

90

120

2021.9 (2)

903.87 (6)

1720.58 (13)

2498.4 (3)

4

2

4

6

0.72

0.66

0.69

0.56

0.14 × 0.04 × 0.04

0.49 × 0.27 × 0.08

0.36 × 0.19 × 0.11

0.61 × 0.10 × 0.06

0.676, 0.753

0.542, 0.754

0.606, 0.753

0.531, 0.753

No. of measured
reflections
measured

14809

26545

17122

11658

No. of independent
reflections

7019

3559

3395

2942

No. with [I > 2s(I)]

5347

3395

6054

2109

Rint

0.058

0.054

0.039

0.081

(sin θ/λ)max (Å-1)

0.596

0.617

0.603

0.603

R1[F > 2s(F )]

0.050

0.032

0.045

0.071

wR2(F2)

0.106

0.079

0.122

0.187

S

1.03

1.05

1.07

1.10

No. of reflections

7019

3559

6185

2942

No. of parameters

559

245

422

170

2

2

No. of restraints

17

6

11

5

Δρmax, Δρmin (e Å-3)

0.17, -0.19

0.13, -0.16

0.27, -0.21

0.15, -0.19

Absolute structure
parameter

-0.06 (19)

-0.07 (8)

0.10 (6)

0.1 (3)
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Peptide Cocrystallisation: Multicomponent Crystals of l-Leu-lLeu Dipeptides”

I Prof Nicholas Blagden hereby declare that the candidate made a substantial contribution to the
results, analysis and writing of the paper.
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E1.1 Crystallographic data of TFA-contaminated structures of LLeu-L-Leu dipeptides
Table 31 - Crystallographic data of LLNH2:MeOH and LLNH2:EtOH
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalc g/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3
Flack parameter

LLNH2:MeOH
LLNH2:EtOH
C15H30F3N3O5
C16H32F3N3O5
389.42
403.44
173(2)
173(2)
monoclinic
monoclinic
P21
P21
11.4724(7)
11.0204(8)
7.9334(5)
8.0498(7)
11.5608(8)
12.4869(10)
90
90
103.120(4)
96.231(6)
90
90
1024.74(12)
1101.19(15)
2
2
1.262
1.217
0.957
0.907
416.0
432.0
0.216 × 0.067 × 0.062
0.209 × 0.148 × 0.034
CuKα (λ = 1.54178)
CuKα (λ = 1.54178)
7.852 to 139.48
7.122 to 144.534
-13 ≤ h ≤ 13
-13 ≤ h ≤ 12
-8 ≤ k ≤ 9
-9 ≤ k ≤ 9
-13 ≤ l ≤ 13
-15 ≤ l ≤ 15
13699
19733
3662 [Rint = 0.0766, Rsigma = 0.0598] 4226 [Rint = 0.0908, Rsigma = 0.0770]
3662/8/252
4226/9/295
1.137
1.104
R1 = 0.1053, wR2 = 0.2713
R1 = 0.0694, wR2 = 0.1702
R1 = 0.1124, wR2 = 0.2910
R1 = 0.0722, wR2 = 0.1745
0.79/-0.45
0.47/-0.33
0.45(13)
0.18(10)
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Table 32 - Crystallographic data of LLNH2:1H-Pyz and LLNH2:PyNOx
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3
Flack parameter

PLNH2:1H-Pyz
C15.5H29.5F3N4O4.75
404.93
173(2)
monoclinic
P21
13.8019(5)
24.0495(10)
13.9270(5)
90
111.988(2)
90
4286.5(3)
8
1.255
0.941
1724.0
0.242 × 0.228 × 0.222
CuKα (λ = 1.54178)

PLNH2:PyNOx
C63.5H117F12N13.5O19.5
1609.70
173(2)
monoclinic
P21
13.5926(18)
24.618(3)
13.7987(17)
90
109.635(4)
90
4348.9(10)
2
1.229
0.921
1713.0
0.148 × 0.133 × 0.112
CuKα (λ = 1.54178)

6.844 to 144.378

6.802 to 145.418

-17 ≤ h ≤ 16
-16 ≤ h ≤ 16
-29 ≤ k ≤ 28
-29 ≤ k ≤ 30
-17 ≤ l ≤ 16
-17 ≤ l ≤ 17
61209
63450
16699 [Rint = 0.0353, Rsigma = 0.0329] 16959 [Rint = 0.0615, Rsigma = 0.0564]
16699/48/1146
16959/166/1241
1.027
1.058
R1 = 0.0422, wR2 = 0.1161
R1 = 0.0626, wR2 = 0.1706
R1 = 0.0436, wR2 = 0.1178
R1 = 0.0668, wR2 = 0.1754
0.44/-0.35
0.57/-0.29
0.05(3)
0.10(4)
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Table 33 - Crystallographic data of LLNH2:H2O and LLNH2:Pyd(x4)
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalc g/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3
Flack parameter

LLNH2:H2O
C84H156F18N18O26.4
2182.66
173(2)
monoclinic
P21
12.5942(4)
34.6483(9)
13.6522(3)
90
97.1140(10)
90
5911.5(3)
2
1.226
0.939
2318.0
0.390 × 0.179 × 0.087
CuKα (λ = 1.54178)
5.1 to 145.106

LLNH2:Pyd(x4)
C14.67H26.67F3N3.33O4.33
376.06
173(2)
monoclinic
P21
12.6634(8)
34.874(2)
13.7343(8)
90
95.426(3)
90
6038.2(6)
12
1.241
0.939
2396.0
0.278 × 0.085 × 0.016
CuKα (λ = 1.54178)
5.068 to 133.952

-15 ≤ h ≤ 15
-15 ≤ h ≤ 14, -41 ≤ k ≤ 41, -16 ≤ l ≤ 15
-42 ≤ k ≤ 38
-16 ≤ l ≤ 16
100847
66065
22724 [Rint = 0.0759, Rsigma = 0.0634] 20716 [Rint = 0.0919, Rsigma = 0.0881]
22724/141/1606
20716/55/1286
1.247
1.316
R1 = 0.1001, wR2 = 0.2798
R1 = 0.1401, wR2 = 0.3432
R1 = 0.1091, wR2 = 0.2933
R1 = 0.1671, wR2 = 0.3711
0.76/-0.54
0.70/-0.46
0.11(5)
0.22(9)
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Table 34 - Crystallographic data of LLNH2:Pyd
Identification code
LLNH2:Pyd
Empirical formula
C15.33H27.33F3N3.67O4
Formula weight
384.07
Temperature/K
173(2)
Crystal system
triclinic
Space group
P1
a/Å
12.0432(8)
b/Å
13.5737(8)
c/Å
19.2018(11)
α/°
84.825(3)
β/°
83.917(3)
γ/°
82.024(3)
Volume/Å3
3082.0(3)
Z
6
ρcalc g/cm3
1.242
μ/mm-1
0.923
F(000)
1224.0
Crystal size/mm3
0.289 × 0.075 × 0.034
Radiation
CuKα (λ = 1.54178)
2Θ range for data
4.642 to 144.894
collection/°
Index ranges
-13 ≤ h ≤ 14, -16 ≤ k ≤ 16, -23 ≤ l ≤ 23
Reflections collected
45222
Independent reflections
22162 [Rint = 0.0618, Rsigma = 0.0763]
Data/restraints/parameters
22162/49/1468
Goodness-of-fit on F2
1.028
Final R indexes [I>=2σ (I)]
R1 = 0.0687, wR2 = 0.1817
Final R indexes [all data]
R1 = 0.0765, wR2 = 0.1904
Largest diff. peak/hole / e Å-3
0.68/-0.37
Flack parameter
0.17(7)
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Table 35 - Crystallographic data of LL:Pya and LL:Pya2
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalc g/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3
Flack parameter

LL:Pya
C28H56F3N5O10.5
687.77
173(2)
triclinic
P1
11.5314(9)
13.1759(11)
13.3477(12)
86.714(5)
76.660(4)
89.821(4)
1969.9(3)
2
1.160
0.823
740.0
0.379 × 0.24 × 0.129
CuKα (λ = 1.54178)

LL:Pya2
C26.5H49F3N4O11.5
664.69
173(2)
monoclinic
P21
11.5466(5)
24.4207(11)
13.1200(6)
90
90.149(2)
90
3699.5(3)
4
1.193
0.875
1420.0
0.273 × 0.157 × 0.089
CuKα (λ = 1.54178)

6.72 to 139.458

7.648 to 140.234

-13 ≤ h ≤ 13
-13 ≤ h ≤ 14
-15 ≤ k ≤ 15
-28 ≤ k ≤ 28
-16 ≤ l ≤ 16
-15 ≤ l ≤ 12
33264
19459
13405 [Rint = 0.0775, Rsigma = 0.0815] 12224 [Rint = 0.0612, Rsigma = 0.0703]
13405/73/950
12224/81/837
1.249
2.178
R1 = 0.1318, wR2 = 0.2997
R1 = 0.1416, wR2 = 0.3370
R1 = 0.1587, wR2 = 0.3242
R1 = 0.1559, wR2 = 0.3475
1.00/-0.67
0.75/-0.42
0.17(10)
0.38(13)

162

Table 36 - Crystallographic data of LL:Pyd and LL:Imi
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalc g/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3
Flack parameter

LL:Pyd
C18H29F3N4O5
438.45
173(2)
orthorhombic
P212121
5.9150(3)
14.8931(7)
26.1139(10)
90
90
90
2300.44(18)
4
1.266
0.929
928.0
0.201 × 0.070 × 0.066
CuKα (λ = 1.54178)

LL:Imi
C83H159F3N18O21
1802.27
173(2)
monoclinic
P21
14.7545(8)
24.4333(13)
15.5378(8)
90
110.756(3)
90
5237.9(5)
2
1.143
0.709
1956.0
0.571 × 0.354 × 0.158
CuKα (λ = 1.54178)

6.832 to 136.914

6.082 to 147.354

-7 ≤ h ≤ 6
-18 ≤ h ≤ 18, -30 ≤ k ≤ 30, -19 ≤ l ≤
-17 ≤ k ≤ 17
16
-31 ≤ l ≤ 30
36402
66795
4206 [Rint = 0.1457, Rsigma = 0.0620] 19966 [Rint = 0.0837, Rsigma = 0.0798]
4206/5/290
19966/30/1189
1.116
1.057
R1 = 0.0630, wR2 = 0.1538
R1 = 0.0737, wR2 = 0.1884
R1 = 0.0764, wR2 = 0.1622
R1 = 0.0999, wR2 = 0.2062
0.46/-0.46
0.51/-0.30
0.27(11)
0.07(9)
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Table 37 - Crystallographic data of DMAP+TFA- and Imi+TFAIdentification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalc g/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

DMAP+TFAC9H11F3N2O2
236.20
173(2)
triclinic
P-1
8.3158(5)
8.3852(5)
8.5193(4)
100.183(3)
93.691(3)
115.846(3)
519.45(5)
2
1.510
1.257
244.0
0.286 × 0.165 × 0.126
CuKα (λ = 1.54178)
10.688 to 144.81

DMAP+TFAC5H5F3N2O2
182.11
173(2)
orthorhombic
I212121
9.1391(7)
8.9067(5)
9.0834(5)
90
90
90
739.38(8)
4
1.636
1.569
368.0
0.340 × 0.282 × 0.219
CuKα (λ = 1.54178)
13.744 to 152.218

-10 ≤ h ≤ 9
-10 ≤ h ≤ 10
-10 ≤ k ≤ 10
-10 ≤ k ≤ 11
-10 ≤ l ≤ 10
-11 ≤ l ≤ 11
6596
3486
2042 [Rint = 0.0389, Rsigma = 0.0384] 743 [Rint = 0.0208, Rsigma = 0.0182]
2042/0/179
743/66/98
1.064
1.060
R1 = 0.0369, wR2 = 0.0964
R1 = 0.0285, wR2 = 0.0767
R1 = 0.0421, wR2 = 0.1001
R1 = 0.0290, wR2 = 0.0772
0.25/-0.20
0.19/-0.16
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E1.2 TFA:DMAP vs KUTBAC.
It is important to note that the TFA:DMAP structure presented in the present work represents a
polymorphic form of a trifluoroacetate salt of 4-(dimethylamino)pyridine previously reported in the
literature and contained in the Cambridge Structural Database with the refcode KUTBAC.131 The
unit cell parameters of the two entities are presented in Table E1.
Table 38 - Unit cell parameters of DMAP+TFA- and KUTBAC.
DMAP+TFA-

KUTBAC

a

8.3158(5) Å

8.427(2) Å

b

8.3852(5) Å

8.595(2) Å

c

8.5193(4) Å

8.524(2) Å

α

100.183(3)º

99.94(2)º

β

93.691(3)º

93.63(2)º

γ

115.846(3)º

116.44(2)º

Volume

519.451Å3

537.596 Å3

Triclinic

Triclinic

P-1

P-1

Unit cell paramets

Crystal system
Space Group

Both structures are characterised by an asymmetric unit containing only one molecule of DMAP
(in its protonated, positively charged form) and one trifluoroacetate anion, interacting through a
charge-assisted bifurcated hydrogen bond. A Search for crystal packing similarities performed
using the CSD-Materials tool in Mercury showed that only 9 of 15 molecules in the crystal
packings of the two structures are in common.
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APPENDIX F
F1.

Hydrogen

bonded

networks

of

previously

reported

structures containing Leu-Leu-Leu-COOH tripeptide.
Structures previously reported in the CSD with the refcodes YIMWOH, WIMWUN, YIMXAU and
YIMXEI show that the two independent molecules of the tripeptides contained in their asymmetric
units generate a hydrogen bonded network that is similar to the one observed for 3L:1H-Pyz. Two
different kind of chains are generated through strong charge assisted head-to-tail bifurcated
interactions involving one of the amino H atoms at the N-terminals and the oxygens of the
adjacent C-terminals (red contacts in Figure 86). Such mono-dimensional arrangements are
interconnected through H-bonds interactions involving both the terminals and the chemical groups
of the internal peptide bonds. Nevertheless, the zwitterionic state of the two molecules does not
allow the generation of the interactions between two C-terminals, previously described in Section
4.3.1 (magenta contact in Figure 53).

Figure 86 -Hydrogen bonded network generating two-dimensional sheets in structures containing Leu-LeuLeu-COOH, previously reported in the CSD. Carbon atoms of the two independent molecules of tripeptide
are differently coloured by symmetry equivalence. Isobutyl side chains are not shown for clarity.

F2. LNH2:(DMAP) – Additional information
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Crystals obtained from the cocrystallisation experiment of Leu-Leu-Leu-NH2 and DMAP were
used for a unit cell determination. The parameters obtained from such SCXRD analysis are shown
in Figure 87.

Figure 87 - Screenshot showing the unit cell parameters of 3L(DMAP).
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APPENDIX G
G1. Published paper: “Serendipitous isolation of a disappearing
conformational

polymorph

of

succinic

acid

challenges

computational polymorph prediction”

I Prof Nicholas Blagden hereby declare that the candidate made a substantial contribution to the
results, analysis and writing of the paper.
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G2. Crystallographic data of the γ-polymorph of succinic acid
Table 39 - Crystallographic data of the gamma polymorph of succinic acid
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalc g/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections
R(int)
Completeness to theta
25.242° 100.0 %
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Largest diff. peak/hole / e Å-3

γ-succinic acid
C4H6O4
118.09
173(2)
Monoclinic
C2/c
5.7015(5)
8.4154(8)
10.3538(8)
90
90.374(3)
90
496.77(7)
4
1.579
0.145
24248
0.143 × 0.077 × 0.023
CuKα (λ = 1.54178)
3.936 to 29.202
-7 ≤ h ≤ 7
-11 ≤ k ≤ 11
-13 ≤ l ≤ 14
11388
671
0.1089
100.0 %
0.7458 and 0.6938
671 / 0 / 40
1.095
R1 = 0.0472, wR2 = 0.0818
0.25/-0.20
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G3. New polymorphic form of mono-methyl hydrogen succinate
vs MESUCC
As explained in Section 4.4, the wide crystallisation experimental plan carried out to attempt the
reproduction of the gamma polymorph of succinic acid resulted in the isolation of a novel structure
of mono-methyl hydrogen succinate. This compound was accidentally generated when
crystallisations of succinic acid were carried out in the presence of different stoichiometric ratios
of TFA (SATFA experiments. Section 4.4). This molecule was accidentally generated through the
esterification of succinic acid (by the methanol) catalysed by the strong acid used in the
experiment (i.e. trifluoroacetic acid).
A crystal structure of the molecule was previously reported in literature (CSD refcode:
MESUCC).132 The unit cell parameters of both this known entity and the new polymorphic form
(deposition code: 1836683) presented in this work are contained in Table 40.
Table 40 – Unit cell parameter of MESUCC and the new polymorphic form
Unit cell paramets

MESUCC

1836683

a

9.768(3) Å

11.3126(5) Å

b

5.688(1) Å

5.5869(3) Å

c

12.411(3) Å

9.6891(4) Å

α

90º

90º

β

111.4º

92.866(2)º

γ

90º

90º

Volume
Crystal system
Space group

Å3

611.608 Å3

Monoclinic

Monoclinic

P21/a

P21/c

642.019

The asymmetric units of both structures are characterised by only one molecule of ester (Figure
88). The molecular conformation of such entities can be described using the C1-C2···C3-C4
torsion angle, previously used to describe the molecules of succinic acid in Section 4.4. This
parameter is almost identical for the two polymorphs, with a value of 68.48º for MESUCC and
68.06º for the new polymorph. Such low values indicate in both cases the molecule is in a folded
conformation with the two functionalities pointing in the same direction (Figure 88b).
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Figure 88 - Asymmetric unit of MESUCC (a) and the new polymorphic form of mono-methyl hydrogen
succinate (b). (c) Molecular overlay of the new polymorph (coloured by elements) and MESUCC (magenta)

In both structures, the molecules of ester self-assemble generating homodimers, through
hydrogen bonded interactions involving the carboxylic functionalities (Figure 89a). The dimers
generated through such interaction are highly similar in arrangement of the molecules and
intermolecular interactions: this can be demonstrated with a structure overlay (Figure 89b).

Figure 89 - (a) Homodimer in the new polymorph of mono-methyl hydrogen succinate. (b) Structural overlay
of the homodimer in the new polymorph (molecules coloured by elements, blue contacts) and MESUCC
(magenta molecules, orange contacts).

The difference between the two polymorphs can be found in the different packing of the
homodimers. This was confirmed by a search for crystal packing similarity performed using the
CSD-material module in Mercury shows that only 11 out of 15 molecules are in common in the
crystal packing of the two structures.
A simplified description of the complex architecture generated by the mono-methyl hydrogen
succinate is here provided. Figure 90 shows the actual arrangement of the dimers of both
MESUCC (magenta molecules) and the new polymorph (black molecules). They flank to each
other generating mono dimensional ribbons running along the direction perpendicular to the page
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(here defined as z-axis). Subsequent strands self-assemble along the x-axis to generate a layer.
Layers stack on top of each other along the y-axis to generate a “multi-layered” structure.

Figure 90 - Three-dimensional arrangement of molecules of mono-methyl hydrogen succinate in both
MESUCC (magenta) and the new polymorphic form (black).

The diversity between the two polymorphic forms lies in the way the dimers are arranged in each
strand of the structure. This feature can be easily visualised considering the relative orientation
of the dimers and the hydrogen bonded interactions involved in their formation. Figure 90
represent an anti-clockwise rotation of the structure previously shown in Figure G3 and contains
the two strands (I and II in Figure 91) lower layer.

Figure 91 - Front (I) and back (II) strands of the lower layer, previously shown in Figure G3.
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These strands are equivalent in both polymorphs. This can be demonstrated by looking at the
directions of the H-bonds generating the dimers. The orange contacts belong to MESUCC
(magenta molecules), while the blue ones are those in the new polymorphic form (black
molecules). It is also possible to note that the direction of the homodimers of mono-methyl
succinic acid are opposite in subsequent strands.
The following layer (composed of strands III and IV) is the one in which the difference between
the two polymorphic form is contained (Figure 92). In this case the orientation of the homodimers
composing the strands of the two polymorphs are not equivalent. In fact, the new polymorphic
form (black molecules) shows an opposite arrangement.

Figure 92 - Front (III) and back (IV) strands of the upper layer, previously shown in Figure G3.
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APPENDIX H
COST Action CM1402 – Short Term Scientific Mission at
Universite Catholique de Louvain
Future works will focus on the understanding of the processes related with the formation of the
different adducts during the cocrystallisation process with TFA-contaminated peptides
synthesised by solid phase peptide synthesis. As a first step towards this direction, an application
for a COST Action Short Term Scientific Mission was made in the last part of the PhD program.
This was successful, and funding was obtained to join Professor Tom Leyssens’ research group
at Universite Catholique de Louvain in Belgium, for two months.
The ambitious objective of this mission was the attempt to generate a possible phase diagram
showing the conditions required to drive the cocrystallisation process towards the formation of
only TFA-free systems. For this reason, cocrystallisation experiments via slurry were initially
carried out using 3-aminobenzamide as cocrystal former, in the attempt to reproduce the
trifluoroacetate-free multicomponent crystal (i.e. LL:3-ABA). The process turned out to be nontrivial, with many hurdles to overcome (e.g. selection of an appropriate solvent for the slurry,
limited amount of material, etc.). Samples obtained through this technique were analysed by
differential scanning calorimetry (DSC) and powder X-ray diffraction but never resulted in the
isolation of material suitable for further investigations.
The attention was then moved and focused on the use of DMAP, another coformer that resulted
in the isolation of a TFA-multicomponent system (LL:hex). Slurries obtained with different
stoichiometric ratio of the Leu-Leu-COOH dipeptide and DMAP (in ethyl acetate) were analysed
by PXRD. Despite the different stoichiometric ratios, the diffractograms of the materials showed
the presence of peaks that are typical of the DMAP+TFA- salt, previously obtained during the
cocrystallisation screening (Figure 92, 93, 94). The diffractograms also show some extra peaks
that cannot be related to either the crude coformer nor to the LLhex structure.
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Figure 93 - PXRD of the slurry with dipeptide:DMAP (1:2 stoichiometric ratio) in cyclohexane (blue), crude
DMAP (red), LL:Hex (green) and the DMAP+TFA- salt (brown).

Figure 94 - PXRD of the slurry with dipeptide:DMAP (1:1 stoichiometric ratio) in cyclohexane (blue), crude
DMAP (red), LL:Hex (green) and the DMAP+TFA- salt (magenta).
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Figure 95 - PXRD of the slurry with dipeptide:DMAP (2:1 stoichiometric ratio) in cyclohexane (blue), crude
DMAP (red), LL:Hex (green) and the DMAP+TFA- salt (magenta).

The results of these experiments were discussed and used for the design of a possible strategy
for the removal of trifluoroacetate anions from the synthesised peptides, using a typical
cocrystallisation approach. A slurry containing TFA-contaminated peptide (Leu-Leu-COOH), 3aminobenzamide (3-ABA) and 4-dimethylamino pyridine (DMAP) was prepared using a 1:1:1
molar ratio and ethyl acetate as solvent. The idea was to exploit the formation of the TFA:DMAP
to reduce the trifluoroacetate bound to the peptide, leaving this one free to cocrystallise with the
3-aminobenzamide.
The experimental procedure consisted of the following step:
-

The initial three-component slurry was filtered to separate the solid material from the
supernatant (operation ‘1’ in Figure 95)

-

The supernatant was left to evaporate (‘b’ in Figure 95)

-

The solid residue underwent five consecutive washes with EtOAc (operations ‘2-6’ in
Figure 95)

-

The liquids of each washing step were left to evaporate (‘d’, ’f’, ’h’, ’l’, ’n’ in Figure 95)
The final solid residue (‘o’ in Figure 95) was dissolved in MeOH (solvent previously used
for the cocrystallisation screening) and then slowly evaporated.

-

The solid residues of the various evaporation processes were analysed to identify the
presence of any possible cocrystal.
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Figure 96 - Graphical representation of the procedure used for the three-component slurry (a). Operation 1
is a simple filtration while operations 2-6 are washings with ethyl acetate.

The material recovered from the evaporation of the initial filtrate (‘b’ in Figure 95) was a
rubbery/sticky residue with an intense yellow colour (Figure 96).
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Figure 97 - Pictures showing the sticky material obtained from the evaporation of the 'b' filtrate.

The PXRD analyses of the materials resulted in a qualitatively poor diffraction: this confirmed the
highly amorphous state of the product.
The evaporation of the first washing liquid ‘d’ lead to the formation of a residue with a similar
rubbery aspect. The material had a lighter yellow colour and showed a slightly more crystalline
aspect when observed at the microscope (Figure 97).

Figure 98 – Residue ‘d’ obtained from the evaporation of the liquids obtained with the first washing.

The material was retrieved and used for a powder X-ray diffraction analysis. The diffractogram
obtained showed a slightly higher crystallinity (Figure 98) of the residue but it was not possible to
use the data for a proper characterisation.
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Figure 99 – PXRD of the material obtained with the evaporation of the ‘d’ washing solution.

When the evaporation of the ‘f’ washing liquid was completed, its inspection at the microscope
(Figure 99) showed the presence of a residue completely different with respect to the previous
ones. In fact, well-defined and shaped crystals (blocks) were formed on the walls of the
crystallisation vials. The colourless material was not enough for a PXRD analysis, but it was
possible to retrieve different crystals for the single crystal determinations.

Figure 100 – Material obtained with the evaporation of the washing liquid ‘f’.
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The unit cell determination of different crystals retrieved from the crystallisation vial resulted
showed that two different kinds of crystals were present:
a) DMAP+TFA- salt (the one previously obtained along with LLhex, when DMAP was used as
cocrystal former in the cocrystallisation screening)
b) a novel three component systems composed of trifluoroacetate anions, 3-aminobenzamide
and 4-dimethylamino pyridine (Figure 100)
Table 32 shows the unit cell parameters of the three-components system.

Figure 101 - Asymmetric unit of the three-component crystal formed by evaporation of the 'f' washing
liquid.

Table 41 – Unit cell parameters of the new three-component system.

a

90.00°

b

110.25°

c

90.00°

α

15.98 Å

β

19.16 Å

γ

19.40 Å

Volume

5574 Å3

Crystal system

Monoclinic P

When the evaporation of the ‘h’ washing liquid was completed, the microscope analysis of the
showed the presence of well-defined blocky crystals on both the walls and the bottom of the
crystallisation vial. As for the previous case, the quantity of material was not enough for powder
diffraction analyses, thus various particles were retrieved and used for SXCRD. The unit cell
determination confirmed the presence of both the DMAP+TFA- salt and the TFA:3-ABA:DMAP
three-component system described above. These results confirmed the initial hypothesis of
DMAP subtracting trifluoroacetate anions for the solid residue at each wash; additionally, the 3187

aminobenzamide cooperates, in this sense, taking part in the formation of the three-component
crystal.
Once evaporated, the ‘l’ washing liquid resulted in the formation of a limited amount of solid
material (Figure 101). The unit cell determination of a few small crystals retrieved from this vial
confirmed the presence of the DMAP+TFA- salt also in this case.

Figure 102 – Visual appearance of the solid residue after the evaporation of the ‘l’ washing liquor.

The evaporation of the fifth washing liquid (i.e. sample ‘n’) resulted in the formation of a thin veil
of material on the walls of the vial. No crystals were detected.
The attention was then moved to the solid residue that underwent five washes (‘o’ residue in
Figure 95). The washing operations resulted in the obtaining of a whitish powder (the initial
residue of the slurry was yellow) shown in Figure 102a.

Figure 103 – (a) Solid residue after five washings with EtOAc. (b) Crystalline material obtained after slow
solvent evaporation of the white residue in MeOH. (c) Needle-like crystal used for SCXRD analysis.

A small amount of this material was then dissolved in MeOH (same solvent used for the
cocrystallisation screening) and slowly evaporated to grow single crystal suitable for X-ray
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diffraction. Due to the small amount of material used for this recrystallisation test, the amount of
product was limited after complete evaporation. The inspection of the vial at the microscope
showed the presence of tiny and fragile crystalline particles on both the walls and the bottom of
the small glass vial (Figure 102b). The material was retrieved and a few needle-likes crystals
(Figure 102c) were mounted on a loop for unit cell determinations. The unit cell parameters (Table
33) correspond to the ones of the hexagonal nanotube structure previously isolated during the
cocrystallisation screening, when 4-dimethylaminopyridine was used as cocrystal former.
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