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GENERAL INTRODUCTION

Chirality and its consequences on the human body has been known for more than one century
and access to enantiomerically pure compounds is essential for obtaining pharmaceutically
active products. Stereoselective crystallization is increasingly employed in the preparation of
enantiopure organic compounds since it offers practical benefits. Within this context, it is
effective to think about methods and techniques based on innovative technologies that enable

the access to enantiopure compounds.

CORE, a four year Marie Sklodowska-Curie Innovative Training Network (ITN)
on Continuous Resolution and Deracemization of Chiral Compounds by Crystallization, brings
together 8 beneficiary partners and 6 associate partners from 6 European countries resulting in
an unparalleled combination of chirality, synthesis and crystallization training and research
covering the areas of Chemical Engineering, Chemistry and Applied Physics.

The CORE network employs 15 Early Stage Researchers (ESRs) on a challenging research-
training programme, which is to be completed with a PhD thesis. The SMS laboratory of the
University of Rouen-Normandie in which | belong is one of the beneficiary partners of this
European project. As one of the ESRs, my main contribution to this CORE project was to
provide experimental methods that enable to identify conglomerates in a large survey of chiral

organic compounds.

This thesis is focused on the development of an experimental method based on the nonlinear
optical phenomenon of second harmonic generation (SHG) to quickly identify conglomerates
rather than racemic compounds or solid solutions. The method should be applicable for various
media and at different temperatures i.e. with the aim of spotting conglomerates (whether stable
or metastable) at the early stages of the crystallization process. In parallel, a second goal of this

research is to investigate the trends of conglomerate formation.
Chapter 1 depicts the properties of the crystalline solid state, the basic notions of heterogenous

equilibria, the different resolution processes of chiral molecules, the principle of nonlinear

techniques as well as basic notions that help their comprehension.

~12 ~


https://www.coreitn.eu/early_stage_researchers.htm

Chapter 2 of the manuscript is dedicated to the development of the experimental method of
detection of conglomerate in suspension based on SHG technique. The in situ SHG technique
is further used to study phase transition between a racemic compound and a conglomerate and

vice-versa.

Chapter 3 is dedicated to the chiral separation by crystallization of a compound of industrial
interests for the associate partners SYNCOM BV of the CORE project: Chlocyphos. The
characterization of the chiral compound chlocyphos, the search and identification of its
conglomerate derivatives and their chiral separation by using preferential crystallization are
successively reported. The elaboration of the binary phase diagram of conglomerate with partial
solid solutions in ethylammonium chlocyphos is also presented in this chapter. Based on this
thorough study of chlocyphos derivatives, some trends of conglomerate formation are also

proposed.

Chapter 4 is the general conclusions that reflect the amount of work that has been generally
accomplished. It particularly summarizes the achievements provided in the two previous
chapters with a critical analysis of the results obtained and of the advantages and drawbacks of
the in situ SHG technique developed herein. Some prospects for future works on the search of
potential candidates for the in situ SHG set-up and the chiral resolution of chlocyphos

conglomerate derivatives will also be considered.
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DEFINITION OF SOME BASIC CONCEPTS USED IN THE
MANUSCRIPT

Chirality

It derives from the Greek work cheir meaning “hand” because, like hands, the molecules and
objects in general are not superimposable with their mirror images.

Chirality is defined as the geometry of a spatial arrangement of atoms being non-
superimposable on its mirror-image.

Enantiomers

If a pair of stereoisomers are non-superimposable mirror images of each other, then they are

enantiomers.

Racemic mixture

An equal mixture of opposite enantiomers is called a racemic mixture. When the racemic

mixture is a solid salt, it can be called a racemate.

Conglomerate

A racemic mixture of crystals, each one of which contains only one of the two enantiomers

present in the racemic mixture (it is a biphasic mixture).

Racemic compound

A single solid phase in which the two enantiomers are present in equal amounts within the

crystal lattice of every particle.

(Complete) Solid solution

A single solid phase in which the two enantiomers are distributed with two complementary

Statistical Occupancy Factor (SOF) within the crystal lattice.
Polymorphism:

Polymorphism is defined as the ability of a substance to crystallize in several crystalline phases
(named as polymorphs) that have different arrangements of the molecules while retaining the
same chemical composition.

A polymorphic transition can be reversible (enantiotropy) or irreversible (monotropy). Two

polymorphs can be enantropically or monotropically related.

Solvation / hydration

A solvate can be defined as a crystalline solid made of molecules of solute and solvent. When
the solvent is water it is commonly called a hydrate. Solvates can be stoichiometric or non-

stoichiometric.
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Binary Eutectic Invariant

A three-phase domain which exists at a fixed temperature, a liquid phase transforms
simultaneously and reversibly into two solid phases. The three phases have definite
compositions and from the eutectic liquid to the two solid phases the transfer of matter is
associated with a negative heat transfer (AH <0).

Binary Eutectoid Invariant

A three-phase domain which exists at a fixed temperature, a solid phase transforms
simultaneously and reversibly into two solid phases. The three phases have definite
compositions and from the single solid phase to the two solid phases the transfer of matter is

associated with a (small) negative heat transfer (AH <0).

Binary Peritectoid Invariant

A three-phase domain which exists at a fixed temperature, a solid phase transforms
simultaneously and reversibly into two solid phases. The three phases have definite
compositions and from the single solid phase to the two solid phases the transfer of matter is

associated with a (small) positive heat transfer (AH >0).

Binary Peritectic Invariant

A three-phase domain which exists at a fixed temperature, a solid phase transforms
simultaneously and reversibly into a saturated liquid phase and a solid phase. The three phases
have definite compositions and from the single solid phase to the two mixtures of the saturated

liquid and solid phases the transfer of matter is associated with a positive heat transfer (AH >0).
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CHAPTER 1: GENERALITIES

In this chapter, we introduce the general concepts necessary for a good understanding of the
present work in terms of properties of the crystalline state of solids, thermodynamic and
heterogeneous equilibria, chirality and thermodynamic chiral systems. Then, we will present
the principles of the different methods of resolution of racemic mixtures to access to their pure
enantiomers. The principle of nonlinear optical techniques and the screening of conglomerate
forming systems using these techniques (second harmonic generation) will be finally described
in this chapter.

PART 1: THE CRYSTALLINE STATE

1.1. CRYSTALLINE STATE OF SOLIDS

The matter (atoms and molecules) can be arranged into three different states: solid, liquid and
gaseous states. In solids and liquids, also referred to as condensed matters, the distance between
adjacent atoms is of the order of a few Angstroms. It means that they contain 10%2-102% atoms
per cm®. This may be compared with a density of about 2.7 x10° molecules per cm? in a gas at
room temperature under 1 atm, corresponding to an average distance of approximately 30 A
between molecules®. Interatomic or intermolecular interactions in the solid state are stronger
than that in the liquid state. Indeed, in solids, atoms/molecules are usually more densely packed
than in liquids. The solid state can be classified structurally into two categories: crystalline
materials with long-range order characterized by the presence of a 3D periodic lattice and
glasses (amorphous solids) with short-range order limited to the first closest neighbours of a
given molecule as in liquids®*.

To illustrate the difference between the two types of solids, a 2D representation of arrangement
of the same compound (SiO) in crystal and glass forms: the molecular arrangement in
crystalline (i) and amorphous (ii) SiO2 is shown in Figure 1.1%.

In this present work, we are essentially interested in crystalline solids and particularly organic
crystalline materials possessing nonlinear optical properties. We shall now discuss somewhat
further the formalisms used to describe periodicity of structure, which is the fundamental
feature of a crystal.
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Figure 1.1. 2D representation of a two-dimensional arrangement of SiO2: (i) crystal form (quartz) and (ii)
amorphous solid (adapted from reference 4).

1.2. THE GROUP THEORY

1.2.1. Unit cell, crystal systems and Bravais lattices

A unit cell is the repeating unit of smallest volume which; when filled up with itself along the
3 directions of space, builds ultimately the crystalline solid. The shape and size of the unit cell
is defined by the cell parameters a, b, ¢ (the magnitude of the translation vectors a, b, and ¢
respectively), «, fand y (the angles between b and c, a and ¢, a and b translation vectors
respectively). The unit cell contains the atoms and molecules necessary to generate the crystal.
A unit cell with its cell parameters is represented in Figure 1.2. Each crystalline solid can be
classified as a member of one of the seven possible crystal systems that are defined by the

constraints or the values of the cell parameters a, b, ¢, &, fand .

I

¥

Figure 1.2: Representation of the unit cell of a crystal lattice with the lengths a, b and ¢ and the angles
o, andy.
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The simplest and most symmetric is the cubic system and has the symmetry of a cube. The
other six systems, in order of decreasing symmetry, are hexagonal, tetragonal, trigonal (also
known as rhombohedral), orthorhombic, monoclinic and triclinic (conditions on cell parameters
in Table 1.1).

Table 1.1: Crystal systems and 14 Bravais lattices

Crystalsystems Orthorhombic

Essential symmetry No planes, no One 2-fold axis 3 mutuallyL2-fold One 3-fold axis  One 4-fold axis One 6-fold axis Four 3-fold
axes Or one plane axes, intersecting or a 4-fold axes
in a 2-fold axis inversion axis
Point group or crystal class lor 1 2;m(= 2);2/m 222, mm2, mmm  3; 3;32;3m; 4; 4m; 4/m; 6; 6;6/m: 23; m3;
3m 4mm; 422; 42m; 6mm; 432; 43m;
4/mmm 622; 6m2; m3m
6/mmm
2 4 8 12 16 24 48
Cell parameters azb#c azb+#c azb#c a=h=c a=b#c a=b#c a=h=c
a#zB#EY#90° a=y=90°#p a=p=y=90° a=B=y#90° a=B=y=90° a=p3=90° a=B=y=
y=120° 90°
Primitive (P) /1 7 ] A 71 i
‘ 1 ‘ ’ .‘L\/ /
— / . S \Y- ......
Base-centered S ‘ ean
N =
Body-centered 1 <17
BIEVETS 0) l
Lattices - ‘
Face-centered v
(F)

Bravais introduced the concept of space-lattice. Simply speaking, Bravais lattice is a set of
points constructed by translating a single point in discrete steps by a set of basis vector (e.g.
lattice modes). Bravais established that in 3D space only four different lattice modes exist.

By combining the four lattice modes and the seven crystal systems, Bravais demonstrated that
14 Bravais lattices can be constructed since, due to symmetry, all lattice modes are not
compatible with each crystal system (see Table 1.1.). All crystalline materials recognised till
now fit in one of these arrangements.

1.2.2. Symmetry and symmetry operations

Here, we focus on symmetry operations consistent with the 7 crystal systems. The only
symmetry operations are rotation, inversion or rotation-inversion. Furthermore, the groups (in

a mathematical sense) containing one or several symmetry elements which leave a point
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unchanged after applying these symmetry operations a finite number of times, are called point
groups.

Q) A crystal is said to possess an n-fold rotation axis when the rotation over 360 °/n
brings the crystal into self-coincidence.

(i) A crystal possesses an inversion centre when for each point located at r relative to
the centre, there exists an identical point located at -r.

(i) A rotation-inversion axis exists when the crystal can be brought into self-
coincidence by a combined rotation and inversion (noted n that is rotation of 360°/n
plus an inversion symmetry).

In particular, the 2 axis corresponds to a mirror symmetry which is noted m (see Table 1.1.).
According to the inherent symmetry of the unit cell of each crystal system, only some point
groups can be assigned to each crystal system. For example; point groups with 6-fold axes
(rotation of 60 °) are possible only for hexagonal lattices (see Table 1.1.). In total 32-point
groups are distributed among the 7 crystal systems (Table 1.1.).

The description of crystal symmetry as summarized in the International Tables of

Crystallography?® specifies two kind of rotation axes and mirror planes: Axes or planes for which
the rotation or mirror is a symmetry of the crystal without an accompanying translation. Such
rotation axes or mirror planes are simple; Axes or planes for which the rotation or mirror is only
a symmetry of the crystal when accompanied by a translation parallel to the axis or plane. Such
rotation axes or mirror planes are called screw axes or glide planes. Two new symmetry
operations i.e. screw axes and glide planes are thus introduced.

(i) Ascrew axis noted ntis a rotation followed by a translation parallel to this axis (nt means
rotation 2n/n + translation of t/n; n and t are integers with t < n). Example: 21 is a
rotation of 180 ° followed by a translation of 1/2 of the shortest crystallographic vector
parallel to the translation.

(i) Glide plane is a mirror symmetry followed by a translation, parallel to the plane, of half
of a basis vector or half of two basis vectors and one quarter of two basis vectors.
Example: footprints of someone walking.

The 14 Bravais lattices + 32 point groups + symmetry operations with translation form the 230

possible space groups®’ in a 3D space.
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1.2.3. Space groups

A space group is a group according to group theory. The symmetry operations (not the
symmetry elements) are the group elements that make up the space group. It is a combination
of point symmetry plus translational symmetry?.

The generally low molecular symmetry of organic compounds often does not permit packings
with molecules occupying special positions enforcing a corresponding symmetry reduction
because molecules strive to attain densest packing possible. The statistics given by Belsky and
co-workers® show that centrosymmetric space groups are predominant, and the most frequent
space group is P21/c. For chiral molecules, which may only adopt one of the 65 Sohncke space
groups, the most frequent is P2:2:2:. Sohncke space groups are the class of space groups that
contains only symmetry operations of the first kind.

A more detail survey is available in the Cambridge Structure Data (CSD). The Space group
frequency ranking for the 986,061 CSD structures for which the space group is fully defined.
From CSD, the space group frequency ranking for January 2019, is summarized as follows in
Table 1.2.

In the CSD, 87.8% of the structure entries crystallize in these common space groups and 22%

adopt non-centrosymmetric space groups in which 16% adopt Sohncke space groups.

Table 1.2: Most common space groups of molecular crystals? in the CSD released in January 2019

Rank | N° Space group | Space group | N° of structures in CSD | % of CSD
1 14 P2i/c 339542 344
2 2 P1 245703 24.9
3 15 C2lc 82346 8.3
4 19 P212121 69645 7.1
5 4 P2; 50570 5.1
6 61 Pbca 32371 3.3
7 33 Pna2; 13570 1.4
8 62 Cc 10292 1.0
9 9 Pnma 10286 1.0
10 1 P1 9493 1.0

a0nly space group accounting for > 1% are given. Non-centrosymmetric space groups are in bold.
The common crystalline forms found for a given drug substance are polymorphs and solvates
and one-third of the stable conglomerates exhibits polymorphism®®!! (i.e. possess different
physicochemical properties). Polymorphism has important commercial and/or industrial
implications in various fields. A solvate can be defined as a crystalline solid made of molecules

of solute and solvent. When the solvent is water it is commonly called a hydrate.
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Solvates also are of great importance in pharmaceutical and food industries since many
compounds are obtained by crystallization from a solvent (leading sometimes to incorporation
of solvent molecule in the crystal structure in stoichiometric or non-stoichiometric proportion).
The stability of a solvate depends on its mechanism of desolvation (temperature, pressure,
energy and RH).

1.3. STRUCTURAL CHARACTERIZATION OF CRYSTALLINE SOLIDS

1.3.1. Principle of X-ray diffraction

The use of X-rays as a tool for investigating the crystal structure was first suggested by von
Laue in 1912 and was later further developed by W. H. and W. L. Bragg*?.

When an electron is interacted with a monochromatic beam of X-ray, the electric field vector
of the radiation forces it to carry out vibrations at a frequency equal to that of the incident beam.
As a consequence of the acceleration of the electron, it will emit radiation of the same
wavelength in all directions. Thus, in an atom, all electrons contribute to the scattering of X-
rays in this way. The intensity of the scattering for a given atom is thus proportional to its
number of electrons.

Let us consider a set of parallel atomic planes of Miller indices (hkl), the distance between
successive planes being dnk. As Bragg postulated, let us assume that an X-ray beam is reflected
by an atomic plane according to Snell’s law (i.e. the incident and reflected beams make the
same angle with the normal plane). From the figure 1.3, we see that the rays 1 and 2 can
reinforce each other in the reflected direction only if their path difference is an integer time the
wavelength L. Furthermore, the path difference for waves reflected by successive planes is

2dnisinG. This is necessary because wave crests are points of equal phase.

A
dth

\ 4

Figure 1.3: Principle of X-ray diffraction: Beams reflected from successive planes
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Thus, the condition for reflection (Bragg condition) from the set of planes under consideration
IS given by
2dnsin®=n A (L.1)

Where n is an integer (0; 1; 2; 3, ....) and indicates the order of reflection, 6 diffraction or Bragg
angle, A is the wavelength of incident beam.

For a given value of n, dna and A, the reflection can be observable only at a particular angle 6.
Therefore, the diffraction is possible only in a particular direction for a set of particular
diffraction planes.

1.3.2. X-ray powder diffraction (XRPD)

X-ray powder diffraction is a non-destructive technique widely used for the characterization of
a variety of crystalline materials. This method has been conventionally used for phase
identification of drug molecule and its polymorphs. However, about 20-30 years ago, the
applications have been extended to the determination of crystal structures. The amount of
information which is possible to extract depends on the nature of the sample microstructure
(crystallite size and texture) and the quality of the experimental data (instrument performances
and counting statistics)'®. Basically, this method involves the diffraction of monochromatic X-
ray by a powdered sample. Usually ‘monochromatic’ means the strong characteristic K
component of the filtered radiation from an X-ray tube operated above the K excitation potential
of the target material. In the powder (Debye-Scherrer) method, the X-ray fall on a mass of tiny
crystals in all orientations, and the diffracted beams of each order h, k, | form a cone. Arcs of
the cones are intercepted by a film surrounding the specimen.

When single crystals are not always available, this method is also suitable for structural
determination of drug substances.

1.3.3. Single Crystal X-Ray Diffraction (SC-XRD)

Single crystal X-ray diffraction is one of the most powerful methods for crystal structure
determination. The X-ray diffraction pattern can be obtained by only one single crystal. The
selected single crystal is mounted on a three-circles goniometer allowing stepwise change in
the orientation of the crystal versus the incident X-ray beam. CCD camera detects each
diffraction directions. An indexation is used to identify the values h, k and | for each diffraction
spot and therefore to determine the space group of the crystal structure via the extinction
conditions. For the refinement, a Fourier transformation of experimental intensities is applied
to determine the electronic density distribution in the unit cell of the direct lattice. SC-XRD is

considered as the best method to derive unambiguously the chemical structure of molecules.
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In the present work, operating conditions for XRPD, SC-XRD and the methods to grow single
crystals are detailed on the chapter 3 and Appendix I.
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PART 2. THERMODYNAMICS AND HETEROGENEOUS EQUILIBRIA

2.1. CRYSTAL GENESIS

The formation of crystalline solids from solution, melt or vapor state, is a process that underlies
natural phenomena (for example rock formation or biomineralization). This process, called
crystallization, refers to the first-order transition from a disordered state to a crystalline state.
Crystallization involves nucleation and growth and plays an important role in industrial
processes, such as the synthesis and purification of drugs.

2.1.1. Precipitation

Precipitation is usually a fast crystallization. It is generally hard to control crystal properties
such as polymorphic structure, crystal morphology, and crystal size distribution®*. The strongly
nonlinear dependence of the nucleation rate on supersaturation combined with the large
variations in this supersaturation explains the difficulty in achieving control over crystal
properties.

2.1.1.1. Supersaturation

Nucleation of the particles takes place when a saturation threshold is reached. Saturation
corresponds to a thermodynamic equilibrium. Nevertheless, it is possible to reach higher
concentrations. Supersaturation is the driving force on crystallization, it is named f

(supersaturation ratio)*® and expressed as given in equation (1. 2).

B=2 (1.2)
Where C is the concentration of the solution and S is the solubility.
A supersaturation ratio greater than one is theoretically enough to induce a crystallization.
Different ways such as evaporation, cooling or anti-solvent addition can be used to create a
supersaturated state. In practice, supersaturation must be at a certain limit called Ostwald
metastable limit!® to induce a spontaneous nucleation and crystallization; if not, the system is
out of equilibrium.
2.1.2. Nucleation
Crystallization begins with the nucleation, a random formation of supercritical clusters of
atoms. Nucleation can be divided in two categories: primary and secondary.
2.1.2.1. Primary nucleation
Primary nucleation is the process in which crystals form spontaneously from a supersaturated
solution or a supercooled melt. It is difficult to observe the actual nucleation process since the

nuclei are too small to be observed with any instrument.
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Small aggregates (nuclei) form and dissolve again in the supersaturated solution. When the
nuclei reach a critical size, they can grow into actual crystals. By assuming that nuclei adopt a
spherical shape of r radius, the free enthalpy variation AGnucleation related to spherical nuclei is
given by the equation (1.3).
AGnucleation = - 4/3nr3Agv+ 4mry (1.3)
Where Agv stands for the volume energy term and y for the interfacial tension (surface energy)
of the crystal.
The free energy of nucleation involves two contribution terms®’:
- Solute/solute interaction energy (volume contribution: stabilizing effect; growth of the
nuclei).
- Solute/solution interaction energy (surface contribution : destabilizing effect:
dissolution of the nuclei).
Figure 1.48 depicts the evolution of the free energy difference of the surface term, the volume

term and the total free energy difference as a function of the radius of the nucleus.

surface energy

radius

»

bulk free energy

Figure 1. 4. Evolution of the free energy of a nucleus function of its radius (adapted from reference 18).

3
When r = rc; d(AGnucleation)/dr = 0; . = AZTY ; AG. = 31(21;()2

(1. 4)

Where rc is the critical radius and AG. is the maximum free energy (energy barrier for
nucleation that nuclei must overcome to start their growth).

When the crystal has a radius smaller than r, it is energetically more favourable for the nucleus

to re-dissolve and for larger sizes than re, the crystal grows.
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As the critical radius is related to a maximum of free energy (AGc), an activation energy is
needed to generate nucleation. Heterogeneous nucleation occurs for lower energy barrier since
the destabilizing crystal/solution surface is reduced for the benefit of solute/foreign surface
interface (foreign surface being impurity, reactor wall, ...).

2.1.2.2. Secondary nucleation

One speaks of secondary nucleation when a supersaturated medium is in contact with an
appropriate surface on which the supersaturated compound can crystallize.

Indeed, when a crystal is submitted to liquid shear stress or collisions (with another crystal or
with the reactor wall...) small parts of the mother crystal are swept away and generate daughter
crystals'®. From a chiral point of view, the secondary nucleation generates daughter crystals of
the same handedness as the mother crystal®.

2.1.3. Growth

Once the critical radius is reached, the nucleus grows into a crystal by organizing and
assembling ions or molecules with specific interaction and bonding at the crystal/solution
interface. Growth processes and grown crystals (size) differ widely and depend on the
roughness (at molecular scale) of the crystal surface. The crystal can grow continuously on
irregular (kinked) surfaces or layer by layer on flat surfaces. In the second case, the growth by
two-dimensional nucleation?! is favoured at high supersaturation, and the spiral growth around
screw dislocations is often observed at moderate supersaturation?>%3. Growth depends in one
hand on extrinsic factors such as, nature of solvent, solubility, temperature and presence of
impurity, and the other hand on intrinsic factors such as crystal structure, nature of the bonds
and defects.

Traditionally, supersaturation, nucleation and growth have often been considered in isolation
with the implicit assumption that one process is essentially complete before the next one begins.
2.2. HETEROGENEOUS EQUILIBRIA AND STABILITY

2.2.1. Phase equilibria

Phase equilibria exist or are being strived for all around us. Most industrial processes are
designed for and operate at equilibrium conditions; even when it is not so; it is important to
know what would happen at equilibrium.

A phase is a homogeneous portion of a system with uniform physical and chemical
characteristics, in principle separable from the rest of the system.

When two phases are brought into contact, they tend to exchange their components until the

composition of each phase attains a constant value; when that state is reached, we say that the
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phases are in equilibrium. The equilibrium composition of two phases are often different from
one another. Phase equilibrium thermodynamics seeks to establish the relations among the
various properties (temperature, pressure and composition) that ultimately prevail when two or
more phases reach a state of equilibrium. The equilibria between phases can be visualized as a
geometrical representation of the stable and metastable heterogeneous equilibria which satisfy
several rules such as Gibbs phase rule. When the system is homogeneous, the unique phase in
equilibrium is always the one with the lowest free energy.
2.2.2. Phase rule
The Phase rule describes the possible number of degrees of freedom in a (closed) system at
equilibrium, in terms of the number of separate phases and the number of chemical constituents
in the system. It was deduced from thermodynamic principles by Josiah Willard Gibbs. The
equation states as equation (1. 5) is known as Gibb’s phase rule?*,
V=C+N-¢ (1.5)
Where V is the variance, the number of intensive variables that can be changed independently
without modifying the state of equilibrium; C is the number of independent constituents; ¢ is
the number of phases present in the equilibrium and N refers to the number of intensive
variables considered (Pressure and Temperature; indeed, N = 2).
The system is: invariant for VV = 0; monovariant for V = 1; bivariant for V=2...
2.2.3. Gibbs free energy
Gibbs free energy is the maximum work that may be done by a system at constant temperature
and pressure. It is a thermodynamic variable (extensive) that was defined in 1876 by J. W.
Gibbs?* to predict whether a process will occur spontaneously at constant temperature and
pressure. The free enthalpy or Gibbs free energy G is defined as follows in equation (1.6).
G=H-TS (1. 6)
Where H, is the enthalpy i.e. total energy of the system, T is the temperature, and S is the
entropy associated to the disorder at the given temperature and pressure.
The change in Gibbs free energy (AG) is the difference between the free energy of the final
state and the initial one in a closed system. For example, for a phase transformation between
state A (Ga is its corresponded free energy) to state B (Gg is its corresponded free energy); the
free energy difference is given as follows: AG = Ga- Geg.
I.  AG>0; Ga> Gg; transformation is not favourable.
ii.  AG <0; Ga< Gg; transformation is favourable.

iii. AG=0; Ga=Gg; Aand B are in equilibrium.
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The most stable state of a thermodynamic system is attained when its molar free energy is at its

lowest possible value (i.e. for AG = 0).

2.2.4. Equilibrium and stability

From a thermodynamic viewpoint the equilibrium state is a state of maximum stability toward
which a closed physicochemical system proceeds by irreversible processes®®. The concepts of
stability and instability for a simple mechanical system serve as an illustrative step toward
development of the thermodynamic concept of equilibrium.

The figure 1.5%° represents the different levels of equilibria in mechanical (a) and

thermodynamic (b) systems.

energy —
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Figure 1.5: Concepts in mechanical and chemical equilibrium. (i) Metastable, unstable, and stable
equilibrium in a mechanical system. (ii) Metastability, instability, and stability for different energetic states
of a thermodynamic system (adapted from reference 26).

State of the system

From Figure 1.5 (i), several levels of equilibria can be reached. Thus, one can define:

- Metastable equilibrium (position 1): the box reaches a local minimum of the free
energy; it is at a metastable state. It is at equilibrium but not the lowest one. The box
would need activation energy to leave this equilibrium to a more stable one (metastable
or stable).

- Unstable state (position 2): a small movement can disturb the box, the free energy is

not at a minimum value, the box is unstable and will evolve to reach the nearest

equilibrium.
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- Stable equilibrium (position 3): the global free energy minimum corresponds to the
stable equilibrium.

Thermodynamically viewpoint, as illustrated in Figure 1.5 (ii), c is at stable equilibrium with
the lowest free energy and a is at a local minimum of free energy but does not have the lowest
possible value of energy. It is at the metastable equilibrium state.
Based on the Ostwald rule of stages®®, when the system is out of equilibrium, the intermediate
metastable states will be involved before reaching the final stable state. Generally, the
metastable state should irreversibly change to the stable state. But the time spent in the
metastable state can vary from seconds to hours.
Therefore, thermodynamic equilibrium is found in metastable and stable conditions of

equilibrium but not in unstable equilibrium.
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PART 3 : CHIRALITY

3.1. CHIRALITY AND STEREOISOMERS

3.1.1. History of chirality

In 1801, René-Just Haly, a French mineralogist observed that quartz crystals showed
hemihedral behaviour?’ i.e. certain facets of the crystals are mirror images of each other (Figure
1.6).

Figure 1.6. Enantiomorphic crystals of quartz

In 1815, Jean-Baptiste Biot showed that when polarized light passed through an organic liquid
or solution, it could be rotated clockwise or counterclockwise®,
In 1844, Eilhard Mitscherlich, a German scientist, examined the sodium ammonium salts of
both enantiomerically pure and racemic tartaric acid. At that time, the main source of optically
pure tartaric acid was potassium bitartrate, which is abundant in the sediments from fermenting
wine. Often, another form of tartaric acid, “racemic acid” (Latin racemus meaning “bunch of
grapes”), was found in wine barrels. Mitscherlich found that the crystals from enantiomerically
pure and racemic sodium ammonium tartrate were identical in crystalline form, except that
upon dissolution the former rotated polarized light whereas the latter did not?*°,
Little was done after Biot’s discovery of optical activity until 1848, when Louis Pasteur began
work on a study of crystalline tartaric salts derived from wine. By crystallizing a concentrated
solution of sodium ammonium tartrate tetrahydrate below 27 °C, Pasteur made the surprising
observation that two distinct kinds of crystals precipitated. Furthermore, the two kinds of
crystals were non-superimposable mirror images and were related in the same way that a right-
hand is related to a left-hand. Working carefully with tweezers, Pasteur was able to separate the
crystals into two populations of crystals, one of right-handed crystals and one of left-handed
crystals like those represented in the figure 1.7. Although the original sample, a 50:50% mixture
of right- and left-handed crystals, was optically inactive, solution of the crystals from each of
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the sorted population were optically active and their specific rotations were exactly equal but
opposite sign3.:32,

Pasteur explained his results by speaking of the molecules themselves, saying that, “There is
no doubt that [in the dextro tartaric acid] there exists an asymmetric arrangement having a non-
superimposable image. It is no less certain that the atoms of the levo acid have precisely the
inverse asymmetric arrangement”. Pasteur just has established the bases of chirality and
achieved the first chiral separation and proved that racemic salt is a 1:1 mixture of left- and
right-handed sodium ammonium tartrate tetrahydrate®*3* (Figure 1.7).

Plane

Figure 1.7. Levorotatory and Dextrorotatory Sodium ammonium tartrate tetrahydrate crystals

Today, we would describe Pasteur’s work by saying that he had discovered isomers having
identical physical properties, such as melting point and boiling point but differ in the direction
in which their solution rotate plane-polarized light.

3.1.2. Definition of chirality

Stereoisomers are isomers that differ in spatial arrangement of atoms, rather than order of
atomic connectivity. One of their most interesting type of isomer is the mirror-image
stereoisomers, a non-superimposable set of two molecules that are mirror image of each other.
The existence of these molecules are determined by the concept known as chirality. The word
"chiral" was derived from the Greek word for hand, because our hands display a good example
of chirality since they are non-superimposable mirror images of each other.

For a most general definition of chirality: the geometry of a rigid object (or spatial arrangement
of points or atoms) of being non-superimposable on its mirror-image; such an object has no
symmetry element of the second kind (a centre of inversion, a mirror plane or a roto-inversion).
If the object is superimposable on its mirror-image, the object is achiral. For example, our hands

are chiral, but two flasks (Erlenmeyer) are achiral® (Figure 1.8).
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Figure 1.8: Chiral objects (hands) and achiral objects (flasks) (adapted from reference 35).

3.1.3. Stereogenic centre and stereocisomers

First, one must understand the concept of spatial arrangement to understand stereoisomerism
and chirality. Spatial arrangement of atoms concerns how the different atomic elements are
situated (located) in the space. Once a bond is rotated by even one degree in any three-
dimensional spatial arrangement, it could give possibility to different molecular arrangements
and such molecules may have different optical properties.

The designation depends on the difference in atomic weight of the four substituents of the chiral
atom (chiral centre). A carbon atom that is bonded to four different atoms or groups loses all

symmetry and is often referred to as an asymmetric carbon or a stereogenic centre (Figure 1.9).

o . L.
QF@ . TL'®

(S) ENANTIOMER (R) ENANTIOMER

Figure 1.9: Stereogenic centre representation

The configuration of such molecular unit is chiral, and the structure may exist in either a right-
handed configuration or a left-handed configuration (mirror image of each other). The chiral

centre (or multiple chiral centres) can have either (R) (Rectus) or (S) (Sinister) label as edited
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by Cahn, Ingold, and Prelog to design the two stereoisomers. Fischer projections are used to
describe chirality of sugars and amino acids. Depending on the position of the substituent with
the highest priority, enantiomers are noted D or L. This type of configurational stereoisomerism
is termed enantiomorphism, and the non-identical, mirror-image pair of stereoisomers that
result are called enantiomers.

3.1.3.1. Enantiomers

The term enantiomorph was introduced by Pierre Curie®® in 1894. The word comes from
Ancient Greek “enantios” and “meros” respectively meaning “opposite” and “part”.
Enantiomers are molecular entities which are mirror-images of each other and non-
superimposable. These enantiomers have the same physical properties except for their opposite
rotatory effect on light polarization; such compounds are therefore described as optically active,
with specific terms for each enantiomer based on the direction: a dextrorotatory compound
rotates light a clockwise (+) direction whereas a levorotatory compound rotates light in a
counter-clockwise (—) direction.

For illustrations, L and D sodium ammonium tartrate tetrahydrate crystals are enantiomers and
a 1:1 mixture of both enantiomers is called ‘racemate’. Most of the amino acids, in our
organism, exist only as L-enantiomers and sugars exist only as D-enantiomers. This
phenomenon whereby compounds closely related in structures (families) have identical
absolute configurations is known as homochirality®’.

It is interesting that our hands serve as an example to describe chirality, but most people are
only able to use one of their hands to write. Similarly, this is true with chiral biological
molecules and interactions. Just like your left hand will not fit properly in your right glove, one
of the enantiomers of a molecule may not work the same way in your body.

The smell receptors in the nose are a striking example of the effect of chirality. A famous
example is limonene (depicted in Figure 1.10). The (R)-enantiomer smells like orange whereas

the (S)-enantiomer smells like lemon®.

CHs CHj
HsC CH» H,C CHj
(8)-(-)-Limonene (R)-(+)-Limonene

Figure 1.10. Enantiomers of limonene
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3.1.3.2. Diastereomers

If two molecules, having more than one chiral centre, are stereoisomers (same molecular
formula, same connectivity, different arrangement of atoms in space) but are not enantiomers,
then they are diastereomers by default. It means that at least one but not all the chiral centres
are opposite in a pair of diastereomers. In other words, stereoisomers that are not mirror images

of each other are diastereomers. The relation between the four stereoisomers of threose®® with

two chiral centres is shown in Figure 1.11.

Chemical Formula : C,H0,

OH OH
: D
2 OH ﬁ
O/ R) (R) o/ R) (S) OH
OH OH
D D
E E
gH OH
2 OH OH
O/ f) R) h[)—> O/ ? (S
oH oH

| threose

Figure 1.11. Relation between the four stereoisomers of threose with two stereogenic centres (D for
diastereomer pairs and E for enantiomer pairs) of threose.

3.1.3.3. Atropisomers

Atropisomerism (from the Greek atropos, meaning ‘not turning’) refers to the restricted rotation
of a single bond, which effectively locks the configuration into a ‘minus’ (M) or ‘plus’ (P)
isomer (depicted in Figure 1.12), and in many cases may be visualised as a ‘helicity*’. Vladimir
Prelog defined atropisomers as stereoisomers “due to the so-called secondary structure, i.e.

hindered rotation around single bonds™*. The chirality is not up to the conformation of the

molecule but up to its configuration.
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|
I
HO Me | Me OH
HO Me | Me OH
|
:

M, or (R,) P, or (S,)

Figure 1.12%. Restricted rotation about a biaryl bond, giving rise to (M) and (P) atropisomers, with alternate
nomenclature of Ra and Sa respectively (subscript a indicating axial chirality), with highest priorities
assigned to the ortho hydroxyl groups.

3.2. THERMODYNAMICS OF CHIRAL SYSTEMS
The equation 1.5, known as Gibb’s phase rule, is the basis of the phase diagram building.
Thermodynamically, for a system of n components at equilibrium state, the intensive variables
such as temperature, pressure and chemical composition are the same in all phases. However,
for equilibria between enantiomers, the intensive variables are linked by an additional equation.
Indeed, the two enantiomers have the same chemical potential. Thus, modification of the Gibbs’
phase rule is required and the Gibbs-Scott phase rule*? must be applied (equation 1.7).
V=C+C/2+2-¢-¢/2 1.7
Where C and ¢ stand for non-symmetrical components and non-symmetrical phases and C and
¢ stand for symmetrical components and symmetrical phases.
Representation of the thermodynamic phase equilibria of chiral systems using phase diagrams
deserve attention to better understand the domain of stability of a chiral system. Crystallization
procedures of chiral systems require a good knowledge of the behaviour of the two enantiomers
regarding melting (binary phase diagrams) and solubility in a given solvent (ternary phase
diagrams). Overviews and comprehensive details of identified phase diagrams encountered for
these systems of enantiomers were widely described by Jacques et al.**, Coquerel** and
Lorenz®.
3.2.1. Binary phase diagrams of racemic mixtures
There are many possibilities for a racemic mixture to form condensed phases. Firstly, to
simplify, let us consider that partial solid solutions and solid-solid transitions are absent. Three
possibilities exist for racemic mixture conglomerate, racemic compound and solid solutions
(Figure 1.13).
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+ + Solid solution (SSS)
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Conglomerate Racemic compound Solid solution

Figure 1.13: Fundamental types of binary solubility phase diagrams for chiral systems in absence of partial
solid solution and solid-solid transition (Te: eutectic temperature; lig: liquid).

o Conglomerate (5-10% of the pair of enantiomers)*: the two enantiomers crystallize
separately, as in a physical mixture. The binary phase diagram of a conglomerate
consists in a eutectic invariant and it is symmetric because of the similarity of physico-
chemical properties of the pure enantiomers. Below the eutectic temperature, the solid
phase is composed of crystals of pure enantiomer whatever the composition of the
mixture and thus there is a full chiral discrimination in the solid state.

o Racemic compound (90-95% of the racemic species): there is a defined compound
formed by a stoichiometric mixture of the two enantiomers. In the solid state there is a
mixture of the racemic crystals and crystals of the pure enantiomer (<R> or <S>,
depending on the composition of the system). This <RS> compound exhibits a
congruent melting temperature which can be higher (as it is the case in the example of
Figure 1.13) or lower than the pure enantiomer melting temperature.

o Total solid solutions (<1%): crystals composed of the two enantiomers which are
randomly distributed inside the structure. Each crystal is representative of the
composition of the system, whatever its composition. The chiral discrimination is
almost impossible in this case; only few cases of preferential enrichment were described
in the literature®’.

These three cases are not the only ones to exist and mixtures of them are frequently observed.
A part of the molecules of one enantiomer is substituted by the other enantiomer preventing the
total discrimination at the solid state. A mixed situation between the conglomerate and the total
solid solutions exists i.e. conglomerate with partial solid solutions. In that case, a part of the
molecules of one enantiomer in its crystal structure is substituted by the other enantiomer

preventing a full chiral discrimination in the solid state. A typical example will be widely
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developed in the chapter 3. Many other possibilities can be encountered, as mixed situations
between a conglomerate and a racemic compound, or eutectoid or peritectoid transitions both
for pure enantiomer and racemic compound“®.

3.2.2. Ternary phase diagrams of racemic mixtures

The behaviour of a mixture of two crystalline compounds and a solvent can be visualized and
explained by means of a ternary phase diagram. A ternary phase diagram shows how this
mixture of components behaves thermodynamically. The ternary isotherms (the solvent is
liquid, and the enantiomers are solid at the considered temperature) related to the three cases
encountered in absence of partial solid solution and solid solid-transition*®* are depicted in
figure 1.14.

Solvent Solvent Solvent

| 3
<S>+ <SR> I\I [ <R>+ <SR>
+d. 8.5, | | +d. 8.8,

S SR R S

Racemic compound Solid solution

Conglomerate

Figure 1.14: Fundamental types of ternary solubility phase diagrams for chiral systems in absence of partial
solid solution and solid-solid transition (U.S.S. indicates under saturated solution; d.S.S.: double saturated
solution and S.S.S.: indicates saturated solid solution).

o The isothermal sections of the three-dimensional representation associated with a
conglomerate is divided into four domains. The monophasic domain (U.S.S.) is
composed by an undersaturated liquid phase and is located at the solvent apex of the
triangle. Two symmetrical domains exist in which a solid phase composed by crystals
of a pure enantiomer is in equilibrium with a saturated liquid (domains: <S> + sat. sol.
and <R> + sat. sol.). The fourth domain is a three-phase domain in which a double
saturated solution is in equilibrium with the two solid phases (domain: <S> + <R> +
d.S.S). The dashed line connecting the solvent corner with the binary chiral system
(“eutectic line”) indicates the eutectic composition.

o The isotherm associated with a racemic compound is divided into six domains. The
domains (U.S.S.), <S> + sat. sol. and <R> + sat. sol. are the same as in the ternary phase

diagram of the conglomerate (respectively a liquid phase, pure crystals of (S), in
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equilibrium with a saturated liquid, and pure crystals of (R), in equilibrium with a
saturated liquid). The racemic compound is present in three domains: <SR> + sat. sol.,
<S> + <SR> + d.S.S. and <R> + <SR> + d.S.S. The former is a biphasic domain
composed by the racemic compound in equilibrium with a saturated liquid while the
two latter are three-phase domains in which the racemic compound is in equilibrium
with crystals of a pure enantiomer and a double-saturated solution. The locations of
these domains are the key data for the enantiomeric separation from a racemic
compound.

o The isotherm associated with a complete solid solution exhibits only two domains. The
monophasic domain (U.S.S.) is composed by a liquid phase and is located at the solvent
apex of the triangle. The domain (SSS) is a biphasic domain: the solid phase is in
equilibrium with a saturated liquid. The composition of both phases in equilibrium is
linked by tie lines represented by dashed lines in the diagram.

In contrast to the binary chiral systems, solvates can occur as additional solid phases in the
solubility phase diagrams. When a solvate directly crystallizes, the main question remains: Is
there any conglomerate solvate crystallizable®°? For this reason and since polymorphism might
be solution-mediated (thus, providing polymorphic varieties), solid-phase analysis should
always accompany solubility measurements to avoid wrong allocation of solubility values to
solid phases. This type of ternary phase diagrams is not underlined in this manuscript but
Coquerel®! has fully detailed these possibilities.

3.3. CRYSTALLOGRAPHY OF CHIRAL MOLECULES

The best way of designating the chirality of the crystals is to know their space groups obtained
by X-ray crystallographic analysis. It is important to distinguish the chirality of the molecule
itself and the chirality of the crystalline structure in which the molecule crystallizes. Chiral
molecules are usually present either in enantiomerically pure or racemic mixture form. When
the space group of the single crystal of a compound is chiral, the crystal is designated to be
chiral. As mentioned in Section 1.2.2., the order of the symmetry operation determines the
crystal class. Crystals can be classified into three crystal structure types regarding their point
groups®>>4,

- Centrosymmetric (achiral) structures (CA) which correspond to point groups: 1, 2/m,
mmm, 4/m, 4/mmm, 3, 3m, 6/m, 6/mmm, m3 and m3m.

- Non-centrosymmetric achiral structures (NA) for point groups: m, mm2, 4, 4mm,

42m, 3m, 6, 6mm, 6m2 and 43m.
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- Non-centrosymmetric chiral structures (NC) associate with point groups: 1, 2, 222, 4,
422, 3, 32, 6,622, 23 and 432.

Enantiomers, indeed conglomerates®, can only crystallize in the NC type and 95% of them
belong to one of the four space groups P2:2:21, P21, C2 and P1.
For Racemic compounds, they can crystallize in any of these crystal structure types (CA, NA
or NC) even though 95% of the known cases crystallize in centrosymmetric space groups i.e.
CA type. In centrosymmetric racemic compounds, the predominant space groups>* (95%) are:
P2i/c, C2/c, Pbcaand P 1. However, non-centrosymmetric racemic compounds (NA) like DL-
Allyglycine® represent a certain proportion (4.5-5%), mainly placed in space groups Pna2;,
Pca2;, Cc and Pc. Racemic compounds crystallizing in chiral space groups (NC, mainly
P2:2:121 and P21) named kryptoracemic compounds have been also reported*°55647  Their
occurrence is estimated by Flack*! to be only 0.02% of the other cases.
For solid solutions, rare cases are reported in the literature, but they can crystallize in all space
groups®”%8,
Molecules impose some restrictions in the formation of crystalline structure from chiral or
achiral molecules. For example, for non-racemic enantiomeric mixtures, chiral crystal
structures should be permitted whereas achiral crystal structures should be forbidden (Table
1.3)%,

Table 1.3: Crystallographic data of the formation of chiral and achiral crystal structures (stat. for
statistical; adapted from reference 53).

Achiral Structure Chiral Structure
CA NA NC
Racemic Structure Permitted Permitted Permitted
compound
(90-95%0) Proportion (%) ~95 4.5-5 0.02
Dominant SG P2i/c; C2/c, Pna2,; Pca2i; P2:2:2,; P2,
Pbca; P 1 Cc; Pc
Conglomerate Structure Forbidden Forbidden Mandatory
(5-10%) )
Proportion (%) 0 0 100
Dominant SG P2:2:2, P21, C2 ;
P1
Solid Solutions Structure Permitted Permitted Permitted
(<1%)
Proportion (%) No stat. data No stat. data No stat. data
Dominant SG No stat. data No stat. data No stat. data
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The choice of resolution methods of the racemic mixtures depends on the racemic species
(crystallographic crystal system, solubility, stability) and the ratio time to reach pure
enantiomer/cost of the method. The separation of the two enantiomers by crystallization is made
easier when the compound crystallizes as a stable conglomerate. However, conglomerates are
not prevalent in nature, but some simulation works for conglomerate forming systems (salt
formation, multicomponent crystals) are the object of research for many research groups.

Chiral compounds synthesized from achiral starting materials and reagents are generally
racemic (i.e. a 50:50% mixture of enantiomers called racemic mixture). Separation of racemic
compounds into their component enantiomers is a process called resolution. Several techniques
are available for researchers to resolve a racemic mixture. Among these techniques, some are

described in the following paragraphs.
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PART 4. RESOLUTION OF RACEMIC MIXTURES

4.1. CHROMATOGRAPHIC RESOLUTION

Chromatographic separation of compounds is a method based on the difference between their
affinities with the stationary phase (column material) and the mobile phase (eluent)®®. It means
that a racemic mixture can only be separated on a chiral column or on an achiral column with a
chiral eluent.

The two most commonly used chromatographic methods to produce pure enantiomers are batch
chromatography and Simulating Moving Bed (SMB), and the choice is very much dependent
on the time constraints and the quantities needed.

For preparative separation, SMB chromatography is an attractive method used in industry. It
consists of switches between identical columns in order to simulate a column of infinite length
in which each enantiomer moves in opposite directions®. However, the chiral SMB
chromatography is not often the best alternative to separate a racemic mixture because of its
investment cost. This method is thus used if the other methods fail. It is worth noting that it can
be used in combination to crystallization to increase the productivity®®.

4.2. DIRECT RESOLUTION

Crystallization methods such as preferential crystallization (PC) are still competitive since the
end of the 20th century, when Secor and then Jacques and collaborators started looking at its
systematic application. Direct crystallization leads to the complete conversion of a racemic
mixture into a single enantiomer. The prerequisite being the crystallization of the racemic
mixture as a conglomerate.

Once a conglomerate forming system is established, the following chiral resolution methods
can be employed to separate the racemic mixture into its enantiomers.

4.2.1. Preferential crystallization (PC)

PC consists in alternating a stereoselective crystallization of the two enantiomers out of a
racemic mixture. The precise mechanism and full details on each mode have been described by
Collet et al.%? and by Coquerel®.

A schematic representation of the different steps of PC can be summarized as represented in

Figure 1.15 and its different modes are more detailed in the chapter 3.
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Figure 1.15: Schematic representation of the different steps of preferential crystallization (PC)

The resolution starts with a racemic mixture in a solvent (step 0) which is artificially biased in
the (R)-enantiomer (step 1) and heated to dissolution. The mixture is cooled to supersaturation
of both enantiomers. The enantiomer with the highest concentration, (R) (step 2), will start to
crystallize first and its concentration will return to the saturation point. The (R)-enantiomer is
collected by filtration before the supersaturated (S)-enantiomer starts to crystallize (step 3).
Racemic mixture, with the same weight, as the (R)-enantiomer collected in step 3, is added and
the mixture is heated to dissolution (step 4). Note that the resulting situation is the same, but
mirror imaged to the one resulting from step 1. Again, the mixture is cooled to supersaturation
of both enantiomers and now the (S)-enantiomer crystallizes (step 5). The amount of crystals
collected after filtration is the same as the amount of racemic mixture added in the previous
step (step 6). Subsequently, racemic mixture is added, and the mixture is heated to dissolution,
resulting in the same situation as was obtained after step 1. The system can be run for several
cycles (usually from 30 to 100), when the system is too much disturbed by the impurities
accumulated by the recycle of the mother liquor a start over with a fresh racemic mixture is
necessary.

However, several reasons could account for a severe limited entrainment effect down to a
complete failure. Some of them are highlighted in the chapter 3 and really alter the PC
performances. As a rule of thumb, only circa 50% of the conglomerates can be efficiently
resolved by preferential crystallization because of these limitations.
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4.2.2. Deracemization

Deracemization process can be defined as a conversion of a racemic mixture of chiral molecules
into a single enantiomer. Sometimes maximum yield of chiral resolution is limited to 50 %
(diastereomeric resolution and preferential crystallization). However, this limitation can be
overcome if the compound can change its handedness in solution (racemization). An example
of such a process is through spontaneous symmetry breaking, which was first discovered by
Havinga who obtained enantiopure crystals from a supersaturated solution in which the
compound is racemized®.

Further examples were illustrated by Kondepudi, Soai and in 2005 by Viedma® who showed
that it is possible to completely break the symmetry of a racemic mixture of D- and L-crystals
of NaClOs by using a continuous grinding technique in suspension (NaClOz is achiral in
solution but crystallizes in the chiral space group P213).

Stirring a grinding media in contact with a suspension (solution-solid equilibrium) can lead to
a complete conversion into one of the single enantiopure solid phase. This process known as
attrition-enhanced deracemization of an achiral compound was later extended by Noorduin and
co-workers to chiral amino acid derivatives®®®’. Several works have illustrated these
experiments by combining grinding with temperature cycling®. Grinding the slurry of crystals
with glass beads promotes dynamic dissolution and crystallization processes that result in the
conversion of one solid enantiomer into the other. And the temperature cycling leads also into
a partial dissolution and crystal re-growth®7°, Combining both processes could enhance the
deracemization rate.

4.3. DIASTEREOMERIC RESOLUTION

Diastereomers have different physical properties, and this fact is used to achieve resolution of
racemic mixtures. Reaction of a racemic mixture with an enantiomerically pure chiral reagent
gives a mixture of diastereomers, which can be separated. This is known as resolution by
diastereomeric salt formation or Pasteurian resolution or even ‘classical’ resolution’. The
easiest way to do this is by crystallization providing that the least soluble diastereomer

crystallizes out of the solution selectively. By crystallizing the salts from a proper solvent, high
diastereomeric excess (de) can often be found in the precipitated salts. Reversing the first

reaction then leads to the separated enantiomers plus the recovered resolution reagent.
Many kinds of chemical and physical reactions may be used to achieve the diastereomeric
intermediates needed for separation. Chemical reactions of enantiomers are normally not so

dramatically different, but a practical distinction is nevertheless possible.
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PART 5: INTRODUCTION TO NONLINEAR OPTICS

5.1. GENERALITIES

Nonlinear optics (NLO) is the branch of optics that describes the effects of light in media in
which the dielectric polarization responds nonlinearly to the electric field of the light. This
phenomenon is only observed at very high light intensities such as those provided by pulsed
lasers. The coherent radiation at a few discrete frequencies can be produced by laser devices as
in solid-state lasers or with narrow range of tunability as in dye lasers. Many applications
require frequencies that are not readily available from such laser sources. The most effective
way of converting a fundamental laser frequency to other frequencies, either to higher or lower
frequencies, is harmonic generation or parametric oscillation in NLO crystalline media’.
5.1.1. Origin of optical nonlinearity

Nonlinear optics is the effect in which, light of a fundamental wavelength is transformed to
light of a new wavelength. The creation of light of new wavelength comes from the interaction
between the source of light and the electrons of a crystal. The electrons in a crystal are bound
in a potential well, which acts like a spring, holding the electrons to lattice point in the crystal.
If an external force pulls an electron away from its equilibrium position, the spring pulls it back
with a force proportional to the displacement. The spring’s restoring force increases linearly
with the electron displacement from its equilibrium position. In an ordinary optical material,
the electrons oscillate about their equilibrium position at the frequency of this electronic field.
According to the fundamental law of physics an oscillation charge will radiate at its frequency
of oscillation; hence, these electrons in the crystal "generate™ light at the frequency of the light
wave. If the light passing through the material is intense enough, its electric field can pull the
electrons so far that the restoring force is no longer proportional to the displacement and, then,
it becomes nonlinear. The electrons are roughly thrown rather than pulled back smoothly and
they oscillate at frequencies other than the driving frequency of the light wave. These electrons
radiate at the new frequencies, generating the new wavelength of light”"".

5.1.2. Theoretical explanation of nonlinear optics

A medium exhibiting nonlinear optical property is a crystal composed of molecules with
asymmetric charge distributions arranged in the crystal in such a way that a polar orientation is
maintained throughout the crystal.

The charged particles in dielectric medium are bound together. When an electric field is applied,
they are displaced slightly from their equilibrium positions. This small movement of positive

charges in one direction and negative charges on the other, results in a collection of induced
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electric dipole moments’®. Oscillation of those dipoles due to interaction with the
electromagnetic radiation results in themselves acting as sources of electromagnetic radiation.
For small values of the electric field associated with the radiation, the induced polarization P,
which is the electric dipole moment per unit volume of the medium, is linear with the field”®.
P= ¢ xE (1.8)
Where y is the linear susceptibility of the material, E is the electric field vector, &o is the
electrical permittivity of vacuum.
At high fields, the polarization becomes independent of the field and the susceptibility becomes
field dependent. Therefore, this nonlinear response is expressed by writing the induced

polarization as a power series of the field.
P=go{yWE +y@E.E+%®E.E.E +..} = P_ + Pn (1.9)

Where (D is the linear susceptibility tensor corresponding to the linear polarisation P, 3™ are
the nonlinear susceptibilities of the medium (n = 2, 3, ....) giving rise to the nonlinear
polarization Pnc.

The coefficients of x(, y@and %@ give rise to numerous optical effects® listed in Table
1.4. xMis the linear term responsible for materials linear optical properties like refractive index,
dispersion, birefringence, absorption. x® is the quadratic term which corresponds for example
to the second harmonic generation in non-centrosymmetric materials. ¥ is the cubic term
responsible for the third harmonic generation, as stimulated Raman scattering, phase
conjugation and optical stability.

In equations containing nonlinear terms, a product of two or more oscillating fields gives
oscillation at combination of frequencies and therefore the equation (1. 9) can be expressed in
terms of frequency as:

P(®0) = €0 {(%x" (wo; ®1). E(w1) +
1@ (wo; o1, ). E (01). B(m2) + 1@ (00; o1, w2, ®3). E(w1). E(w2). E(w3) +...} (1.10)
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Table 1.4: Optical effects of nonlinear materials

Order | Tensor | N° of Coefficients Effects Applications
1 x (D 9 Refraction, Absorption Lens, Microscope
SHG (o;0; 2m) Laser source
2
x® - Sum frequency generation Laser pointer,
(o1%;02; 03) Optical parametric
oscillators

Pockels effects (o; 0; o)
Electro-optical

modulators

Four wave mixing phase Raman Coherent

3 gratings spectroscopy, Real

s o1 (01; @2; ®3; 4) time holography

Kerr effect Ultra-high-speed

Optical amplitude optical gates
Amplifiers, choppers
etc.

5.1.3. Quadratic nonlinear phenomena

The susceptibility coefficients decrease rapidly with increasing order. Consequently, in most
cases, only the linear and quadratic terms of equation (1.10) give rise to significant effects.

If two monochromatic optical fields, with frequencies w1 and w2 and amplitudes E; and E:
respectively, are applied to a medium with non-vanishing second-order susceptibility ), the
induced dipole response will contain, in addition to the ordinary linear response terms at
frequencies w1 and w2, a nonlinear response Pnc proportional to x®EiE», with spectral
components at o1 + 2. These frequencies can be obtained from the propagation equations.

Let us assume that the two travelling waves are given by the two equations (1.11) and (1.12).

E:1 (t, ) = E1 cos (o1t + k12) (1.12)
E> (t, z) = E2 cos (w2 + Koz) (1.12)

The second order nonlinearity term is given by:
PnL = g0 @ E2 (1.13)

Equations (1.11) and (1.12) in (equation (1.13) gives:

PnL = 0@ [Ex1? cos? (it + Kiz) + E2? cos? (wat + koz) + 2E1E2 €0 (o1t + K1z) cos (wat + k2z)]
(1.14)

Or
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Pn = 0@ {E12[cos 2(mit + K12)] + E2? [c0s 2(w2t + koz)] + E1E2 cos [(01 + w2)t + (K1 + k2)z
+ E1E2 cos [(ow1 - w2)t + (K1 — k2)z]} (1.15)

Thus, the polarization consists of number of components with different frequencies. The
different components of nonlinear polarization generate electromagnetic waves having
frequencies different from those of the incident ones.

In a medium, several types of second-order nonlinear optical effects can experimentally be
observed. Sum frequency generation (SFG) or difference frequency generation (DFG), in which
two initial beams generate a new beam with the sum or difference of the optical frequencies of
the initial beams. Second harmonic generation (SHG) is a special case of SFG for which the
two initially interacting waves exhibit the same frequency (o1 = w2 = ) and will be developed
in the following section.

5.2. SECOND HARMONIC GENERATION (SHG)

5.2.1. Principle of SHG

In SHG, a wave of angular frequency o (wavelength ), electric amplitude E(w») and wave
vector K passing through a material generates a second harmonic wave of angular frequency
2 (wavelength A/2) and wave vector ka». The amplitude of the second harmonic electric field
E(2w) varies with the distance travelled through the medium due to the continuous exchange of
energy between the fundamental and the second harmonic wave. The SHG is schematically

represented in Figure 1.18.

() (i) -2-=- -

Figure 1.16: Geometry (i) and energy-level diagram (ii) description of SHG
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Among the nonlinear optical phenomena, the second harmonic generation (frequency doubling)
is the most important one, because this process provides significant tool for the conversion of
near infrared laser light from diode laser into visible light in the field of optical image storage.
The Second Harmonic Generation (SHG) was first observed by Franken and co-workers®! in
1961 which marked the birth of nonlinear optics as a new discipline in the area of laser matter
interaction. Franken observed that the light at A = 347.15 nm could be generated when a quartz
crystal was irradiated with light at A = 694.3 nm obtained from a ruby laser.

5.2.2. Requirements for SHG

5.2.2.1. Non-centrosymmetry

In equation (1.10), the odd orders of ™ are orientationally independent but the even ones
vanish in a centrosymmetric environment. Hence, for centrosymmetric materials (conventional
liquid, gases, amorphous solids, centrosymmetric crystals) all components of @ = 0.
Therefore, an important criterion for a material to exhibit SHG is that it should be a non-
centrosymmetric material. This can be illustrated by the following equations.

If we consider an electric field given by equation (1.16) which is incident on a material, the

resultant second order polarization is given by equation (1.17).

E(t, z) = E(w) cos(wt + kz) (1.16)
PnL(t, 2) = %@ [E(t, 2)]? (1.17)

If the medium is centrosymmetric and thus possesses inversion symmetry, we can also write
-PaL(t, 2) = ¢ @ [-E(t, 2)12 = @ [E(t, 2)I? (1.18)

Equations (1.17) and (1.18) can be simultaneously true only if the polarization field is zero.
Therefore, @ is zero for a centrosymmetric medium and no SHG will occur. Thus, only non-
centrosymmetric crystals and macromolecular assemblies which are fairly ordered to form large
non-centrosymmetric structures (e.g. collagen or myosin) can generate SHG.
Moreover, even in non-centrosymmetric crystalline materials, the intrinsic symmetry of the
physical properties decreases the number of the independent tensor components. Among those,
Neumann principle® and Kleinman permutation rules® impose some restrictions.
5.2.2.2. Neumann principle
Neuman's principle formulated already in the 19th century stated that the symmetry elements
of any physical property of a crystal must include all the symmetry elements of the point group
of the crystal. This principle may be illustrated by considering the optical indicatrix of a crystal,
which is an ellipsoid. If the medium is invariant with respect to a three-fold, a four-fold or a
six-fold rotation (as in a trigonal, tetragonal or hexagonal crystal, for instance), its optical
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indicatrix must also be invariant with respect to the same operation, according to Neumann's
principle. Thus, it results that SHG is not possible in 432-point group.

5.2.2.3. Kleinman symmetry rules

In off-resonance studies of oriented bulk media, ultrathin surface films and interpretation of
nonlinear optical measurements are routinely simplified by the assumption of Kleinman
symmetry®3. Simply stated, Kleinman symmetry is defined as the interchangeability of all n
indices in the rank n tensor ™ describing the macroscopic nonlinear polarizability of a system
arising explicitly from the absence of dispersion® 8. These “non-resonant” conditions studied
by Kleinman (Kleinman 1962) lead to reduce to 10 (instead of 27) the number of independent
coefficients in the second order tensor y®. These restrictions impose that all the x® coefficients
in the point groups 422 and 622 vanish.

Finally, SHG should not be observable for crystals belonging to these three-point groups (432,
422 and 622) which reduce the number of possible crystal systems.

A statistical estimation of molecular structures crystallizing in such point group is summed up
in Table 1.5. It was found that it represents only 2.41% of non-centrosymmetric structures
reported in the CCDC database®’.

Table 1.5: Statistical estimation of structures crystallizing in point group 422, 432 and 622 according to the
CCDC database.

422 432 622
Space group P422 7 P432 5 P622 5
P42,2 46 P4,32 36 P6122 186
P4,22 56 P4,32 5 P6222 45
P412,2 1377 P4:32 27 P6322 86
P4,22 6 F432 22 P6422 30
P4,2:2 120 F4,32 24 P6s22 141
P4322 47 1432 21
P432:2 1156 14,32 20
1422 43
141212 70
Total/% NC CSD 2922/1.97 160/0.11 493/0.33

However, it is important to mention that, Kleinman symmetry restriction has failed in

hyperpolarizability measurements by hyper-Rayleigh scattering; in electric field-induced
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second harmonic (EFISH) generation measurements®8® but also in classical SHG
measurements. In fact, many compounds crystallizing in 422 and 622 point group classes have
proven to exhibit a positive SHG signal and it seems that this restriction is the exception rather
than the rule for organic solids at the incident wavelength of 1064 nm®L,
5.2.3. Conversion efficiency
In a mathematical point of view, the propagation of light through a medium can be given by the
equation (1.19).

V2E — Uogo = = Uo ) (1.19)
With p, is the permeability of the free space.
By resolving the propagation equation for waves travelling in one direction, we can lead to the
relation of the conversion efficiency when the phase vectors of the input and generated beams
match’®92,
The conversion efficiency harmonic noted n is defined as the converted intensity | (2m) with

respect to the incident intensity | (o) sent through the material. It is given by the equation (1.20).

_12w) . AKI
= ﬁ = y*I%sinc? (") (1.20)
1 @2 2

Where y? = is the hyper-polarizability; | is the distance travelling through the

crystal, o is the fundamental frequency, ne and nz2e are the refractive indexes at frequency ®
and 2o respectively, c is the speed of light and Ak = sz (ny, — n,) is the phase mismatch.
5.2.4. Phase matching conditions
The phase mismatch®® is expressed as follows:

Ak = 22 (ng — ng) (1.21)
If the generated second harmonic waves add up coherently (Ak = 0), the SHG intensity increases
quadratically with the travelled distance | and the nonlinear medium is called phase matchable

(PM). It requires that the relation 2k(w) = k (20) where k(o) = “=“is fulfilled.

If Ak # 0, the function oscillates’® and the second harmonic intensity reaches a maximum value

for I =nLc wheren=1, 3, 5, ... with Lc expressed as follows:
T A

¢ |AK| 4|z —Ng|

(1.22)

The coherence length L. is defined as the distance in the crystal for which both waves are in

phase. In numerous materials, the coherence length has been evaluated to few micrometers’.
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For an efficient energy transfer to occur, the polarized wave and the second harmonic wave
must remain in phase. For Ak = 0; the two waves remain in phase i.e. n2o = ne; the SHG signal
is maximum and is simply related to the square of the distance I.

However, the generation of a new wave at frequency 2w can also occur spontaneously with the
destruction of the fundamental wave at frequency »®. This is due to the dispersion (the velocity
of a wave changes with the wavelength), the second harmonic waves and the fundamental
waves are not in phase (Ak # 0). The energy cannot only be transferred from the fundamental
field towards the second harmonic field, but also from the second harmonic field towards the
fundamental field (destructive interference). The nonlinear medium is then called non-phase-
matchable (NPM). For normal dispersion, the refractive index increases with respect to the

frequency. This makes difficult to achieve the phase matching conditions® (see Figure 1.17)7.
SHG Intensity
1.0

Phase-matchable (i.e. ADP)

0.8

0.6

Non-phase-matchable
(i.e. Quartz)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
",

Figure 1.17: Schematic representation of different particle-size dependences for phase-matchable and non-
phase matchable materials (adapted from reference 74).

5.3. CLASSIFICATION OF NONLINEAR OPTICAL MATERIALS

The NLO materials can be classified into three different categories as inorganic, organic and
semi-organic or metal-organic materials.

5.3.1. Inorganic NLO materials

Inorganic materials are covalent and ionic bulk materials in which the optical nonlinearity is a
bulk effect. It is always easier to synthesize inorganic materials which have high melting point,
high degree of chemical inertness, high thermal and mechanical stabilities. The inorganic NLO
materials have some advantages like highest bulk electrical susceptibility but on the other hand
these materials suffer from disadvantages like absorption in the visible region, poor response
time and degradative photorefractive effects, low laser damage threshold (~10 MW cm™2) and
poor optical transparency®. Potassium dihydrogen phosphate, ammonium dihydrogen

phosphate and lithium iodate are for example appropriate infrared NLO materials.
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5.3.2. Organic NLO materials

Organic materials are molecular materials that consist of chemically bonded molecular units
interacting in the bulk media through weak interactions (van der Waals, hydrogen bonds) or
ionic bonds. The organic molecules which contain both conjugated bonds and acceptor group
on one side and a donor group on the other side are known as nonlinear optical (NLO)
materials®®. Urea derivatives, 4-methoxy benzaldehyde- N-methyl 4-stilbazolium tosylate
(MBST) have high NLO properties’*9’,

The organic nonlinear optical materials have advantages such as high second order nonlinear
optical coefficient, great resistance to damage in the laser beam, birefringent nature facilitating
phase-matching and the possibility to chemically ‘engineer’ molecular properties. However, the
limitations of these organic materials are the poor physicochemical stability, low hardness.
5.3.3. Semi-organic materials

Semi-organic compounds share the properties of both organic and inorganic compounds. They
are organic based materials in which the polarizable part is an organic molecule which is
stoichiometrically bonded with an inorganic ion. L-arginine phosphate monohydrate and L-
arginine fluoride are excellent semi-organic materials with nonlinearity and high conversion
efficiency®9°. The approach of combining the high nonlinear optical coefficients of the organic
molecules with the excellent physical properties of the inorganic materials has been found to
be overwhelmingly successful in recent years. Hence, recent search is concentrated on semi-
organic materials due to their large nonlinearity, high resistance to laser induced damage, low
angular sensitivity and good mechanical hardness.

5.3.4. Organo-metallic NLO crystals

The metal-organic crystals form a new class of materials under semi-organics. Compared to
organic molecules, metal complexes offer a large variety of structures, and a diversity of
electronic properties by the coordinated metal centre. Tri-allyl thiourea zinc chloride and zinc
thiourea chloride are complexes of organo-metallics all owing large nonlinearity, high laser
damage threshold, low UV-cut off and good mechanical properties'®1°L,

5.4. APPLICATIONS OF NLO CRYSTALS

Several works have been done to improve the optical, mechanical characteristics and damage
thresholds far higher than the classical crystals'®?. High NLO coefficient, wide phase matching
angle and high laser damage threshold are very important for a non-centrosymmetric crystal for
device applications. KDP (or even DKDP where part of the hydrogen is substituted by

deuterium to limit the threshold of damage due to internal Raman emission) crystal are suitable
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for higher harmonic generation of huge laser systems for nuclear fusion experiments (large
crystal size and high laser damage threshold). Potassium titanyl phosphate (KTP) crystal is a
useful nonlinear optical crystal to get efficient green light by the frequency doubling of Nd:
YAG laser.

Several researches conducted in nonlinear optics have shown that the electron donor-acceptor-
systems exhibit the greatest anharmonicity'% with organic compounds reaching SHG intensity
several orders of magnitude higher than usual inorganic non-centrosymmetric crystals'%4,

In the following, a chapter will be dedicated to the search of organic compounds which could

secure non-centrosymmetric crystallographic structure from a centrosymmetric material.
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PART 6 : CONCLUSION

The aim of this chapter was to introduce to the reader the different physical properties of the
crystalline solid and to refresh important concepts that help to understand the development of
the following chapters.

Since Pasteur separated the right- and left-handed of sodium ammonium tartrate tetrahydrate
crystals into two populations of homochiral crystals, several techniques have been developed
to give life to the chiral discrimination of solid-state materials.

Chiral solid materials can be organized in three different crystal structures and among them
conglomerate forming systems. Conglomerate being a physical mixture of crystals
corresponding to a chiral space group makes possible the use of Second Harmonic Generation
(SHG) for a solid-state discrimination. The technique has its advantages and its drawbacks. The
principle, the responses and the limitation of the technique are revisited herein.

The main interest of the technique lies in the fact that in centrosymmetric structures all the
elements of the second order tensor are zero. This is the case for most of racemic compounds
which are thus expected to be non-SHG materials. Conversely, crystallized samples exhibiting
SHG must be composed of non-centrosymmetric crystals. Therefore, crystallized derivatives of

a racemic mixture exhibiting a SHG positive effect are likely to crystallize as a conglomerate.
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PART 1: INTRODUCTION

In the framework of the chiral resolution by crystallization and the screening of conglomerates,
DSC and XRPD analyses are commonly used to characterize the compounds of interest for the
SMS laboratory and its industrial partners. However, these techniques suffer some limitations
(notably a low detection threshold) and need the availability of both racemic mixture and pure
enantiomer to characterize the racemic species.

One decade ago, the SMS laboratory has developed a sensitive characterization technique based
on the nonlinear optical phenomenon of SHG to differentiate non-centrosymmetric crystals
from centrosymmetric crystals®. Several conglomerates have already been spotted using this
second harmonic generation (SHG) technique’ which requires only the racemic mixture.
However, the experimental set-up developed by the laboratory only allowed the screening of
dry solid forms. It is a limiting factor as interesting conglomerates may exist only in equilibrium
with their mother liquor (because of one or several of the following reasons: non-congruent
solubility, solvates with an efflorescent character, solvates that are hydrolyzed by moistures,
CO: sensitive solid, etc.)*. Thus, the improvement of the SHG set-up has to be pursued to
analyze the solid phases in suspension and in equilibrium with their mother liquor.

SHG was already used to follow in situ the crystallization of a non-centrosymmetric crystal
from a supersaturated solution®’ (to measure the induction time of non-centrosymmetric crystal
systems; with the difficulty to regulate the experimental conditions due to the use of capillaries)
and the temperature-resolved SHG was used to probe the structural purity and to tackle the
structural purification of organic products®.

In this chapter, after recalling the principle of the conglomerate prescreening by SHG, we will
present the work performed to design the new in situ set-up that allows us to track the
crystallization of non-centrosymmetric crystals at an early stage by combining the SHG
technique with a batch cooling crystallizer. The in situ SHG technique is further used for the
monitoring of solid-solid phase transitions providing one of the two varieties crystallizes in a
non-centrosymmetric space group. The advantages and limitations of the techniques are

discussed.
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PART 2: PRINCIPLE OF SCREENING OF CONGLOMERATE FORMING SYSTEM
BY SHG
To achieve an efficient separation of a racemic mixture by direct crystallization, chiral
discrimination in the solid state must be complete (e.g. the racemic mixture has to crystallize
as a stable conglomerate). Jacques, Eliel and Wilen (1994)° have described in detail the concept
of enantiomers, racemic compounds and their resolutions. As said before only 5 to 10% of the
enantiomer pairs crystallize as conglomerates'®. When the compound of interest does not
crystallize itself as a conglomerate, a screen of conglomerate derivatives is necessary®. This
screening for conglomerate forming system is usually performed by numerous attempts to
crystallize salts (if the molecule bears acidic or basic moiety), co-crystals and/or solvates.
Various methods can be used to spot conglomerates during the screening. The main techniques
are described as follows.
2.1. CLASSICAL TECHNIQUES
2.1.1. Comparison of spectroscopic data
The techniques are mainly X-Ray Powder Diffraction (XRPD), Solid-State Nuclear Magnetic
Resonance (SS-NMR), Infra-Red (IR), Near Infra-Red (NIR) and Raman spectroscopies. These
analyses require that both: the pure enantiomer and the racemic mixture must be accessible.
The comparison of spectroscopic data between the pure enantiomer and racemic mixture
provides information about the nature of the racemic mixture. These methods are practically
the most reliable used techniques. However, a complete solid solution (in which there is a single
solid phase, i.e. a single crystal packing) can be mistaken with a conglomerate as its crystal
packing is only slightly modified by the substitution of an enantiomer by the other'!. Comparing
spectroscopic data of the racemic mixture and enantiomer can thus sometimes be difficult or
misleading?®.
2.1.2. Thermal behaviour analyses
Differential Scanning Calorimetry (DSC) is also a reliable analytical method to spot ‘ideal’
conglomerates. If the melting point difference between the pure enantiomer and racemic
mixture is in the range 20-35 °C, a conglomerate might be expected®®. The melting point of the
pure enantiomer should be higher than the conglomerate. If the melting point of the racemic
mixture is higher than that of the pure enantiomer, a racemic compound is a priori expected.
However, this characterization technique is hardly applicable to conglomerate solvates and

thermally unstable compounds.

~ 0606 ~



CHAPTER 2: DEVELOPMENT OF IN-SITU SHG SET-UP AND ITS APPLICABILITY FOR CHIRAL
COMPOUNDS

2.1.3. Solubility data

From the solubility studies, a conglomerate forming system can be predicted. The method
consists in slurring crystals with ca. 5% of enantiomeric excess in a minimum volume of an
appropriate solvent. The resulting optical purity will give 0% of enantiomeric excess (at the
eutectic composition) for a conglomerate while the eutectics of racemic compounds will always
be higher than 0% of enantiomeric excess*?.

2.2. SECOND HARMONIC GENERATION (SHG) TECHNIQUE

To assess organic crystalline materials, non-linear techniques particularly second harmonic
generation (SHG) deserve attention because of its efficiency and reliability in characterization.
Second harmonic generation allows to quickly (within seconds) short out non-centrosymmetric
phases and centrosymmetric phases.

2.2.1 Principle of SHG pre-screening

In conglomerates, molecules compulsory organize in chiral crystalline structures (thus non-
centrosymmetric). Conversely, racemic compounds are prone to adopt centrosymmetric
crystalline structures. Consequently, a method that detects the absence of inversion of symmetry
in crystals obtained from racemic mixtures will be able in most cases to detect conglomerates.
This is the case of SHG as described in Chapter 1, Part 5.

2.2.2. Experimental Powder-SHG set-up

When a high-power laser (in our experimental set-up a Q-switched pulsed laser with a
wavelength of 1064 nm which delivers 300 mJ pulses of 5 ns duration) interacts with a non-
centrosymmetric material, it gives rise to a new wave at half of the fundamental wavelength
(i.e. 532 nm) (Figure 2.1). This nonlinear optical process is called Second Harmonic Generation
and is observable only for non-centrosymmetric crystals.

To spot conglomerate, the SHG signal generated by the crystalline powder samples placed in
wells (diffused light) is collected into an optical fibre (0.5 nm of core diameter), directed onto
the entrance slit of a spectrometer (Ocean Optics) and recorded through the boxcar integrator.
The typical time duration of communication with the detector is circa in the order of
milliseconds. The laser sends pulses at a frequency of 10 Hz (i.e. one pulse every 100 ms) and
is relatively stable in energy (energy fluctuation ranging typically between 1-3% depending on
the incident intensity). The energy fluctuations of the incident beam are determined thanks to
a detector placed behind the mirror and that allows the detection of a small part (0.06%) of the

incident beam intensity!. The SHG intensity depends on the square of the fundamental
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(incident) beam intensity but only one part of the total SHG signal emitted by the sample is
collected by the optical fibre.

A SO /2 waveplate
Q-switched laser : : l *
Nd: Yag (1064nm) p P
/ |

Mirror

Energy adjustment device

Computer

v

Crystalline powders

A2 20

SPECTROMETER Optical fiber

Figure 2.1: Principle of Second Harmonic Generation (SHG, powder set-up)

2.2.3. SHG responses

Evaluation of the nature of a racemic mixture, conglomerate or not by using SHG, requires a
small quantity only of the racemic mixture (a few mg typically). The advantage of this technique
compared to classical techniques is that comparison between the SHG response of the racemic
mixture and the pure enantiomer is not needed. Therefore, the conglomerate screening can be
undertaken even when the pure enantiomer is not available or when the particles are too small
for direct tests (single crystal not available). Spotting conglomerates by SHG technique avoids
waste of time and materials even though the method exhibits some drawbacks.

The SHG spectrum for the a—quartz (reference sample) and the SHG response for chiral organic
materials are represented in Figure 2.2. The intensity signal of the racemic sample is usually
normalized with the intensity of the reference sample (a-quartz, 45 um average sizes). SHG
signal is considered as negligible (negative response) when its intensity is less than 1% of the
signal of the reference sample. Furthermore, it is important to note that the intensity of the SHG
signal is quadratic to the initial SHG light. So, the uncertainty of the SHG signal was estimated

at ca. 9% due the deviation of the initial laser beam*.
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Figure 2.2: SHG spectrum for the a-quartz (reference sample) (left) and schematic SHG response for chiral
organic compounds (right)

However, SHG technique displays two major disadvantages. These are mainly related to the

properties of the second order tensor x? of the NLO material:

(i)

(i)

A non-detected SHG positive racemic mixtures can be due to:

A @ parameter that is too small (i.e. a low hyperpolarizability of the molecule);
Absorption at the wavelength of irradiation (e.g. 1064 nm) or at the wavelength of
the re-emitted radiation (e.g. 532 nm);

Amorphous sample.

False-negative: A non-active SHG space group. Indeed, some chiral space groups
are SHG inactive®® (those related to point groups 422, 622 and 432).

However, these highly symmetrical groups are poorly represented among organic materials.

False-positive response can occur:

- For racemic compounds crystallizing in a non-centrosymmetric space group, e.g. Pca2:

(not frequent);

- For racemic compounds crystallizing in a chiral space group, e.g. P2: (rare

kryptoracemic compounds);

- If the sample is composed of too fine particles.

SHG can also be an alternative technique to assign the space group of chiral organic molecules

because of the number of wrong structures in the CSD estimated at circa 3% of published crystal

structures®®. The presence or not of an inversion centre is usually a source of error for a correct

crystal structure resolution (dilemma between centrosymmetric or non-centrosymmetric space

group).
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2.2.4. Detection of SHG signal in suspension (in situ)

The conglomerate occurrence is only 5-10% of organic compounds. The latter proportion
corresponds to stable conglomerates which are mostly stable under ambient conditions. We
know that interesting non-centrosymmetric crystals may exist only in equilibrium with their
mother liquor because of their efflorescent and non-congruent characters®. Only a few works
deal with search of solvates at low temperature which could increase the number of
conglomerates. Therefore, the development of the SHG technique for suspended samples is
necessitated to highlight such chiral organic materials. The development of this new

configuration of the SHG is the subject of the following paragraph of this manuscript.
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PART 3: FEASIBILITY STUDY

The SHG technique can suffer from limitations in term of detection threshold due to absorption
and/or scattering of the fundamental and second harmonic beams by the liquid and the amount
of the crystalline phase in the liquid phase (suspensions). In order to establish the possibility to
design a new SHG set-up, preliminary tests have been carried out using the crystalline a-quartz
in suspension in various solvents.

3.1. DETECTION OF SHG SIGNAL FOR NON-CENTROSYMMETRIC CRYSTALS IN
SUSPENSION
3.1.1. Choice of a-quartz as a reference

The crystalline structure of a-quartz is non-centrosymmetric. It is the first crystal in which the
SHG activity was observed by Franken!’. That is why, often in the literature, nonlinear optical
surveys compare the values of the SHG signal given by the compound of interest with the SHG
given by the a-quartz*®. This standard material generates a relatively moderated SHG signal
compared to other nonlinear optical (NLO) compounds*®. Consequently, the a-quartz is a good
candidate to test the detection threshold and the reliability of the new SHG set-up®. This aspect
is developed in the following through several tests in order to define the parameters of the
measurement. We established that the crystalline a-quartz (reference sample) has a particle size
distribution centred on an average value of ca. 45 um (by laser granulometry measurements).
3.1.2. Preliminary tests

Experiments were conducted using the classical powder-SHG set-up (Figure 2.1). It consists of
weighing certain amounts of a-quartz in vials, filed with 2 ml of selected solvents and placed
in wells. The SHG signal of a-quartz [50 and 100 mg] in 2 ml volume scale of the chosen
solvent were prepared and the ratio between the SHG intensity of the a-quartz with and without

solvent is reported in Table 2.1.

Table 2.1: Ratio of the SHG intensity? of crystalline a-quartz with and without solvent

Mass of a-quartz Solvent Iref (Quartz) | 1 (quartz + solvent) I/ Tret
(mg) (counts) (counts) (%)
water 1474 270 18.3
50 ethanol 1411 198 14.0
chloroform 1430 142 9.9
toluene 1472 41 2.8
Water 1823 461 25.2
100 ethanol 1812 351 194
chloroform 1841 164 8.9
toluene 1811 92 5.1

2 rer: the intensity of the reference sample; | intensity
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The SHG activity of the crystalline a-quartz with and without solvent recorded shows that the
intensity of the signal varies depending (obviously) on the amount of crystalline phase and the
volume of the solvent but also on the nature of the solvent (e.g. refractive index and absorption
coefficient).

These first examples provide an overview of the efficiency of the SHG signal when we are
tracking non-centrosymmetric crystals in suspension. The experimental tests illustrate the
possibility to detect SHG activity of a non-centrosymmetric crystal in equilibrium with its
mother liquor even though the collected SHG signal can decrease down to 90% of the SHG
intensity from dry powder samples. Moreover, a certain variability of the SHG activity can be
observed if the medium of crystallization changes (nature and/or volume of solvent).

3.2. SHG INTENSITY DEPENDENCIES

3.3.1. Influence of the amount of crystalline phase

The influence of the amount of crystalline phase on the SHG intensity was illustrated using the
following approaches.

Experience was conducted in the same volume scale of 2 ml of different solvents for different
amounts of crystalline a-quartz [20; 50; 100 mg] in a vial. The results summarized in Figure
2.3 showed that the SHG intensity increases by increasing the amount of crystalline phase in
the suspension. The test highlighted the dependence of the SHG signal on the amount of
crystalline phase in the suspension for a same volume but also on the solvent nature (refractive
index and absorption coefficient) since the evolution of the intensity of the SHG signal with the
mass of the crystalline compound is clearly different for different solvents.

500
R o0 e
1 B 5o e
400 - B 20 o
=
=
§ 300 1
z
=
3
E 2004
&
i
77
100 4
0
water ethanol chloroform toluene

Figure 2.3: Influence of the amount of crystalline a-quartz in suspension (2 ml scale) on the SHG signal

~72 ~



CHAPTER 2: DEVELOPMENT OF IN-SITU SHG SET-UP AND ITS APPLICABILITY FOR CHIRAL
COMPOUNDS

3.3.2. Influence of the nature of solvent

Solvents can be classified by their refractive index and absorption coefficient when light passes
through them. By measuring the SHG signal generated by a non-centrosymmetric material in
equilibrium with its mother liquor, the nature of the solvent particularly the absorption
coefficient of the liquid at the fundamental and daughter wavelengths should be taken into
account.

Since crystalline a-quartz is a birefringent material i.e. having two refractive indexes at each
wavelength (A = 1064 nm and at A = 532 nm). For A = 1064 nm, the refractive index of the
ordinary ray is 1.5469 and 1.5561 for the extraordinary ray. For A = 532 nm, the refractive index
of the ordinary ray is 1.5341 and 1.5429 for the extraordinary ray.

However, for the following, we consider the ratio of refractive indexes between those of
crystalline a-quartz and those of the chosen solvent. For the crystalline a-quartz, the mean
refractive index value (nrr = 1.5385) at A = 532 nm is taken between the ordinary ray and
extraordinary ray. For those of the selected solvents (water, ethanol, chloroform and toluene),
their values were taken at the second harmonic wavelength as given in the refractive index
database.

Herein, we just focused on the influence of the refractive index and absorption coefficient of
the solvents at A = 532 nm (Second harmonic wavelength) on the SHG effect generated by the
crystalline phase in suspension. The suspension is composed for a first experiment of a mass of
20 mg of a-quartz + 2 ml of solvent and for a second experiment of 100 mg of a-quartz + 2 ml
of solvent in different vials. For each prepared vial, the SHG intensity is recorded.

3.3.2.1. Refractive index

The influence of the refractive index of the chosen solvent at A =532 nm on the SHG signal of

the crystalline a-quartz is reported as given in Figure 2.4.
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Figure 2.4: Influence of the refractive index of the solvent at 532 nm on the SHG signal of the crystalline a-
quartz in suspension (refractive index data collected from Refractive index database).

Results show that the refractive index of the solvent should not be too close to those of the solid
phase i.e. when the refractive index of the solvent is approached those of the crystalline a-
quartz, the SHG response of the material in suspension decreases. Thus, in this particular case,
water should be preferred than other solvents to collect a maximum SHG signal of the a-quartz
in suspension.

3.3.2.2.Absorption coefficient

For the same experiments, the influence of the absorption coefficient is also highlighted. The
results of the SHG intensity versus the absorption coefficient (data from the Refractive index

database) of the solvent is reported in Figure 2.5.
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Figure 2.5: Influence of the absorption coefficient of the solvent at 532 nm on the SHG signal of the
crystalline a-quartz in suspension (absorption coefficient data collected from Refractive index database).

The higher, the solvent absorption coefficient, the lower the SHG intensity collected except in
the case of chloroform in this study. This discrepancy might be due to its high viscosity. Indeed,
the solid phase was stagnated in the bottom (detection window) even though the vial was
agitated, thus a more significant SHG signal was collected despite its high absorption
coefficient at 532 nm) compared to the other suspensions. It is better to choose a solvent with
having a small absorption coefficient at 532 nm to monitor the crystallization by in situ SHG.
3.3. CONCLUSION OF THE FEASIBILITY STUDY
The SHG activity of a non-centrosymmetric crystal in suspension is difficult to evaluate.
Indeed, besides the volume and nature of the solvent, the intensity of the SHG signal depends
on various parameters such as the particle size, crystallinity of the sample, phase matchability
(SHG signal increases with respect to the crystal size) of the crystals, density...
Nevertheless, this preliminary study gave interesting indications that turned out to be useful for
the design of the new set-up.
Indeed, the experimental results obtained with the reference (quartz) showed that:

- The SHG signal intensity increases with the amount of crystalline solid phase in

suspension.

- The volume of liquid phase should be as small as possible.

- The refractive index of the liquid should not be too close to the one of the solid phases.

- The absorption coefficient of the liquid phase at the working wavelengths (1064 nm and

532 nm) should be moderated.
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- The viscosity of the liquid phase should not be too high because it can prevent the
sedimentation of the sample close to the optical window and thus limit the detection of
the SHG signal.

In conclusion, even though the SHG activity of a non-centrosymmetric crystal in suspension

decreases drastically compared to the signal from the dried powder, crystals in suspension

can still give measurable SHG signal. Thus, spotting non-centrosymmetric crystals in

suspension seems feasible with an in situ SHG set-up.
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PART 4: EXPERIMENTAL SHG SET-UP FOR IN SITU MEASUREMENTS
4.1.DESCRIPTION OF THE SET-UP AND PRINCIPLE OF THE MEASUREMENTS

After the period devoted to the choice, the manufacturing and/or the acquisition of the adequate
equipment, the implementation of the set-up was achieved. SHG technique combined
(connected) with a batch cooling crystallizer was named in situ SHG technique. We can recall
that the main motivation is to track conglomerate forming-systems in equilibrium with their
mother liquor and to follow the phase change between centrosymmetric and non-
centrosymmetric phases or vice-versa. The schematic representation of the in situ SHG set-up
is displayed in Figure 2.6. A picture of the experimental SHG set-up is shown in Appendix II,

Figure A. 11- 1.
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Figure 2.6: Schematic view of SHG set-up equipped with a batch cooling crystallizer: in situ SHG
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The batch cooling crystallization operations are carried out in a double jacketed reactor of a
volume of ca. 200 ml with a speed-controlled mechanical stirrer. The dedicated reactor is
designed with a thin bottom to enable the optical fiber to collect the generated SHG signal. The
reactor is placed in a cryo-thermostatic batch and the temperature inside the reactor is controlled

using an internal Pt100 probe. A NL300 series laser is used as the laser source with
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characteristics similar to the one used in the conventional set-up (Q-switched pulsed laser
operating at 1064 nm and delivering 300 mJ of 6 ns duration). Measurements are performed in
reflection geometry, i.e., the backward SHG signal at 532 nm (green light) generated by the
non-centrosymmetric crystal in suspension is collected into an optical fiber (0.5 nm of core
diameter), directed onto the entrance slit of a spectrometer (Ocean Optics) and recorded through
the boxcar integrator. The generated new light is scattered in all directions and only a fraction
of the emitted light passing through the cone of the optical fibre is detected. Nevertheless, the
recorded SHG signal is high enough to indicate the presence or absence of non-centrosymmetric
crystals in the mother liquor. The intrinsic sensitivity of SHG to symmetry properties and
molecular orientation makes it well-suited for tracking the possible rearrangements arising as
crystallization progresses. In situ SHG provides a sensitive mean to detect crystal formation at
early stages for crystals containing a non-centrosymmetric unit cell.

The software Oceanview is used to collect the detected SHG signal. It gives a plot of the SHG
signal intensity versus the wavelength. The mean SHG intensity is first expressed in counts then
in percentage by normalizing it to the maximum SHG intensity generated from the dried solid

phase.

4.2.SELECTION OF CRYSTALLIZATION SYSTEMS

The challenge is to monitor crystal formation at the earliest possible stages for crystal systems
that could serve as an alert and be useful in tracking non-centrosymmetric crystals (e.g.
metastable conglomerates). The in situ SHG technique seems to allow quantification of the
SHG activity of crystalline materials in equilibrium with their mother liquor in the limit
detection of 10% of the intensity from the dried powder sample.

We have first selected the crystallization of potassium dihydrogen phosphate (KDP, SHG

efficiency material) before extending to the crystallization of organic crystal systems.
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PART 5: CRYSTALLIZATION OF POTASSIUM DIHYDROGEN PHOSPHATE
(KDP) MONITORED BY IN SITU SHG

5.1. REASONS OF THE CHOICE

Potassium dihydrogen phosphate has been proven to be a nonlinear efficient material over the

years?>?2, Several nonlinear techniques (Ruby or Q-Switched laser) and associated methods

(dispersion effects, mixing of light beams in crystals, etc.)?*2* have been tested using KDP.

Additionally, the KDP is easily available and its crystallization from water is easy and fast. One

can also obtain large particle size which is interesting as KDP is a phase matching material,

SHG intensity increases with particle size.

All these benefits suggest that KDP is a good candidate to ensure that the in situ SHG set-up is

operating accurately.

5.2. EXPERIMENTAL CONDITIONS

A supersaturation slightly greater than one is usually enough to induce a crystallization®. Four

different supersaturated solutions of KDP; solid form purchased from Sigma Aldrich (§ = 1.03;

1.04; 1.05 and 1.07) were prepared in purified water at 20 °C (the solubility of KDP in water at

20 °C is 18.93 wt%).

For each performed run the solution was cooled down from 20 °C to 0 °C at the cooling rate

1K min™ to create a highly supersaturated solution and induce the crystallization of KDP at 0°C

within few minutes.

The SHG data are collected every 2 minutes starting from 0 to 60 min (the time zero being

taken when the cooling from 20 °C to 0 °C started -see Figure 2.7-), thus enabling to follow the

crystallization of KDP inside the reactor during the cooling to 0 °C and subsequent isotherm at

this temperature.

5.3. RESULTS AND DISCUSSION

The variation of the SHG intensity over time for the four slightly supersaturated solution ratios

is reported in Figure 2.7. The SHG intensity of KDP in suspension was normalized to the SHG

intensity of KDP in powder.
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Figure 2.7: Crystallization of potassium dihydrogen phosphate for different supersaturated solution ratios
monitored by in situ SHG technique. The SHG intensities are normalized by using KDP in powder

The results show that each performed run can be divided into three domains depending on the
recorded SHG intensity starting from zero (no nuclei) to ca. 23% of the maximum SHG
intensity of KDP (powder).

Domain I (no SHG signal detected) corresponds to the supersaturated solution: the system goes
from slightly supersaturated (at 0 minute) to highly supersaturated solution (at ca. 18 minutes)
while the system is cooled down. The first crystals appeared (detectable by eye) at ca. 19
minutes but due to SHG signal crystal size dependence, the SHG signal was not detectable.
Crystal sizes of average value of [45-100 um] seem necessary to generate a SHG signal
detectable by the set-up by referring to the average particle size in the case of a-quartz.
Domain 11 (SHG signal is positive and sharply increases): Nucleation has already occurred, the
crystal growth started after ca. 20 minutes and the number and size of particles increase while
the crystallization progresses, inducing the increase of the SHG intensity. The temperature of
the batch is stabilized; the crystal growth reaches its maximum rate. KDP crystals in suspension

generate their highest SHG activity combining particle size and amount of KDP in suspension.
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Domain 11 (SHG signal maximum and constant): No additional crystal growth, the SHG signal
is at its maximum intensity and the system returns to the equilibrium. Thus, the experiment can
be ended because there is no more variation on the SHG signal.

The experimental data obtained from the crystallization of KDP confirm the preliminary results
obtained from crystalline a-quartz in suspension. The results are consistent with Lecaptain® data
for the measurement of the induction time of KDP crystallization using SHG technique. In our
work, we use the same principle of SHG technique as Lecaptain to test the KDP efficiency for
in situ SHG monitoring. The only difference between those studies is in the experimental
conditions (shape of the reactor, temperature control, supersaturation ratio, volume scale etc.).
The study gives a good indication on the possibility to track non-centrosymmetric organic

crystals in solution as shown earlier by Lecaptain for a-lactose.

5.4. CONCLUSION AND POSSIBILITY TO EXTEND TO CHIRAL ORGANIC
SYSTEMS

The reliability of the experimental in situ SHG set-up was tested by using inorganic materials
(Quartz and KDP) which are efficient for SHG generation. The results highlighted the
possibility of SHG technique to be used to track non-centrosymmetric crystals in their mother
liquor. To extend the possibility of the set-up, the test is exemplified through the case studies
of some organic salts crystallizing as polymorphs.

In situ monitoring of the time evolution of a reaction has become a standard tool in controlling
crystal morphology and crystal size distribution, particularly in the pharmaceutical industry. In
our work, the in situ SHG monitoring can give a rapid response on the racemic species nature

while crystallization progresses.
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PART 6: INVESTIGATION OF A PHASE TRANSITION BY IN SITU SHG FOR
CHIRAL COMPOUNDS
6.1. INTRODUCTION ON POLYMORPHIC PHASE CHANGE
Most of the organic substances exist in solid state as polymorphs, pseudo-polymorphs (solvates)
or amorphous forms. The physicochemical properties of active pharmaceutical ingredients
(APIs) are key factors to the development of appropriate dosage forms?® and those crucially
depend on the solid form present.
Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) are the common
techniques used to determine the thermodynamic relationships between different phases:
enantiotropic and monotropic transitions between polymorphs, solvation/desolvation and
amorphization/recrystallization ~ processes®?’.  These  techniques emphasize the
characterizations, knowledge of thermodynamic and kinetic parameters that determined the
temperature stability domain for storage condition and dosage form.
In this work, we aim at evaluating the applicability of in situ SHG set-up for tracking phase
transitions, two compounds were studied:
- Histidine monohydrochloride, to monitor the three-phase transition between the hydrate
and dihydrate forms of this compound.
- Imeglimin propionate to monitor the eutectoid transitions between the conglomerate and
the racemic compound.
6.2. HISTIDINE MONOHYDROCHLORIDE HYDRATE (S)
6.2.1. Histidine monohydrochloride
DL-2-amino-3-(1H-imidazol-4-yl)  propanoic acid monohydrochloride or histidine
monohydrochloride (scheme 1) is an amino acid commercially available. The compound exists

in two different hydrated forms.

H—-=Cl

HN

Scheme 1: Histidine monohydrochloride
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6.2.2. Histidine monohydrochloride hydrate (s)

Histidine monohydrochloride can crystallize either as a monohydrate or a dihydrate depending
on the temperature of the crystallization.

The resolution of DL-histidine monohydrochloride by crystallization was first demonstrated by
Duschinsky?®%, who separated the isomers by seeding supersaturated aqueous solutions
containing an excess of one or the other antipode. This is consistent with the existence of a
conglomerate forming-system. However, racemic histidine monohydrochloride crystallizes in
water at 20 °C as a dihydrate while at higher temperatures (45 °C and above) as a monohydrate.
According to Duschinsky, the racemic compound which is stable at low temperature changes
to a conglomerate between 40 and 55 °C. The ternary isotherms of the histidine hydrochlorides
were determined in water at 25, 35 and 45 °C by Jacques and Gabard®°. It was confirmed that
a racemic compound is formed at 25 and 35 °C and the data obtained at 45 °C reveal the
formation of a conglomerate. It was clearly shown by Jacques et al.3 that the transition
temperature at which the racemic compound decomposes is quite close to 45 °C. The crystal
structures of histidine monohydrochloride have been resolved by Donohue and Caron®? (1964)
for the monohydrate and Bennett et al.®* (1970) for the dihydrate.

Finally, it was shown by Jacques et al. that histidine monohydrochloride crystallizes at 45 °C
and above, as a conglomerate (monohydrate, P212:21, space group) and as a racemic compound
(dihydrate, P21/a, space group) at low temperatures.

6.2.3. Salt formation and characterizations

6.2.3.1. Salt formation

DL and L-histidine monohydrochloride monohydrate were purchased from Sigma Aldrich with
a purity grade better than 99% and were used without any further purification. DL-histidine
monohydrochloride dihydrate was crystallized from an equimolar ratio of DL-histidine and
hydrochloride acid in aqueous solution at room temperature. The solution obtained was stirred
well at room temperature using a controlled magnetic stirrer (500 rpm) to yield a homogenous
mixture of solution. Then the solution was left to evaporate at room temperature up to
crystallization. The collected solid was gently ground and analysed by using classical SHG,
XRPD and DSC.

6.2.3.2. Powder-SHG technique

For the commercial DL and pure L-enantiomer of the monohydrate, the SHG response was
positive but with a very weak intensity compared to the intensity of the reference sample (< 1%

/ quartz).
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For DL-histidine monohydrochloride dihydrate, the crystallized solid phase gave no SHG
signal, as expected for a centrosymmetric crystal.

6.2.3.3. XRPD measurements

The XRPD measurements performed on the commercial and crystallized histidine

monohydrochloride salts are reported in Figure 2.8.
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Figure 2.8: XRPD patterns of DL (black) and L (red) histidine monohydrochloride monohydrate and
experimental (pink) and calculated (green) DL- histidine monohydrochloride dihydrate

The XRPD patterns of commercial DL (black) and L- (red) histidine monohydrochloride
monohydrate are identical and confirm the conglomerate nature of the monohydrate form
(P212121, space group) even though their SHG intensities are weak.

The calculated (green) and experimental (pink) XRPD patterns of DL-histidine
monohydrochloride dihydrate are similar with some shifted peaks. A single crystal of the
racemic mixture dihydrate was analysed by single crystal X-ray diffraction (SC-XRD) and gave
the same crystallographic data as those reported by Bennett et al*®,

6.2.3.4. DSC and TGA-DSC analyses

DSC analyses were performed on each form of the histidine monohydrochloride and the results

are reported in the Figure 2.9.
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Figure 2.9: DSC curves of histidine monohydrochloride: experimental DL dihydrate (pink), commercial DL
(black) and L (red) monohydrate

For the commercial monohydrate, two endothermic events appear: one at 150.6 °C and the other
at 248.7 °C for DL-histidine monohydrochloride (respectively at 162.2 °C and 254.5 °C for L-
histidine monohydrochloride) corresponding to dehydration and melt (followed by
decomposition), respectively. The dehydration (loss of mass of 7.82% corresponds to circa one
water molecule) on both DL and L monohydrate samples was confirmed by TGA-DSC analysis.
For the DL-dihydrate, DSC analysis displays two events: one endothermic event at 108.2 °C
assigned to the dehydration and one endothermic event at 141.1 °C assimilated to the melt. In
between, an undetermined endothermic event at 118 °C (probably a loss of mass due to the
lattice water). TGA-DSC analysis performed on the DL-dihydrate confirms the loss of 13.73%
of mass equivalent to circa two water molecules at 107.3 °C.

6.2.3.5. In situ SHG analyses

The classical powder-SHG analysis revealed that the SHG efficiency of DL-histidine
monohydrochloride monohydrate is very weak. Furthermore, as demonstrated in Table 2.1, the
SHG intensity of a non-centrosymmetric crystal decreases when the latter is in equilibrium with
its mother liquor (suspension). This fact could constitute an issue for the monitoring of the
polymorphic phase change between the monohydrate and dihydrate forms.

A suspension of the commercial DL histidine monohydrochloride monohydrate was prepared
in purified water at room temperature and submitted to the in situ SHG analysis. For different
concentration rates, no SHG signal was detected and the complete conversion to the dihydrate
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phase took at least 24 hours. The absence of SHG signal in the suspension was probably due to
the weakness of the SHG signal of histidine monohydrochloride monohydrate powder.

6.2.4. Conclusion

Histidine monohydrochloride exhibits different crystal structures for different amount of water
and crystallization temperatures. The DL-monohydrate salt crystallizes in the non-
centrosymmetric, P2:2:21, space group and the DL-dihydrate salt in the centrosymmetric,
P21/a, space group. This makes this binary system theoretically suitable to be analysed by in
situ SHG. However, experimentally, the weakness of the SHG signal generated by the
monohydrate conglomerate powder prevented the study of the phase transition in suspension
by in situ SHG. Consequently, the level of SHG efficiency of a non-centrosymmetric crystal is
a critical parameter for the monitoring by in situ SHG technique of a phase change. A non-
centrosymmetric phase for which powder-SHG is already weak would hardly give a detectable
signal by in situ SHG. Thus, the weakness of the SHG signal constitutes one of the drawbacks
of the in situ SHG technique.

6.3. IMEGLIMIN PROPIONATE

Imeglimin: commonly named in the SMS laboratory “Merck base”, has the chemical name: (R)
1,6-dihydro-N,N,6-trimethyl-1,3,5-triazine-2,4-diamine (Scheme 2) and belongs to the family
of dihydro-1,3,5-triazine derivatives. This family of compounds have pharmaceutical interests
such as anti-malarial activity, herbicide or insecticide3+%,

(R)-imeglimin hydrochloride salt, an active pharmaceutical ingredient (API, patented by
POXEL-Merck KGaA) reduces the level of glucose in blood and is used to cure the diseases

NH;
N

caused by insulin resistance®.

N

Scheme 2: Imeglimin
Levilain et co-workers®’ have identified and characterized three solid phases of imeglimin
propionate and have resolved the crystal structure of the conglomerate phase. The crystal
structures of the racemic compound and hydrate phases were not yet solved.
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Imeglimin propionate is a suitable candidate to test the reliability and applicability of our in situ
SHG set-up.
6.3.1. Salt formation and characterizations
6.3.1.1. Salt formation
For this work, the pure enantiomer of imeglimin was not available to crystallize the
enantiomeric salt, but XRPD data of the (-) imeglimin propionate previously obtained by
Levilain were used for the comparison of XRPD data obtained from the racemic mixture salt.
The crystallization of (x) imeglimin propionate (Scheme 3) was carried out:

- In isopropyl alcohol at 11 °C (conditions reported by Levilain et al. to obtain the

conglomerate by spontaneous crystallization): Phase I).

For a 1:1 ratio reaction between () imeglimin and propionic acid, the parameters of
crystallization of the phase | are summarized in Table 2.2.

Table 2.2: Parameters of crystallization of conglomerate phase of imeglimin propionate

() imeglimin propionate Conglomerate

Mass of (x) imeglimin (g) 3.990

Volume of propionic acid (ml) 1.918 (1.0 equivalent)
Mass of isopropyl alcohol (g) 20.044 (9)
Crystallization temperature (°C) 11

- In ethanol at 70 °C with fast evaporation in a ventilated oven (conditions reported for
racemic compound formation: Phase 11).
- In ethanol at room temperature by slow evaporation (our own conditions for hydrated

phase formation: Phase I11).

o) CH
>\ /°
7
NH, 8
P -
N| XNH" ©
H,C 2 1
6 >N N7 CH,
L
5 3

Scheme 3: Imeglimin propionate with labelled carbons

6.3.1.2. Solid state NMR analyses

The formation of () imeglimin propionate was confirmed by solid state nuclear magnetic

resonance (ss-NMR) measurements for the Phase | and Phase Il. The NMR spectra (despite 2
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extra peaks for Phase Il, indicated by black arrows) of imeglimin propionate were
superimposable (Figure 2.10).
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Figure 2.10: Superposition of spectra of racemic compound (blue) and conglomerate (red) of imeglimin
propionate at rotation frequency of 25 kHz. (Black arrows indicate extra peaks in the racemic compound).

The spectral line for Phase 11 exhibits 2 peaks (indicated by black arrow) which are not present
in the spectral line for Phase 1. A recrystallization in ethanol solution was performed to exclude
the hypothesis of presence of impurities for Phase 11, but the two peaks were still present in the
new spectral line. Some solvent (or something else) could be expected (even though we
performed ss-NMR analysis with a solid sample) for Phase Il but only its crystal structure will
allow to compute completely the chemical shifts.

The crystallized solids were further characterized by classical techniques (i.e. SHG, XRPD and
DSC).

6.3.1.3. Powder-SHG technique

The classical SHG (in powder) analyses revealed that Phase | gave a strong SHG signal (826%
/ quartz) in agreement with the formation of a conglomerate. More surprisingly, Phase 11 gave
a positive but relatively weak SHG signal (9% / quartz) which is not expected for a racemic
compound. Phase Il exhibited no SHG signal.

Since a positive SHG signal was obtained for Phase |1, a non-centrosymmetric space group was
suspected for the racemic phase even though racemic compounds crystallizing in a non-
centrosymmetric crystal exist but their number is rather limited®s,

This hypothesis was reinforced by SHG microscopy observations of the crystalline powder
spread on a glass microscope slide. Emission of light (in yellow) was observed for each crystal

which banned the possibility for Phase Il of a contamination of the sample by a non-
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centrosymmetric impurity. Thus, SHG microscopy indicates (Figure 2. 11) that conglomerate
(@) and racemic compound (b) of imeglimin propionate have a positive SHG activity, indeed

both are constituted of non-centrosymmetric crystals.
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Figure 2.11: SHG microscopy on conglomerate a) and racemic compound b) of imeglimin propionate

6.3.1.4. XRPD measurements

Characterization of the crystallized phases were also performed by using XRPD measurements
and the XRPD patterns of the different phases of imeglimin propionate are reported in Figure
2.12.

The perfect superimposition of the experimental XRPD patterns of Phase | (red) and (-)
enantiomer (green) confirms the conglomerate nature of the imeglimin propionate racemic
mixture.

A single crystal of sufficient size and quality was obtained from crystallization of the
enantiomeric salt (reported by Levilain et al.). The crystal structure of the conglomerate was
resolved and revealed that the (-) imeglimin propionate enantiomer crystallizes in the non-
centrosymmetric crystal system: hexagonal, P6s space group. Thus, the conglomerate phase
crystallizes in the non-centrosymmetric crystal system with, either P6s (n° 170), space group
for (-) enantiomer or P61 (n° 169), space group for (+) enantiomer.

The superimposition of the experimental (green) and calculated (blue) XPRD patterns from the

(-) enantiomer sample indicates that the analysed crystal was representative of the bulk sample.
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Figure 2.12: XRPD patterns of imeglimin propionate: experimental (black) racemic compound;
experimental (red) conglomerate; experimental (green) and calculated (blue) (-) enantiomer; experimental
hydrate solid solution (pink).

The XRPD pattern of Phase Il (black) is different from that of the conglomerate (Phase I). As
the ss-NMR analysis evidenced the propionate salt for both samples (even though two
unidentified peaks were present in the spectra of Phase Il, see Figure 2.10), Phase | and Phase
Il correspond to different solids of racemic imeglimin propionate (conglomerate and racemic
compound).

The XRPD pattern of hydrate phase is also different from those of the conglomerate (Phase 1)
and the racemic compound (Phase I1). Moreover, Levilain®" has shown that XRPD patterns of
racemic hydrate and its corresponding (-) enantiomer hydrate have similarities with peak shifts
and their solubility studies revealed small differences. Therefore, he concluded that the hydrate
phase likely crystallizes as a complete solid solution'=°.

Several attempts for different methods (slow evaporation, cooling crystallization) at different
temperatures were used to grow single crystals of the racemic compound and the hydrate solid
solutions. However, single crystals of sufficient size and quality were not obtained. The crystal
structure determination using X-ray powder diffraction pattern was also impossible due to the
poor intensities and resolution of the peaks in their X-ray diffractions patterns.

6.3.1.5. DSC and TGA-DSC analyses

DSC analyses (Figure 2.13) revealed a single endothermal peak at 211.8 °C (onset) for the
conglomerate (Phase I) and at 208.6 °C (onset) for the racemic compound (Phase I1), attributed

to their melting. DSC curves of the racemic compound and conglomerate did not show any

~90 ~



CHAPTER 2: DEVELOPMENT OF IN-SITU SHG SET-UP AND ITS APPLICABILITY FOR CHIRAL

COMPOUNDS

thermal event which could be associated to a polymorphic transition. For the hydrate phase,

DSC analyses gave three endothermal events at 57.2 °C (dehydration) at 183.2 °C (unidentified

event) and at 206.9 °C (onset melting).
TGA-DSC analysis (Figure 2.14) was used to confirm the presence of one water molecule in

the crystal structure of the hydrate phase. Figure 2.8 shows the profile of mass loss of 7.54%

corresponding to the loss of one water molecule at 56.9 °C.
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Figure 2.13: DSC curves of racemic compound (black), conglomerate (red) and monohydrate solid solutions

(pink) of imeglimin propionate
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Figure 2.14: TGA-DSC analysis of the monohydrate solid solutions of imeglimin propionate

~91 ~



CHAPTER 2: DEVELOPMENT OF IN-SITU SHG SET-UP AND ITS APPLICABILITY FOR CHIRAL
COMPOUNDS

6.3.2. Relative stability of the phases

Regarding their melting temperature, the conglomerate (Phase 1) was suspected to be more
stable than the racemic compound (Phase I1). However, relative stability temperature tests were
performed and revealed that the conglomerate phase is metastable at room temperature and
above. To check the occurrence of the polymorphic change, a suspension of the conglomerate
was prepared in ethanol under magnetic stirring at room temperature. After ten days, the
conglomerate was completely converted into the racemic compound. The solid of the
suspension was sampled every two days and analyzed by XRPD measurements and the
polymorphic change was confirmed by the comparison of their XRPD patterns (see section
6.3.4, Figure 2.17).

The same protocol was used to suspend under magnetic stirring the racemic compound in
ethanol at 11 °C (temperature of crystallization of the conglomerate) but the racemic compound
remains unchanged after one month. The temperature of the suspension was maintained at lower
temperature (7 °C) but no change was observed on the racemic compound for several days.
Consequently, the conglomerate and the racemic compound phases of imeglimin propionate
seem to be in a monotropic relationship*® with the racemic compound as the stable phase, and
the conglomerate as the metastable phase at all temperatures.

The solubility variations of the two phases were studied in ethanol solution for different
temperatures.

6.3.3. Solubility studies

The solubility of racemic compound and conglomerate phases of imeglimin propionate was
measured in ethanol using the classical evaporation method. A suspension of each phase was
prepared in ethanol for different temperatures and let under stirring during several hours. Then
the suspension was filtered, and the saturated solution was weighed, then evaporated and dried
at room temperature. The solubility is calculated by dividing the mass of the recovered powder
by the mass of the saturated solution. Hereafter, each reported value of the solubility is the mean
value of three measurements (with the errors) and is expressed in weight percent (wt%). We
checked that the solid-solid transition did not occur during the solubility measurement
(verification of the solid phase by XRPD after filtration). Figure 2.15 displays the solubility

variation over temperature of the racemic compound and conglomerate phases.
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Figure 2.15: Solubility curves of racemic compound (black) and conglomerate (red) phases of imeglimin
propionate in ethanol solution.

The solubility of the conglomerate in ethanol is systematically higher than that of the racemic
compound in the range of temperature investigated, thus confirming its metastable character in
a monotropic relationship with the racemic compound, the stable form (the most stable form at
a given temperature and pressure is the least soluble in a given solvent at the same temperature
and pressure).

6.3.4. Phase change monitored by in situ SHG

We have confirmed that imeglimin propionate crystallizes in three forms (e.g. conglomerate,
racemic compound and monohydrate solid solutions) which have different physicochemical
and physical characteristics (morphology, density, solubility, melting point, etc.). Several
common techniques such as differential scanning calorimetry, temperature-resolved X-ray
diffraction were used to identify and characterize this system.

Herein, we propose a complementary experimental method (i.e. in situ SHG) that could be used
to follow the three-phase transition since at least one phase exhibits a non-centrosymmetric
crystal structure. In the following, we monitor the phase change between the conglomerate and
the racemic compound of imeglimin propionate.

We have shown that the conglomerate (powder-SHG intensity: 826% / a-quartz) is metastable
and that the racemic compound (powder-SHG intensity: 9% / a-quartz) is stable for all
temperatures through a monotropic relationship under atmospheric pressure. Under these

conditions, the known irreversible solid-solid transition from the conglomerate to the racemic
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compound of imeglimin propionate could occur within few days as shown above (section 6.3.2).
In this studied system, the two phases are non-centrosymmetric crystals but show drastically
different SHG response as powder samples (almost two orders of magnitude in percentage of
a-quartz intensity). Therefore, it is possible to follow the phase change by following the
evolution with time of the SHG intensity measured for a suspension of the conglomerate at a
given temperature. In parallel, periodic sampling of the suspension and analysis by XRPD can
be performed to identify the phases present in the suspension during the monitoring.

As we know that the intensity of the SHG signal is sample and solvent dependent, we have
prepared a suspension with a large amount of solid 33% above the solubility limit of the
conglomerate in ethanol solution (25 ml scale).

The experiment was carried out in the batch cooling crystallizer described in section 4.1, the
reactor was completely sealed to avoid evaporation of the solvent during the monitoring.

The suspension was maintained at constant temperature (i.e. 40 °C, herein) under mechanical
stirring and the intensity of the SHG signal was daily collected and recorded every two hours
up to complete transformation of the conglomerate into racemic compound. The SHG intensity
recorded over time is normalized with the SHG intensity of the pure metastable conglomerate
(maximum value in the suspension) and expressed in percentage. The results of three runs (same

experimental conditions) are reported in Figure 2.16.
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Figure 2.16: Phase transition between the conglomerate and racemic compound of imeglimin propionate
monitored at 40 °C by in situ SHG.
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The monitoring by in situ SHG of the phase change can be divided into three different domains
depending on the SHG intensity of the suspension recorded over the time:

(1) Domain | where no variation on the SHG signal is observed. The metastable
conglomerate is the only phase present in the suspension, thus the SHG signal is at its
maximum value (100%).

(ii) Domain Il where the intensity of the SHG signal of the suspension is decreasing i.e. the
suspension is not composed only of the conglomerate. The metastable phase
(conglomerate) starts to convert into the stable phase (racemic compound) which has a
weaker SHG efficiency. This decrease gradually occurs from ca. 10 hours up to nearly
72 hours confirming a slow rate of solid-solid transition between the metastable and
stable phases at this temperature (40 °C).

(iii) Domain 111 where no variation on the SHG signal occurs anymore, the intensity
measured remains constant (i.e. only the stable phase is present in the suspension).

The experimental parameters such as the temperature and stirring rate remained constant, the
phase transition occurred after a certain time once the energy barrier is overcome. The rate of
phase transition for imeglimin propionate is poor i.e. at least three days were necessary to
completely transform the conglomerate into the racemic compound for a batch of 25 ml scale,
with an amount of solid 33% above the solubility limit, at 40 °C, and stirring rate of 250 rpm.
For each run, samples were taken at t = 44 and 80 hours (domain Il and I11) in the suspension
to identify the phases present at that time. For each sample, the collected solid was analyzed by
XRPD (Figure 2.17)
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Figure 2.17: XRPD patterns of conglomerate (red; at t = 0 hour), mixture (pink at t = 44 hours) and racemic
compound (black; at t = 80 hours) imeglimin propionate.
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The XRPD patterns of collected solids confirm that at t = 44 hours (pink), the suspension is
composed of the mixture of conglomerate and racemic compound and at t = 80 hours (black),
the racemic compound only is present in the suspension. These results are in perfect agreement
with the variation of the SHG intensity of the suspension recorded over time.

Another challenge was to evaluate the rate of solid-solid transition as a function of the
temperature. So, with the same experimental parameters (25 ml volume scale and 250 rpm), a
fourth run was performed at 35 °C and the results displayed in Figure 2.18. The fourth run was
chosen at lower temperature to prevent evaporation of the solvent during crystallization. The

variation of the SHG intensity versus time was plotted for the monitoring at 35 °C and 40 °C.
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Figure 2.18: Phase transition between the conglomerate and racemic compound of imeglimin propionate
monitored at 35 °C (blue) and 40 °C (black) by in situ SHG.

At 35 °C, the conversion of the metastable to stable phases takes more time than at 40 °C.
Consequently, the higher the temperature at which the monitoring is performed, the fastest the
complete transformation of the conglomerate into the racemic compound of imeglimin

propionate. The elevation in temperature enhances the molecular motion and helps to overcome
the energy barrier.

6.3.5. Conclusion

The conversion from the conglomerate (metastable) to the racemic compound (stable) has a
slow kinetics which can be increased at higher temperatures. The large difference in SHG
intensity of the two forms, although both non-centrosymmetric, is enough to discriminate the

different solids and unambiguously allowed to monitor the phase transformation by in situ SHG.
~ 06 ~



CHAPTER 2: DEVELOPMENT OF IN-SITU SHG SET-UP AND ITS APPLICABILITY FOR CHIRAL
COMPOUNDS

These observations provide compelling evidence for the ability of in situ SHG to directly
monitor solid-solid transition by means of measuring SHG signal of crystalline non-
centrosymmetric phases. However, in the case in which a small difference in SHG intensity
exists between the two forms, the identification of the solids by XRPD will be necessary.
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PART 7 : CONCLUSION AND PROSPECTS

We have implemented a technique based on second harmonic generation to track non
centrosymmetric crystals at the early stages of crystal formation. The developed technique
named in situ SHG has been successfully tested to track non-centrosymmetric crystal in
equilibrium with their mother liquor.

Through the investigation of KDP crystal formation, the in situ monitoring demonstrates the
versatility of the SHG technique. The results allowed to extend the applicability of the in situ
monitoring to chiral organic compounds crystallizing with at least one non-centrosymmetric
crystal phase.

The in situ SHG has been used to monitor the solid-solid transition between two organic crystal
phases having both a positive SHG activity. The monotropic conversion from conglomerate to
racemic compound of imeglimin propionate at 35 °C necessitated minimum four days for a 25
ml volume scale. The rate of solid-solid transition is slow for imeglimin propionate but is
increased at higher temperature.

The technique provides the screening of non-centrosymmetric crystals in suspension and direct
evidences the polymorphic transition in such crystals. A SHG signal greater than 5-10% of the
a-quartz SHG intensity could be detected without ambiguity in suspension??. This level of
detection allows to be sure that the crystal in equilibrium with its mother liquor is non-
centrosymmetric when the SHG signal is detected. Nevertheless, it should be noted that a
threshold SHG efficiency of the material is required to be tested in suspension as shown by the
example of histidine monohydrochloride.

Evaluation of the SHG signal is rather complex when the crystallization progresses because the
SHG intensity is sample and solvent dependent but can be normalized with the intensity
(powder-SHG on the chosen compound). Although it is sometimes possible to differentiate two
solids by their SHG intensities (i.e. conglomerate and racemic compound of imeglimin
propionate) but a XRPD analysis may be nonetheless necessary to identify the phase present in
suspension for a small difference in their SHG intensities.

Clearly, through this study, progress has been made in development of methods to use second
harmonic generation technique for tracking metastable conglomerates at the early stages of
crystal formation. This is a new direction to find new conglomerate forming systems (even
metastable) and to increase their proportion which is nowadays on the average less than 10%
of the pairs of enantiomers for crystalline racemic mixtures. Additionally, efforts should be
concentrated to the determination of threshold volume scale that could allow to detect a SHG
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signal in suspension if the latter exists. That will contribute to reduce misinterpretation of
absence of SHG signal for unknown candidates. Furthermore, the study of crystallization
kinetic parameters would be envisaged to have information on the existence in time of
conglomerate during crystallization from solution.
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PART 1. INTRODUCTION

Chlocyphos is the trivial name of a member of a family of phosphoric acids designed and
introduced in 1985 by ten Hoeve and Wynberg?®. These cyclic phosphoric acids were the first
“family” to be investigated in the resolution technique now known as Dutch Resolution?3. The
enantiomers of chlocyphos are of great interest as several cyclic phosphoric acids, including
phencyphos and anicyphos, are used as effective resolving agents in preparing optically pure
amines'* (ephedrine, valine etc.). Diastereomeric salt formation process®® is often used to
resolve these phosphoric acids but this method can present failure due, for example, to the
formation of an oil, a gel or a solid solution’®. Furthermore, this method does not always fit
with industrial needs (i.e., low cost, high enantiomeric excess and high productivity). An
attractive alternative method is to perform preferential crystallization® (PC) which could be in
favourable cases a reliable and inexpensive process to resolve the racemic mixture into its
enantiomers. PC consists in isolating pure enantiomers by alternating crystallization with no
need for addition of any chiral agent. PC does not alter the global molecular symmetry of the
system. However, it requires that the racemic mixture crystallizes in an equimolar mixture of
enantiopure crystals, i.e. a stable conglomerate.

Leeman?® and co-workers have reported the resolution by PC of a compound from the same
family of phosphoric acids: phencyphos. Indeed, phencyphos monohydrate crystallizes as a
conglomerate and its resolution by PC was successful. It was thus logical to apply this method
of entrainment to the resolution of chlocyphos.

Racemic chlocyphos crystallizes, as will be shown further, as a racemic compound. Thus, to
achieve resolution by PC, chlocyphos derivatives (salt or co-crystal) that exhibit a full chiral
discrimination in the solid state (e.g. conglomerate forming system) must be found. Moreover,
these derivatives must not display epitaxial behaviour and/or other complications that can
frustrate a resolution by PC*.

In this chapter, we report first the thermal and structural characterizations of both racemic
mixture and (S)-enantiomer of chlocyphos. The search for conglomerate forming systems
among a series of more than twenty salts formed by combining chlocyphos (a strong acid) with
strong bases or alkyl amines in 1:1 ratio is also reported. SHG? is firstly used to preselect the
non-centrosymmetric crystallized phases. Then for the SHG spotted compounds, both pure
enantiomer and racemic mixture samples are submitted to additional characterizations such as

DSC and X - ray powder diffraction mainly. Crystal structures of the salts are determined by
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SC-XRD and the strong tendency of chlocyphos alkyl-amine salts to crystallize as
conglomerates with similar crystal packing arrangements is highlighted. Through careful
analysis of their crystal and molecular structures, a trend with respect to alkyl amine moiety
length starting from ethyl to cyclohexyl can be established.

Then, PC through its different modes**4 (SIPC, AS3PC and ASPreCISE) is performed at small
scale on the spotted conglomerates of chlocyphos alkyl amine salt derivatives and the results
are discussed in terms of enantiopurity level and yield.
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PART 2. CHLOCYPHOS

2.1. CYCLIC PHOSPHORIC ACIDS

The trivial names of these cyclic phosphoric acids shown in scheme 1 were suggested by Michel
Leeman in 200950 even though they were described many years before by Wynberg and co-
workers!. This family of phosphoric acids has been proven to be excellent resolving agents®®.
These strong acids easily form crystalline salts even with weak bases which make them suitable

for conglomerate screening.

? ; 0
HO—FP HO—P_ HO—P
/ o g "o J o
o o}
cl MeO
Phencyphos Chlocyphos Anicyphos
Scheme 1

2.2. CHLOCYPHOS: THERMAL AND STRUCTURAL CHARACTERIZATIONS
4-(2-chlorophenyl)-5, 5-dimethyl-2-hydroxy-1, 3, 2-dioxaphosphorinane 2-oxide or
chlocyphos (C11H14ClO4P), a white crystalline solid, was kindly provided by Syncom BV with
a purity grade better than 99%. Chlocyphos is practically insoluble in water and most of the
organic solvents but soluble in polar solvents®’ such as methanol, ethanol etc.

2.2.1. DSC analyses

A full characterization of the racemic and pure enantiomer of chlocyphos free acid was
performed prior to considering derivatives.

The DSC analyses performed on chlocyphos display a single endothermic event at 219.5 °C
(onset) for the racemic mixture and 232.2 °C (onset) for (S)-enantiomer samples corresponding
to their respective melting point. Before completion of the fusion, a sharp exothermic
phenomenon appears, interpreted as chemical degradation (Figure 3.1). Samples were weighed
at the end of the DSC analyses and a large mass loss (ca. 42%) compared to the mass at the start
of the measurement was observed for both racemic mixture and (S)- chlocyphos. Note also that,
the crucible content turned to be burned (dark residual). Hence, chlocyphos likely degraded
after the melt. No other extra thermal event corresponding to a polymorphic transition, an
eutectoid, or peritectoid transformation or a desolvation has been observed for the starting

compounds.
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Figure 3.1: DSC curves of racemic (black) and (S)- (red) chlocyphos

2.2.2. XRPD measurements
The absence of a significant SHG signal emitted by the crystallized racemic mixture chlocyphos

and the clear differences between the XRPD patterns of racemic mixture and (S)- enantiomer

samples (Figure 3.2) indicate that racemic chlocyphos most likely crystallizes as a

centrosymmetric racemic compound.
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Figure 3. 2: XRPD patterns of racemic (black) and (S)- (red) chlocyphos

2.2.3. Crystal structure determination by SC-XRD
Crystal structure determination from single crystal data of the racemic sample was used to

confirm the hypothesis of centrosymmetric racemic compound. Single crystals were grown by
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slow evaporation of methanol solutions at room temperature and atmospheric pressure. After
few days, single crystals (average size: 1-2 mm) were obtained from (S) and racemic
crystallized batches and analysed by SC-XRD. All crystal structures were determined from
single crystal diffraction on a SMART APEX diffractometer (with MoKa; radiation: A =
0.71073 A). The crystal structure of chlocyphos samples were solved at room temperature in
the triclinic centrosymmetric P-1 space group for the racemic sample and in the chiral space

group P2, for the (S)-enantiomer. Their crystallographic parameters are reported in Table 3.1.

Table 3.1: Crystallographic data of racemic mixture and (S)-chlocyphos

racemic chlocyphos (S)-chlocyphos
CSD number 1912257 1912259
Chem. Formula [C11H14CIO4P]
MW / g.mol* 276.64
Temperature (K) 300
Crystal system Triclinic Monoclinic
Space Group P-1 P2,
Z, 7’ (asymmetric units per unit cell) 2,1 4,1
alA 6.879 (3) 7.968 (1)
b/A 9.415 (4) 7.234 (1)
c/A 9.826 (4) 11.143 (2)
al® 82.597 (7) 90.00
pl° 76.805 (6) 105.590 (3)
yl° 80.685 (6) 90.00
vV /A3 608.6 (4) 618.8 (2)
deatc / g.cm™® 1.510 (9) 1.485 (5)
Absorption coefficient u (MoKa) / mm™ 0.445 0.437
N° reflexions unique / 1>2c1 2424 | 1956 2470/ 2279
Final R1/wR2 0.0452 / 0.1135 0.0349 /0.0863
(I>2c1)
Final R1/wWR2 0.0565 /0.1197 0.0383/0.0888
(all data)
Absolute structure (Flack) parameter NA -0.03 (7)

For racemic chlocyphos as for (S)-chlocyphos, the asymmetric unit is composed of one
molecule of C11H14CIO4P (Figure 3.3).

For racemic chlocyphos, the hydroxyl moiety establishes some hydrogen bonds (Table 3.2) that
give rise to dimers (Figure 3.4). These dimers are interacting through m-m interactions and
generate periodic bond chains spreading along a and b axes (Figure 3.5).

For (S)-chlocyphos, the molecules establish hydrogen bonds (Table 3.2) along b direction and

give rise to periodic bond chains along this direction (Figure 3.6). The van der Waals
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interactions ensure the cohesion of the crystal structure. The projection of the whole packing

along b and c directions are displayed in Figure 3.7.

0?2

Figure 3.3: Asymmetric unit in labelled atoms representation for racemic and (S)-chlocyphos

Table 3.2: Hydrogen bonds characteristic lengths and angles? of chlocyphos
DH.A d(D-H) [d(H..A) [ d(D..A) |<(DHA)
(A) (A) (A) @)
Racemic | O(1)-H(1)...0(2) # 0.82 1.75 2571 (3) | 1774
(S) O(1)-H(1)...0(2) #* 0.82 1.76 2487 (2) | 147.6

aBymmetric transformations used to generate equivalent atoms #: -x+1, -y, -z+1 (for racemic) and #: -x+2, y+1/2,

-z (for S)

Figure 3.4: Molecular bond chains formed by hydrogen bonded dimers (dashed blue line) interacting
through n-m interactions (d ~ 3.6 A) (dashed pink lines) for racemic chlocyphos

~109 ~



CHAPTER 3: CHIRAL RESOLUTION OF CHLOCYPHOS VIA ITS SALT DERIVATIVES

Figure 3.5: Periodic bond chain and projection of the whole packing along a (left) and b (right) axes. The
black rectangle represents a unit cell for racemic chlocyphos.

Figure 3.6: Molecular bond chains formed by hydrogen bonds (dashed blue line). van der Waals interactions
ensure the cohesion of the crystal structure for (S)-chlocyphos.

Figure 3.7: Periodic bond chain and projection of the whole packing along a (left) and b (right) axes. The
black rectangle represents a unit cell for (S)-chlocyphos.
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Figure 3.8: Calculated and experimental XRPD patterns for racemic (bottom) and (S)-chlocyphos (top)
The calculated and experimental XRPD patterns obtained for racemic chlocyphos on one hand
and (S)-chlocyphos on the other hand are identical (Figure 3.8).
This confirms that the chosen analysed crystals were representative of the bulk sample. Their
crystal structures were deposited in the Crystallographic Structure Database (CSD) under the
code number CCDC 1912257 for racemic and CCDC 1912259 for (S)-chlocyphos.
2.3. SOLUBILITY STUDIES OF CHLOCYPHOS
The solubility of chlocyphos was measured in different solvents using the classical evaporation
method. A suspension of the racemic mixture was prepared in the chosen solvent at 20 °C and
let under stirring during several hours. Then the suspension was filtered, and the saturated
solution was weighed and then evaporated in a ventilated oven. The solubility expressed in
weight percent (wt%) is calculated by dividing the mass of the recovered powder by the mass
of the saturated solution. The results are summarized in Table 3.3.

Table 3.3: Solubilities of racemic chlocyphos in different solvents at 20 °C

N° Solvent Solubility (wt %)
1 MeCN <1

2 Water <1

3 MeOH 6.0

4 EtOH 3.9

5 IPA 2.7

6 DMF 18.1
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Chlocyphos is soluble in all polar protic solvents (methanol, ethanol) and poorly soluble in
polar aprotic solvents (acetonitrile).

We showed that chlocyphos crystallizes as a racemic compound. This is not compatible with a
resolution by preferential crystallization. Logically, experiments were thus pursued to find
derivatives crystallizing as conglomerates.

Due to the strong acidic function of chlocyphos, the choice for a derivative fell on salts rather
than derivatives such as co-crystals for example. Indeed, cyclic phosphoric acids are strong
acids (pKa = 2-3) and they might be expected to form salts with strong bases, amines and amino

acids.
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PART 3: CHLOCYPHOQOS SALTS

3.1. SALT FORMATION AND SHG RESPONSES

Chlocyphos, strong bases (KOH, NaOH), amines and the polar protic solvents were used
without further purifications. Chlocyphos salts were obtained from acid-base reactions by
addition of 1 equivalent of pure base and 1 equivalent of chlocyphos in a polar solvent (e.g.
methanol, ethanol or isopropyl alcohol) in a container placed in a thermostatic bath (T = 30 °C)
under magnetic stirring to ensure complete dissolution. Solutions were kept at room
temperature during crystallization. The crystals were collected, dried at ambient temperature

and analysed with the powder-SHG classical set-up.

Table 3.4: Salt formation and corresponding SHG responses

Acide Amines SHG signal |[SHG Intensity (% of the signal
of reference quartz sample)
Sodium hydroxide - <1
Ammonium hydroxide - <1
Potassium hydroxide - <1
Lithium hydroxide - <1
Strontium hydroxide - <1
Ethanolamine - <1
Triethanolamine - <1
Sarcosine - <1
Chlocyphos Methylamine - <1
Ethylamine + 4 (1)
Diethylamine - <1
Triethylamine - <1
Propylamine + 24 (1)
Butylamine + 20 (2)
Isobutylamine + 54 (3)
Tert-butylamine - <1
Pentylamine + 10 (2)
Tert-pentylamine - <1
Hexylamine + 10 (1)
Cyclohexylamine + 34 (2)
Octylamine + 38 (1)

(values in brackets are uncertainties calculated from three measurements)
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SHG tests were performed on the various salts of the racemic mixture to preselect the non-
centrosymmetric phases and further investigations were conducted on these preselected
compounds (such as DSC, XRPD, SC-XRD) to establish if the crystallized racemic mixture is
not only non-centrosymmetric but also chiral (conglomerate).
First trials involved strong bases such as sodium hydroxide, potassium hydroxide or ammonium
hydroxide but none of these derivatives gave positive SHG response whatever the solvent used
for the crystallization of the salt (methanol, ethanol or isopropyl alcohol). These salts were thus
discarded. Conversely other trials with alkyl amines led to eight positive SHG responses
highlighting the corresponding salts as potential conglomerates (Table 3.4). Thus, the study was
focused on this family of compounds.
3.2. IDENTIFICATION OF CONGLOMERATES
3.2.1. Methylammonium chlocyphos
SHG response was negative for this compound but further analyses were pursued for
methylammonium chlocyphos salt to understand why it bypasses the trend of alkyl amines to
give a SHG positive response when combining with chlocyphos.
DSC analyses of the crystallized racemic salt showed two endothermic events at 78.1 °C and at
161.3 °C (onset) corresponding to dehydration followed by melt (Figure 3.9). After annealing
at 80 °C overnight, the thermal analyses of the annealed racemic displayed one endothermic
event at 198.5 °C (onset) corresponding to its melting point.

0.5

exo

0.0 +

-0.5

DSC (mW/mg)

bl

161.3°C
1.0 - 198.5°C

L) ! | ' I ' I
50 100 150 200

Temperature (°C)
Figure 3.9: DSC curves of crystallized (black) and annealed (red, at 80 °C overnight) racemic
methylammonium chlocyphos
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The crystallized and annealed racemic methylammonium chlocyphos thus exhibit different
solid phases and furthermore, SHG performed on the annealed (anhydrous) racemic
methylammonium was also negative.

TGA-DSC analyses performed on the crystallized racemic salt indicated a mass loss of 4.19%
of the total mass (Figure 3.10). The mass loss is less than the mass of one water molecule (which
is ca. 5.53% of the total mass) but it confirms a reduction of the total mass of the salt which
could be assimilated to dehydration.

TG 1% DSC (mW/mg)
110 1 exo
0.0

0.1

Mass Change: -4.19 %
/

0.2

o5 03

Mass Change: -3.18 %
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90
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85
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Figure 3.10: TGA-DSC analysis of crystallized racemic methylammonium chlocyphos

NMR analyses performed on the crystallized and the annealed salts show identical spectra for
both phases because probably water molecules patterns could not be detectable in the NMR
analysis (non-reported data).

Consistently with DSC measurements, XRPD measurements performed at room temperature
for both crystallized and annealed salts show that their XRPD patterns are totally different
(Figure 3.11).

Furthermore, XRPD measurements at different temperatures (TR-XRPD) were performed on
the crystallized racemic salt. The results highlight two different XRPD patterns between 22 °C
(room temperature) and 101 °C. A phase transition is observed starting at 40 °C and seems
completed at 50 °C. Then, no change in the XRPD pattern is observed up to 101 °C and even
when the sample is cooled back to 25 °C (Figure 3.12).
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Figure 3.11: Crystallized (black) and annealed (red, at 80 °C overnight) XRPD patterns of racemic
methylammonium chlocyphos
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Figure 3.12: XRPD patterns of racemic methylammonium chlocyphos at different temperatures

Based on DSC, TGA-DSC and TR-XRPD measurements, the crystallized racemic
methylammonium chlocyphos would crystallize as a racemic compound (hydrate). As the
determination of its crystal structure is the better way to conclude and determine the fraction of
water molecules, single crystals of racemic mixture methylammonium chlocyphos were grown
and analysed by SC-XRD. The detailed crystal structure of methylammonium chlocyphos is
presented in section 3.3 which is dedicated to the structural characterization of the various salts.
3.2.2. Ethylammonium chlocyphos

DSC analyses performed on the two ethylammonium chlocyphos samples showed one single
endothermic event at 241.9 °C for racemic and at 274.9 °C for (S)-ethylammonium chlocyphos
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(Figure 3.13). Thus, a difference of ca. 33 °C between the onset melting point of racemic and
(S)- enantiomer samples is revealed, which is a common feature between a conglomerate-

forming system and its pure enantiomers*é,

44 Exo
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o
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Figure 3.13: DSC curves of racemic (black) and (S)- (red) ethylammonium chlocyphos

Racemic ethylammonium chlocyphos salt gave a positive but relatively weak SHG signal.
Similar XRPD patterns between racemic and (S)-ethylammonium chlocyphos were obtained at
room temperature although with small angular shifts detected at 10° and in the range 20—30° in
20 (Figure 3.14). The shifted peaks observed in left- and right-hand sides from the XRPD
patterns associated to the thermal and SHG results prompted us to envisage that the racemic
mixture could crystallize as a conglomerate but with symmetrical partial solid solutions close
to the enantiomer.

Numerous attempts to grow single crystals of sufficient size and quality of ethylammonium
chlocyphos from the racemic mixture or mixtures of scalemic compositions failed. However,
as spotting a conglomerate with partial solid solution is unusual, a thorough study of the phase

diagram associated to this system was performed and will be presented in section 3.4.
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Figure 3.14: XRPD patterns of racemic (black) and (S)- (red) ethylammonium chlocyphos. The black arrows
point the shifted peaks in left and right hands. The insets correspond to a zoom on the data at 10° (right
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hand shift) and at 25.8° (left hand shift).

3.2.3. Propylammonium chlocyphos

DSC analyses of each salt display at least two endothermic events at 154.7 °C and 182.5 °C
(onset melting point) for racemic salt and at 197.3 °C and 223.1 °C (onset melting point) for

(S)-propylammonium chlocyphos corresponding to their polymorphic transition temperatures

and melting points respectively (Figure 3.15).
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Figure 3.15: DSC curves of racemic (black) and (S)- (red) propylammonium chlocyphos
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Propylammonium chlocyphos gave a positive SHG signal and a non-centrosymmetric crystal
could be expected. However, XRPD patterns for racemic and (S)-enantiomer samples are totally
different (Figure 3.16). Thus, temperature resolved (TR) XRPD measurements were performed
for the racemic salt to help in the attribution of the multiple events observed on the thermograms
(Figure 3.15).

TR-XRPD measurements highlighted several phase transitions but none of their X-ray pattern
was superimposable to that of the enantiopure compound (Figure 3.17).
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Figure 3.16: XRPD patterns of racemic (black) and (S)- (red) propylammonium chlocyphos
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Figure: 3.17: XRPD patterns of propylammonium chlocyphos at different temperatures (RT: for room
temperature, Rac.: for racemic mixture)

Finally, various solid phases of propylammonium chlocyphos were highlighted by the DSC

analyses performed on the racemic and (S) salts. Those results point out the existence of several
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crystalline phases (polymorphs or hydrated/solvated forms or racemic compound) for
propylammonium chlocyphos. The phase behaviour of propylammonium chlocyphos is thus
rather complex and requires further studies to understand more the behaviour of this compound.
Nevertheless, single crystals of one racemic mixture form were obtained and analysed by SC-
XRD (section 3.3.1).

3.2.4. Butylammonium, Isobutylammonium, Pentylammonium, Hexylammonium and
Cyclohexylammonium chlocyphos

The DSC analyses performed on these compounds display a single thermal event either for the
enantiomer or the racemic compounds (Figure 3.18) except for the cyclohexylammonium salt

for which the melt is followed by a decomposition.
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Figure 3.18: DSC curves of racemic (black) and (R)-(red) (a) Butylammonium, (b) Isobutylammonium, (c)
Pentylammonium, (d) Hexylammonium and (e) Cyclohexylammonium chlocyphos.

DSC analyses for each salt derivative revealed that the difference between melting point of
racemic mixture and pure enantiomer samples ranges between 25 and 38 °C (Table 3.5), which

is a common feature between a conglomerate forming system and its pure enantiomers*®®,
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Table 3.5: Difference in the temperature of fusion (Tr) of enantiomer and racemic mixture chlocyphos salts

Salts Tr (°C) Tr (°C) ATexp (°C)
Enantiomer Racemic mixture
Butylammonium 242.1 204.2 37.9
Isobutylammonium 260.5 231.7 28.8
Pentylammonium 242.8 205.0 37.8
Hexylammonium 225.9 188.8 37.1
Cyclohexylammonium 320.5 295.9 24.6

Concerning the XRPD analyses, for each salt, the XRPD patterns of racemic and pure
enantiomer samples were found to be identical (i.e. perfectly superimposable) as reported in
Figure 3.19.
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Figure 3.19: From bottom to top: XRPD patterns of racemic (1) and (R)- (2) Butylammonium, racemic (3)
and (R)- (4) Isobutylammonium, racemic (5) and (R)- (6) Pentylammonium, racemic (7) and (R)- (8)
Hexylammonium, racemic (9) and (R)- (10) Cyclohexylammonium chlocyphos.

Based on the results obtained from SHG pre-screening, XRPD and DSC measurements, we can
conclude that butylammonium, isobutylammonium, pentylammonium, hexylammonium, and
cyclohexylammonium chlocyphos would likely crystallize as conglomerate forming systems.
Single crystals were grown to confirm these results by the determination of the crystal structure
of theses salts (Section 3.3.1).

3.2.5. Octylammonium chlocyphos

In the case of the octylammonium chlocyphos, DSC analyses for each salt display two
endothermal events at 58.2 °C and at 142.3 °C (onset melt) for the racemic salt and at 138.9 °C
and at 189.9 °C (onset melt) for (S) salt (Figure 3.20).
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TGA-DSC analyses performed on the racemic salt indicate that the first endothermal event at
58.2 °C corresponds to dehydration i.e. a mass loss of one water molecule (ca. 4.01%) (Figure
3.21). The temperature difference of their melting point is circa 47.6 °C which is suitable for a
conglomerate forming system. However, XRPD patterns at ambient temperature of racemic and
(S)-octylammonium chlocyphos are totally different (Figure 3.22).

Even though, racemic octylammonium chlocyphos gave a strong SHG signal, the XRPD
patterns of racemic and (S) salts are different. Several attempts to grow single crystals from the
racemic mixture did not succeed. Conclusively, we can state that octylammonium chlocyphos
likely crystallizes as a non-centrosymmetric crystal, probably a monohydrate racemic

compound.
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Figure 3.20: DSC curves of racemic (black) and (S)-(red) octylammonium chlocyphos
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Figure 3.21: TGA (green curve) and DSC (black curve) analyses for racemic octylammonium chlocyphos
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Figure 3.22: XRPD patterns of racemic (black) and (S)-(red) octylammonium chlocyphos

3.2.6. Calculation of the eutectic temperature for the conglomerate derivatives

Extra indications about the nature (conglomerate or not) of the spotted compound can be
obtained using the Schroder-Van Laar (simplified) equations?®?! (equation 3.1). Indeed, this
equation can be used to roughly calculate (using thermal data obtained for the pure enantiomer),
the eutectic temperature at the eutectic composition (x = 0.5 mol) when the system is ideal

(‘stable’ conglomerate).

_MHp, 1 1

InX R (T_F TE)

(3.1)

Where x = 0.5 is the mole fraction at the eutectic composition; R = 8.314 J mol™* K is the gas
constant; AHr (J molt) and Tk (K) are the heat and temperature of fusion of the pure enantiomer;
Te (K) and Texp. (K) are the calculated and experimental eutectic temperatures; MW (g mol™?)
is the molecular weight of the salt.

The calculated and experimental eutectic temperatures at the eutectic composition are

summarized in Table 3.6 for each salt derivative.
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Table 3.6: summary of the calculation of the eutectic temperature for chlocyphos salts

Enantiomer Schroder Van Racemic
(Thermal data) Laar mixture
calculated | (Experimental
value value)
Chlocyphos salts Te AHF MW Te Texp.
(K) | @gh | (@mol?) (K)/(°C) (°C)
Ethylammonium 548.05 | 180.6 321.73 519.79/246.6 241.9
Propylammonium 496.25 | 72.35 335.70 443.97/170.8 182.5
Butylammonium 514.95 | 104.60 | 349.78 476.32 /203.2 204.2
Isobutylammonium 536.55 |148.30 | 349.78 506.36 / 233.2 231.7
Pentylammonium 515.95 | 107.70 | 363.81 479.56 / 206.4 205.0
Hexylammonium 498.85 | 91.12 377.83 460.40/ 187.3 188.8
Cyclohexylammonium | 586.95 | 309.70 | 375.82 570.35/297.2 295.9

(values in bold are consistent with Schroder-van Laar equations)

The uncertainties on the experimental values is ca. + 2 °C within the experimental errors.
Therefore, the calculated eutectic temperatures are in good agreement with the experimental
values for butylamine, isobutylamine, pentylamine, hexylamine and cyclohexylamine
derivatives which are expected to be stable conglomerates (equation 3.1. is applicable only for
‘ideal’ systems).

However, the difference between calculated and experimental temperatures is ca. 4.7 °C for
ethylammonium chlocyphos and 11.7 °C for propylammonium chlocyphos.

For ethylammonium chlocyphos, the deviation from the ideal case could originate from the
existence of a solid solution. This could be established by calculating the entropy of mixing of
the two enantiomers in the liquid state as described in the equation (3.2), by Leclerg, Collet and
Jacques??%,

_ aHE  aHE  aHE-aHE
a =T TR T T

In (%) (3.2)

with ASj;,, the entropy of mixing of the two enantiomers at the liquid state; AHY and Tf | the

enthalpy and temperature of fusion of the pure enantiomer and AHE and T}, the enthalpy and

temperature of fusion of the racemic mixture.

Grant and co-workers?* have used this thermodynamic approach to identify racemic species
from thermal data and recently Bredikhin et al.?® have underlined the presence of entropy

anomaly in the melting of the two enantiomers of chiral drug timolol (another conglomerate
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with partial solid solution). In the following, we use the same approach to verify the consistency
between thermal data and the existence of a partial miscibility in the solid state for racemic
ethylammonium chlocyphos system.

For an ideal conglomerate, the two enantiomers are perfectly immiscible in the solid state, their
enthalpy of mixing is equal to zero. At the liquid state, the melting of the mixed enantiomers
should be congruent, and their enthalpy of mixing is approximatively zero. Thus, the entropy
of mixing will be constant, and the value is given by RIn2.

ASJi = Rln 2 = 5.76 I mol K™ (3.3)

For ethylammonium chlocyphos system, by replacing in equation (3.3) the experimental data

obtained from DSC analysis, the entropy of mixing in the liquid state gives a value of AS;;, =

6.0 + 0.9 J mol*K™1. The value of 5.76 J mol* K is within error the same as the experimental
value of 6.0 + 0.9 J mol’* K. So, unfortunately this does not allow us to conclude on the
existence of a solid solution.

For propylamine derivative, the difference between the calculated and experimental values is
due to the polymorphic phases of the racemic salt?2.

Except for ethylammonium chlocyphos for which single crystals of sufficient size and good
quality have not been obtained, the resolution of the crystal structures of the racemic mixture
by SC-XRD have been performed to definitively conclude on the nature of the spotted
compounds. As will be shown hereafter it revealed a family of conglomerate forming- systems
formed between chlocyphos and alkyl-amine.

3.3. CRYSTAL STRUCTURE DETERMINATION BY SC-XRD

3.3.1. Butylammonium, Isobutylammonium, Pentylammonium, Hexylammonium,
Cyclohexylammonium and Propylammonium chlocyphos.

3.3.1.1. Crystallographic data

For each derivative, the crystal structures have been determined by SC-XRD for the single
crystal (average size 1-2 mm) obtained from the racemic mixture. All crystal structures were
determined from single crystal diffraction on a SMART APEX diffractometer (with MoKaig
radiation: A = 0.71073 A). The crystallographic data are summarized in Table 3.7. As expected,

every crystal phase corresponds to a chiral space group even for propylammonium salt.
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Table 3.7: Crystallographic data” of the conglomerate derivatives

Chlocyphos
Alkyl-amine Butyl Isobutyl Pentyl Hexyl Cyclohexyl Propyl
Chem. [C11H13C|O4P] [C11H13C|O4P] [C11H13C|O4P] [Cl[lé"t’-le|’\C|):|4P] [CllHlSCIPO4]
Formula [CaHuN] [CsHuN] | [CoMisN] o [CotioN]
CSD number | 1912254 | 1912255 | 1912258 1912271 1912256 1912822
MW / g.mol ™ 349.78 363.81 377.83 375.82 335.7
Temperature 300
(K)
Crystal system Monoclinic Orthorhombic Monoclinic
Space group P2:(n°4) P2:12121 (n°19) P2:(n°4)
7,7 2,1 4,1 2,1
alA 11.282 (1) | 11.436 (1) | 7.0043 (6) | 7.1595(5) | 11.355(1) | 11.427 (8)
b/A 6.515 (7) | 6.432(8) | 16.476 (1) |16.6398 (11)| 6.5917 (7) | 6.541 (5)
c/A 12.958 (1) | 12.819 (2) | 17.303 (1) |[17.3695 (12) | 13.076 (1) | 12.924 (9)
Bl° 98.767 (2) [104.407 (2) 90 90 97.120 (2) | 100.02 (1)
v/ A3 941.4 (1) | 913.3(2) | 1996.9(3) | 2069.3(2) | 971.2(1) 951.4 (1)
N® reflexions | 4o/ o561 [3207 / 2640 3809 /2338 | 4206 /3202 | 393373257 | 3746835
unique / 1>2cl
Final RI/WR2 | 0.0517/ | 0.0496/ 0.0689 / 0.0585/ 0.0462 / 0.0799/
(1>251) 0.1109 0.1110 0.1523 0.1430 0.0942 0.1702
Final R1/wR2 | 0.0735/ | 0.0649/ 0.1142 / 0.0781/ 0.0570/ 0.2893/
(all data) 0.1264 0.1247 0.1781 0.1561 0.1007 0.2262
Absolute
SErF‘:ggukr)e 017(10) | 029(9) | 052(16) | 0.15(14) 030(1)| 032
parameter

(“crystal structure determined from single crystal obtained from the racemic mixture)

For each salt, except the propylammonium salt, the calculated XRPD and experimental XRPD

patterns match (reported in Appendix I11, from Figure A. 111-1 to Figure A. I11-5), which means

that the single crystals are representative of the bulk sample and confirm the conglomerate-

forming system. However, several Flack'® parameters are not close to zero and cast some doubt

(high uncertainties) about the enantiomeric purity of these phases. For instance, for

pentylammonium chlocyphos, the Flack parameter is 0.52 (16) and raises the possibility of

epitaxy between (R)- and (S)-enantiomers or even multi-epitaxy. Moreover, racemic

pentylammonium chlocyphos could crystallize as a metastable racemic compound.

3.3.1.2. Crystal structures description

Whatever the two families of crystal structures (monoclinic P21, and orthorhombic P21212;),

asymmetric unit is always composed by two entities: one deprotonated chlocyphos molecule

and one protonated amine molecule as represented in Figure 3.23 for isobutylammonium
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chlocyphos. Inside the asymmetric unit, strong interactions are established by ionic hydrogen
bonds (Table 3.8) between the oxygen atom O (2) of anionic chlocyphos and the protonated
amine N (1) of the amine cation (Figure 3.23) and are wrapped around a 2 screw axis and led
to molecular bond chains spreading along a or b direction (Figure 3.24). Every ammonium
moiety is connected to three chlocyphos anions: two are consecutive and form a single row
(along b axis) and the third one (along a axis) connects to the adjacent row leading to double
row periodic bond chains that build the crystal packing of isobutylammonium chlocyphos
(Figure 3.25). These periodic bond chains are stacked along c¢ direction, and the cohesions are
ensured by van der Waals interactions between amine chains and n—= interactions between

neighbouring chlocyphos benzyl rings.

Figure 3.23: Asymmetric unit of racemic isobutylammonium chlocyphos, in thermal ellipsoidal
representation with labelled atoms (pink dashed line represents the ionic hydrogen bond).

Table 3.8: Hydrogen bond characteristic lengths? and angles of isobutylammonium chlocyphos

aSymmetry operations used to generate equivalent atoms: #1: x,y =1,z —1; #2: —x + 1,y — 1/2, =z + 1; #3: X, V,

z-1.

dH.A) | dD.A) | <(DHA)
oH-A &) &) ©)
N(D)-H(1A)..OQ)#1|  1.80 2.682 (4) 1734
N(l)-H(lB)...O(l) #2 1.94 2.811 (3) 166.7
N(1)-H(1C)...0(1) #3 1.95 2.806 (4) 160.0
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Figure 3.24: Periodic bond chains (PBC) around the 21 screw axis formed by the ionic hydrogen bonds of
(i) Isobutylammonium, (ii) Pentylammonium, (iii) Hexylammonium and (iv) Cyclohexylammonium
chlocyphos.
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Figure 3.25: Double row periodic bond chains (hydrogen bonds represented in purple) and the projection
of the whole packing along c (i) and b (ii) axes for isobutylammonium chlocyphos. The black rectangles
represent a unit cell.

The crystal structures clearly show similarities for all conglomerate derivatives regardless of
their space groups P21 or P21212, (reported in Appendix Ill, from Figure A. I11-8 to Figure A.
[11-13). The unit cell dimensions are closely related: a, b, and ¢ parameters remain close for
butylammonium, isobutylammonium, and cyclohexylammonium chlocyphos, which crystallize
in the same space group P2:. Similar observations can be noted for the unit cell parameters (a,
b, and c) of the P2:2:2; structures for pentylammonium and hexylammonium chlocyphos. The
hydrogen bond networks involving the heteroatoms in the molecular ribbon along a or b axes
are identical. These characteristics lead to the same pattern of periodic bond chains and thus a

clear homogeneity among the members of that family.
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Propylammonium chlocyphos (with the P21 space group) has similar cell parameters and crystal
structure packing even though its calculated and experimental XRPD patterns obtained from
the racemic mixture are not identical (reported in Appendix 111, Figure A. 111-6). The quality of
the analysed crystal obtained from racemic salt was not good (the number of unique reflections
was 3748 and 835 with 1>2c1). However, the crystal structure determined from SC-XRD data
shows extensive analogies with those found for the longer alkyl amines. Thus, the crystal
structure unambiguously proves the presence of a conglomerate among the different possible
forms.

3.3.2. Methylammonium chlocyphos

3.3.2.1. Crystallographic data

From the single crystal data of the racemic mixture, methylammonium chlocyphos was proven
to be a sesquihydrate salt crystallizing in the monoclinic centrosymmetric C2/c space group.
The crystallographic data reported in Table 3.9 confirm the SHG inactivity and highlight the

hydrated character of the salt (1.5 water molecules: sesquihydrate).

Table 3.9: crystallographic data of racemic methylammonium chlocyphos (sesquihydrate)

Chem. Formula [C11H13ClO4P] [CH3NH3]1,5 H20
CSD number 1968943
MW / g.mol* 334.73
Crystal system Monoclinic
Space group C2/c (n°15)
7, 7’ (asymmetric units per unit cell) 8,1
alA 41.447 (5)
b/A 6.5284 (7)
c/A 12.464 (1)
al® 90
pl° 105.655 (2)
yl° 90
V /A3 3247.5 (6)
Oeatc / g.cm™ 1.369 (2)
F (000) / e 1416
Absorption coefficient u (MoKau) / mm? 0.354
N° reflections unique / | > 2ol 3312 /2725
Final R1/wR2 (I1>2c1) 0.0518/0.1373
Final R1/wR2 (all data) 0.0618/0.1474
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3.3.2.2.Crystal structure description

The asymmetric unit of the racemic methylammonium chlocyphos sesquihydrate is composed
of one and a half water molecules, one molecule of deprotonated chlocyphos, and one
protonated molecule of methylamine (Figure 3.26). Inside the asymmetric unit, strong hydrogen
bonds are established by ionic-hydrogen bonds (Table 3.10) between the oxygen atom O (3) of
anionic chlocyphos and the protonated amine N (1) of the amine moiety for one hand and
between the oxygen atom O (4) of anionic chlocyphos and the oxygen atoms O (w1 and w2) of
the water molecules in the other hand and led to molecular bond chains through the ammonium
moiety along b direction (Figure 3.27). These ribbons establish hydrogen bonds that generate

molecular layer and lead to the periodic bond chains projected along c and b axes (Figure 3.28).

C1A

Figure 3.26: Asymmetric unit in thermal ellipsoidal representation with labelled atoms. The pink dashed
line is ionic hydrogen bond.

Table 3.10: lonic hydrogen bonds characteristics lengths and angles®

dD-H) [dH.A) | dD.A) | <(DHA)
P-A-A A | @ A) ()
OW2-H(20)...0 (4) 0.68(3) | 210(3) | 2773(3) | 169 (4)
N(LA)-H(LA5)..0 (3) 0.89 187 | 2.750(2) 169.6
N(1A)-H(LA6)..OW2#2 | 0.89 189 | 2.764(3) 165.8
N(LA)-H(1A4).OW1#1 | 0.89 196 | 2.835(2) 168.8
OW2-H(30)..0R) #3 | 0.77(3) | 203(3) | 2.792(3) | 172(3)
OWL-H(10)..0(4) #4 | 081(3) | 1.93(3) | 2.7227 (19) | 167 (3)

aBsymmetry transformations used to generate equivalent atoms: #1: x, y+1, z; #2: x, -y+2, z-1/2; #3: X, y-1, z; #4:

-x+1,y, -z+1/2.
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Figure 3.27: Molecular bond chain (left) and two consecutive molecular bond chains along b axis established
by ionic hydrogen bonds (right)

k)'/. A )(
Qi g TR0 o = xﬁ?
g Tk @m S
A G<><.v‘ ) T Ve

)r; I
[ s T f 1 :‘.“,‘f": Ly
b\:\[‘, ;_?‘vw A :\ﬁl\&}x
|

RN - R

<
-]

AR
e

A \

a

Figure 3.28: Periodic bond chains and the projection of the whole packing along ¢ (left) and b (right) axes.
The black rectangle represents a unit cell.

The experimental powder diffraction pattern obtained from the bulk, and the calculated powder
pattern from the single crystal data show the representativeness of the analysed crystals (Figure
3.29). The crystal structure was deposited in the Crystallographic Structure Database (CSD)
under the code number CCDC 1968943.
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Figure 3.29: Calculated (red) and experimental (black) XRPD patterns of racemic methylammonium
chlocyphos sesquihydrate.

3.3.3. Ethylammonium chlocyphos

3.3.3.1. Crystallographic data

Numerous attempts to grow single crystals of sufficient size and quality of ethylammonium
chlocyphos from the racemic mixture failed. The reasons of this phenomenon remain unclear.

Nevertheless, for this salt, it was hypothesised that the racemic mixture could crystallize as a
conglomerate with partial solid solution close to the enantiomer. So, it can be speculated that
compositional disorder (i.e. solid solution) inhibited the growth of large enough good quality
crystals. This fact can be due to the presence of the counter enantiomer in the crystal lattice
causing a high density of disorder/defects. This phenomenon has already been observed for
other conglomerates with partial solid solutions?>%,

Even so, the crystal structure has been determined by single crystal X-ray diffraction for pure
enantiomers. Their crystallographic data, similar to those of the members of the alkyl-

ammonium chlocyphos family, are reported in Table 3.11.
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Table 3.11: Crystallographic data of (S)- and (R)-ethylammonium chlocyphos

Enantiomer salt

(S)-enantiomer

(R)-enantiomer

Chem. Formula

[C11H13CIPO4] [C2HsNH3]

CSD number 1968942 1968941
MW / g mol* 321.73
Crystal system Orthorhombic
Space group P212121 (n°19)
7,7’ (asymmetric units per unit cell) 4,1
alA 6.5230 (5) 6.5205 (4)
b/A 6.9313 (6) 6.9248 (5)
c/A 36.119 (3) 36.100 (2)
al® 90 90
pl° 90 90
yl° 90 90
vV /A 1633.1 (2) 1630.03 (2)
Oeatc / g.cm™3 1.309 (2) 1.311 (2)
F (000) / e 680 680
Absorption coefficient u (MoKau) / mm? 0.343 0.344
N° reflections unique / | > 2ol 3329/ 2021 3320/ 2711
Final R1/wR2 (I>2c1) 0.0483/0.1042 0.0491/0.1319
Final R1/wR2 (all data) 0.0838/0.1116 0.0613/0.1440
Absolute structure (Flack) parameter -0.06 (1) -0.06 (12)

Note that, concerning the anisotropic displacement parameters (ADP), they did not reveal any
disorder in the crystal structure of the pure (S)- and (R)-ethylammonium chlocyphos®?’.

Indeed, when the disorder is refined on the terminal carbon atom of the ammonium cation, the

adjacent carbon atom along the alkyl chain is no more anisotropically defined.

3.3.3.2. Crystal structure description

The hydrogen bond networks of (S)- and (R)-ethylammonium chlocyphos involving the
heteroatoms in the molecular ribbon along a and b axes are also identical and analogical to the
hydrogen networking of the other members of this family of conglomerates (Appendix IlI,

Figure A. I11-14 and Figure A. 111-15). Their characteristics lead to the same pattern of periodic

bond chains and thus a clear homogeneity among this family of conglomerates.
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3.4. INVESTIGATION OF THE PARTIAL SOLID SOLUTION OF ETHYLAMMONIUM
CHLOCYPHOS

Theoretically, the shape of the binary phase diagram of a conglomerate with partial miscibility
in the solid state can be predicted by evaluating the minor/major differences in the XRPD
patterns between the racemic and pure enantiomer samples. For the construction of the binary
phase diagram, we have performed several DSC measurements to obtain: (i) the temperature
and enthalpy of the eutectic transformation (ii) the end of melting for selected composition
mixtures.

3.4.1. DSC measurements of different mixtures

Different mixtures of racemic mixture and (S)-ethylammonium chlocyphos were weighted,
completely dissolved in isopropyl alcohol under magnetic stirrer and left at room temperature
to recrystallize. Once all the solvent was evaporated, the dry solid was collected, crushed and
gently ground using mortar and pestle to homogenize the (R) and (S) enantiomeric compositions
of dispersed solids over the relevant range [50-100%]. The (R) and (S) enantiomeric
compositions were calculated from the amount of racemic mixture (50% (R) + 50% (S)) and
added pure (S) and expressed in terms of compositions of (S)- enantiomer (x%). For these
measurements, ca. 9.00 + 0.10 mg of samples with various enantiomeric compositions were
prepared in a 25 pL closed aluminium crucible. A heating rate of 10 K min was applied for all
experiments in the 20-290 °C temperature range. Data obtained were evaluated using the
Netzsch Proteus Thermal Analysis Software. For the pure crystalline phases, the melting
temperature was taken from the onset temperature within the heat flux/temperature plot. For
the composition mixtures, the eutectic melting temperature was taken from the appropriate
onset temperature and peak values were used to determine the end of melting (liquidus line).
DSC curves of ethylammonium chlocyphos of pure substances and intermediate enantiomeric
compositions were reported in Figure 3.30.

The onset temperature and enthalpy at the eutectic composition and the peak temperature and
the total enthalpy at the liquidus were accurately identified and recorded. However, the
enantiomeric compositions between [90-99%] were not considered for these DSC analyses
because only one single broad endothermal peak emerged at that range of composition mixtures
due to the presence of mixed crystals. The DSC curves have been vertically shifted for clarity

starting from the pure (S)-enantiomer (100%) toward the racemic composition (50%:50%).
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Figure 3.30: DSC curves of pure racemic, pure (S) and different enantiomeric compositions of
ethylammonium chlocyphos: (i) (red), x =100%; (ii) (blue), x = 87.6%; (iii) (pink), x = 84.7%; (iv) (green),
X =79.7%; (v) (brown), x = 65.1%; (vi) (purple) x = 57.2% and (vii) (black), x = 50.0%. DSC curves have
been vertically shifted for clarity.

3.4.2. Construction of the binary phase diagram and Tammann graph

The binary phase diagram reported in Figure 3.31 was constructed from the DSC data obtained
from the pure substances, the intermediate enantiomeric compositions [87.6; 84.7; 79.7; 65.1;
57.2%] and their corresponding symmetrical points with respect to the eutectic composition x
= 50.0%. The related Tammann graph (Figure 3.32) was constructed by plotting the eutectic
enthalpy versus the enantiomeric compositions starting at the racemic composition x = 50%.
The linear regression fitting from the eutectic enthalpy over the enantiomeric composition
indicates that the straight line intersects the abscissa axis at x = 88 = 1% ((S)-enantiomer
composition). On Figure 3.32, the evolution of the total enthalpy of fusion above the
composition 88% is not a straight line. This behavior is probably due to the loss of mass (ca.
2%) caused by the chemical degradation noted after the DSC measurements. However, this
slight deviation from an ideal case did not prevent the plot of the Tammann graph (using
eutectic enthalpy data extracted from the DSC curves) to determine the limits of composition
of the solid solution. Consequently, the composition limits of the symmetrical monophasic
domains could be proposed at: 12 + 1% and 88 + 1% in (S)- enantiomer composition.
Thermodynamically, the domain width of the solid solution limit was determined using DSC
analyses. This domain of partial miscibility in the solid state can be furthermore evaluated by
using XRPD patterns?328,
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Figure 3.31: Experimental binary phase diagram of ethylammonium chlocyphos system. Red circles are the
experimental temperatures of liquidus and red solid lines the corresponding liquidus line; black square are
the experimental eutectic temperatures and the black solid line the corresponding eutectic invariant; black
dashed lines represent the hypothetical solidus and solvus; the points x = 12 + 1% (left hand) and x = 88 +
1% (right hand) indicate the extreme limit of the eutectic invariant.
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Figure 3.32: Tammann graph for the eutectic invariant between (R)- and (S)-ethylammonium chlocyphos:
Red circles are the total enthalpy of fusion at the liquidus; black squares are the enthalpy of the eutectic
transformation; red line is the linear regression fit (R? = 0.994) and x = 88 +1% indicates the extreme limit
of the eutectic invariant.

3.4.3. Investigation by XRPD measurements of the limit of the solid solution
This approach consists in analysing by XRPD, mixtures of different enantiomeric compositions
to establish the limit of the solid solution domain. The evolution of the peak shifts, starting from
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the pure enantiomer (100%) toward the intermediate enantiomeric compositions, could fix the
boundary of the partial miscibility domain in the solid state.

As we already estimated the extreme limit (x = 88 +1%), we have then selected different
enantiomeric compositions in the estimated solid solution and two-phase domains of the binary
system. The various mixtures were prepared earlier as for the DSC analyses. Sodium chloride
(ca. 5 mg NaCl) was used as internal standard (reference peak). For the XRPD measurements,
the diffraction patterns were collected by steps of 0.02° (in 2-theta) over the angular range 8-
40°, with a counting time of 1 second per step i.e. accumulated long-time acquisition
measurements.

The XRPD patterns for different enantiomeric compositions of ethylammonium chlocyphos are
reported in Figure 3.33. The black arrows indicate the peak shift positions in the XRPD patterns
of ethylammonium chlocyphos.

For a more detailed visualization, some peaks of the XRPD patterns are magnified in Figure
3.34 and the left and right shifts are clearly highlighted.
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Figure 3.33: XRPD patterns of ethylammonium chlocyphos: Different composition mixtures + NaCl™ (for
calibration). Black arrows indicate the shifted peaks.
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Figure 3.34: Magnified peaks of the XRPD patterns of ethylammonium chlocyphos for different
enantiomeric compositions. a) and c) peak shifts at the right-hand side; b) no peak shift and d) peak shift at
the left-hand side.

Figure 3.34a and Figure 3.34c point out peak shifts at right hand side and Figure 3.34d shows
a peak shift at left hand side starting from the pure enantiomer (x=100%; orange) toward the
enantiomeric compositions chosen in the miscibility domain [x = 96.0% (black); x = 92.5%
(red) and x = 89.5% (blue)]. These shifts vanish for the enantiomeric compositions in the non-
miscibility domain [x = 82.5% (pink) and x = 60.2% (green)]. Additionally, in some peaks, no
shift was observed whatever the enantiomeric compositions (e.g. magnified peak in Figure
3.34b).

These results show that the peak shifts correspond to a limited change of size of the unit cell
(some cell parameters slightly change) upon incorporation of the other enantiomer in the
miscibility domain. However, in the two-phase domain, the composition no longer changes and
thus no peak shift can be observed by XRPD. Consequently, XRPD measurements serve to
estimate the width of the miscibility domain at the temperature of measurement (i.e. room
temperature).

The solid solution limit determined using XRPD measurements for different composition
mixtures is comprised between compositions 89.5% and 82.5% in good agreement with the
composition 88 = 1% determined by using the Tammann plot. These results at room
temperature are in good agreement with data obtained from DSC measurements which gives
the extent of the miscibility domain at the eutectic temperature. It also implies that the limits in
composition of the symmetrical monophasic domains do not evolve that much in a large
temperature domain (from 20 °C to ~ 242 °C: the eutectic temperature). This has already been

observed for another conglomerate with partial solid solutions?.
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3.5. TRENDS OF CONGLOMERATE FORMATION

IN  ALKYL-AMMONIUM

CHLOCYPHOS SALTS

We showed that among the alkyl-ammonium chlocyphos family of salts:

Racemic methylammonium chlocyphos crystallizes as a monoclinic centrosymmetric
sesquihydrate (C2/c, space group).

Racemic ethylammonium chlocyphos crystallizes as a conglomerate with limited partial
solid solutions close to the pure enantiomer.

Racemic propylammonium chlocyphos exhibits several polymorphic forms and among
them a stable conglomerate (P21, space group).

Racemic butylammonium, isobutylammonium, pentylammonium, hexylammonium
and cyclohexylammonium chlocyphos crystallize as conglomerates and form a family
of conglomerate derivatives (P21 or P212121, space group).

Racemic octylammonium chlocyphos crystallizes as a non-centrosymmetric crystal,

probably a monohydrate racemic compound.

Thus, in this series of salt derivatives, conglomerates seem to be favoured rather than racemic

compounds when the alkyl-amine moiety is long enough (starting from propyl chain). However,

there is clearly a limit of the length of the alkyl chain (no conglomerate found for octylamine)

and the types of amine (conglomerate favoured for primary amine but not for secondary or

tertiary amine, see Table 3.4).

An explanation of this trend can be proposed if the greater thermal displacement of the terminal

carbons of the alkyl-moiety is considered. Indeed, results presented in Table 3.12 reveal that

there is a pocket in the crystal lattice that can accommodate alkyl-moieties. That was the reason

that prompted us to successfully spot conglomerates with other amines with longer and bulkier

chains (propyl, butyl, isobutyl, pentyl, hexyl, cyclohexyl).

Table 3.12: Isotropic displacement parameters? of chlocyphos alkyl-amines

Isotropic Propyl Butyl Isobutyl | Pentyl Hexyl Cyclohexyl
displacement
U(eq) (A? x 10%)
C(1A) 199 (8) 104 (2) 62 (1) | 103(2) | 116 (2) 47 (1)
C(2A) 338 (16) | 142 (3) 76 (2) | 121(3) | 212 (5) 75 (1)
C(3A) 550 (40) | 250 (7) 179 (5) | 174 (4) | 331 (10) 99 (2)
C(4A) - 307 (10) | 134(3) | 151 (3) | 170 (3) 95 (2)
C(5A) - - - 207 (6) | 219 (5) 81 (1)
C(6A) - - - - 187 (4) 66 (1)

aU(eq) is defined as one third of the trace of the orthogonalized Uij tensor. Bolded values are more than
double of the value of the first carbon atom linked to the nitrogen atom.
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In the case of methylammonium chlocyphos, the alkyl-methyl molecule is probably too small;
therefore, it is not large enough to fill (occupy) the entire crystal lattice of the derivative. To
fulfil close and optimal intermolecular interaction requirements (for low energy packing), water
molecules are incorporated to the unit cell, thus stabilizing a stable hydrated form.

The case of ethylammonium chlocyphos could first be considered as surprising as a “true”
conglomerate would be expected in agreement with the positive SHG signal obtained from the
racemic mixture. Moreover, usually, a rigid and stable packing of the molecule limits the
possibility of molecular disorder often encountered in solid solutions?2%3°, But, in the present
case, the main cohesion interactions (i.e. H-bonds) in the crystal structure are located far from
the chiral centre. Therefore, it may have only a limited effect on the crystal packing. The
existence of a solid solution is thus possible®:32, In addition, it was also reasonable to expect
for ethylammonium chlocyphos, an intermediate crystal arrangement between those of the
methylammonium and propylammonium chlocyphos.

Even though, the crystal structure of the limit of the solid solution could not been solved, the
close similarities in crystal structures between the pure enantiomer of ethylammonium
chlocyphos and the family of conglomerates described in the section 3.3.1 suggest that the
hydrogen bond network would not be affected. Molecular arrangements (bond chains) formed
between ammonium and chlocyphos are a constant in the family of salts made between
chlocyphos and ammonium compounds. Thus, they are expected to remain constant in the solid
solution. The bias might be how the molecular chains are arranged with themselves.

Through this study, we show that derivatives of chlocyphos alkyl-amines also constitute a
family of conglomerates analogously to the derivatives of 5-aryl-5-alkyl hydantoins and 4-aryl-
triazotyl ketones as reported in the literature®*34. The optical resolution by preferential
crystallization (PC) of these compounds was tested except for propylammonium,
pentylammonium (multi-epitaxy) and ethylammonium chlocyphos for which the existence of
partial solid solutions between the two enantiomers constitutes a factor that would have
probably strongly limit the PC performances.
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PART 4: RESOLUTION BY PREFERENTIAL CRYSTALLIZATION (PC)

Nowadays, diastereomeric salt formation is used to resolve chlocyphos. Because of the need to
directly access to the pure enantiomer of chlocyphos, we set out to develop a fast and reliable
method to crystallize chlocyphos. Preferential crystallization seems to be the most suitable
method to access to the enantiopure crystals via its salt derivatives.

Once the conglomerate nature of the racemic chlocyphos derivative had been established, the
efficiency of their chiral separation by PC was evaluated. It is indeed important to mention that,
even if spotting a conglomerate is a prerequisite to the resolution of a chiral mixture by PC,
several phenomena can prevent a productive entrainment effect®.

It is common in the literature to consider that a PC process gives a productive and strong
entrainment, if a yield better than 20%, a purity of the crude crops better than 90% ee without

any purification and a final enantiomeric excess of the mother liquor better than 10% ee can be

reached®. In the following, the yield is defined as: Yield = w x 100 with:
&)

- Mpure, the mass of pure enantiomer equal to the product of the mass of the crude crops
and the optical purity (O.P) (Mpure = Mcrops X O.P)

- Mseeds, the mass of seeded crystals

- M), the initial mass of racemic mixture invested.
The strategy adopted was as follows: SIPC was run first systematically to test the entrainment
effect for each derivative. If the performances were good, AS3PC was then attempted at larger
scale (25 ml). Alternative variants such as ASPreCISE were adopted if SIPC did not work.
4.1. EXPERIMENTAL CONDITIONS
In our work, the following experimental conditions were taken for each selected mode to
perform the PC.
4.1.1. Seeded Isothermal Preferential Crystallization (SIPC mode)
A 60 ml screw cap vial was used as a batch crystallizer and the experiments were performed at
25 ml scale. The temperature was controlled via a cryo-thermostat and the stirring was ensured
with a magnetic bar (15 mm) at about 500 rpm.
An initial amount of racemic mixture (m-) was totally dissolved in the chosen solvent at initial
temperature (T)) slightly higher than the temperature of dissolution of the total amount of
racemic mixture (T.) to obtain an undersaturated racemic solution. The racemic solution was
then cooled to the filtration temperature (Tr), temperature in which the racemic mixture became
supersaturated but should not crystallize within several hours (metastable zone). Thus, a small

amount of pure enantiomer (Mseeds) Was added to the solution so that the initial enantiomeric
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excess (ee) of the resulting suspension was in the range 5-10%. The suspension was maintained
at Tr during an optimized time to reach growth of the desire enantiomer without promoting the
crystallization of the unwanted enantiomer. The crystals (mcrops) Were then isolated by filtration.
The mother liquor was collected and reused after addition of a mass of racemic mixture
equivalent to the mass of the harvested solid. Then, when possible, alternating crystallizations
of (R) and (S) were performed.

4.1.2. Auto Seeded Polythermic Programmed Preferential Crystallization (AS3PC mode)
Experiments performed in the AS3PC mode were carried out with similar equipment as for
SIPC. Starting with a mass of racemic mixture (m+) and an appropriate amount of solvent, a
saturated solution of racemic mixture was formed at the initial temperature T (temperature of
dissolution of the total amount of racemic mixture). A small amount of pure enantiomer (Mseeds)
was then added to reach an ee in the range 5-10%. The suspension was heated to Tg defined as
Y2 (THomo + TL) where Thomo Stands for the temperature of homogenization (temperature of
dissolution of the solute composed of the racemic mixture plus the enantiomer in excess). The
suspension was subsequently cooled down to Tr during a temperature versus time ramp to
promote secondary nucleation and growth of the desired enantiomer. The following steps
(harvest by filtration and recycling of the mother liquor) are identical to the SIPC experiments.
4.1.3. Auto-Seeded Preferential Crystallization Induced by Solvent Evaporation (ASPreCISE)
The experimental process was performed in a 100 ml three-neck flask (supplied neck for N2
gas, one neck for solvent evaporation and one neck for filtration) and temperature was
accurately controlled by a cryo-thermostat.

In this particular mode the metastable zones depend on the solvent evaporation rate. Solvent
evaporation can be stimulated by distillation of the solvent under reduced pressure or by means
of an inert gas stripping (e.g., nitrogen).

The experimental process was performed in a 100 ml three-neck flask (supplied neck for N
gas, one neck for solvent evaporation and one neck for filtration) and temperature was
accurately controlled by a cryo-thermostat. A small amount of pure enantiomer (seeded
crystals) was added to the racemic saturated solution so that the initial enantiomeric excess was
adjusted to circa 8%. Nitrogen gas was bubbled in the suspension to promote solvent
evaporation. Volume variation from the initial volume was recorded versus time. The slurry

was filtered off before primary nucleation of the unwanted enantiomer.
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4.1.4. Solubility measurements

The solubility of each conglomerate was measured in different solvents using the classical
evaporation method. A suspension of the conglomerate was prepared in the chosen solvent at a
given temperature and let under stirring during several hours. Then the suspension was filtered,
and the saturated solution was weighed and then evaporated in a ventilated oven at 50 °C. The
solubility is calculated by dividing the mass of the recovered powder by the mass of the
saturated solution. Hereafter, each reported value of the solubility is the mean value of three
measurements and is expressed in weight percent (wt%).

4.1.5. Polarimetric measurements

The enantiomeric purities of the crops were determined by polarimetric measurements
performed with a Jasco-P2000 and an Anton Paar-MCP5100 polarimeters (10 mg of powder
dissolved in 2 ml of solvent, A =546 nm, T = 20 °C, tube length equal to L = 10 cm).

4.2. RESOLUTION OF BUTYLAMMONIUM CHLOCYPHOS

The difficulty to find an efficient process for the chiral resolution by PC was illustrated by
preliminary tests performed in the classical SIPC mode on the salt formed with butylamine.
Indeed, experiments led to very poor yield and low enantiomeric excess (non-reported data).
As the first attempts to resolve butylammonium chlocyphos salt with SIPC mode have been
unsuccessful, trials to work in the AS3PC mode were not undertaken for this salt. Preference
was given to a resolution via the ASPreCISE mode. ASPreCISE was chosen as an alternative
mode to perform the entrainment because of its capability to overcome the low variation of the
solubility of the salt versus temperature®” (from 1% to ca. 3% on a temperature range of 20 °C)
in isopropy! alcohol, illustrated by Figure 3.35.

After solubility studies, a non-azeotropic mixture of acetone/ethanol (90/10 v%) was chosen at
10 ml scale experiments at 20 °C. The solubility of the racemic salt at 20 °C was found to be
4.80 wt% in the solvent mixture (acetone/ethanol).

The corresponding results are listed in Table 3.13. Six batches were independently performed
in identical conditions except for the duration. Only single runs were tested and show a drop of
the enantiomeric excess after 25 minutes. Even with these restrictions, after optimizing the
duration of the run, a high enantiomeric excess was obtained (mean value circa 94.8% ee)
without washing nor recrystallization. Nevertheless, the yield (9.55%) as well as the final
enantiomeric excess of the mother liquor (eer = 8.1% ee) did not reach the expected yield values
(20% and 10% ee respectively).

~ 143 ~



CHAPTER 3: CHIRAL RESOLUTION OF CHLOCYPHOS VIA ITS SALT DERIVATIVES

40
354
¥
H
]
S 30
=%
=]
(%)
-
25 1
20 - T T v T T T v T
1.0 1.5 2.0 2.5 3.0
Solubility (wt%)

Figure 3.35: Solubility curve of racemic mixture butylammonium chlocyphos in isopropyl alcohol

Table 3.13: Initial conditions and results of ASPreCISE mode at 10 ml scale for butylammonium chlocyphos
Mz (g) Mac/EtoH () Mseeds (Q) / ee (%0) Tk (°C)
0.398 9.70 0.032/+100 20

N° Time(min) Miotal (§) Mcrops (g) OP (%) Mpure (g) Yield (%0) eef (% ee)
A 46 0430 0.105 +43.70 0.046 3.92 5.46

B 30 0430 0.098 +63.45 0.062 7.54 7.23

C 25 0.430 0.058  +95.85  0.056 6.03 6.57
D
E
F

25 0430 0.067 +96.37  0.064 8.04 7.44
25 0430 0.083 +90.98 0.075 10.80 8.61
25 0430 0.089  +96.10 0.085 13.32 9.67

Mean 25 0.430 0.074 +94.82 0.070 95 8.1
Notation: Ac = acetone; EtOH = ethanol; MeOH = methanol; IPA = isopropyl alcohol ee = enantiomeric excess;
OP = optical purity, Tg = temperature of suspension; Te = temperature of filtration eer = final enantiomeric

m 2
excess of mother liquor = (mpfrl;;e/); Calculation: Mean value = runs (C+D+E +F)/4
—PUr® 4 m,
5 +

4.3. RESOLUTION OF ISOBUTYLAMMONIUM CHLOCYPHQOS

4.3.1. SIPC mode
The variation of racemic mixture solubility in ethanol solution versus temperature was

determined (Figure 3.36). The solubility in ethanol at 20°C is 7.07 wt%. This condition was

chosen to perform SIPC mode at 25 ml scale.
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Figure 3.36: Solubility curve of racemic mixture isobutylammonium chlocyphos in ethanol

At the end of each single run the temperature of filtration was adjusted at 5 °C in SIPC mode.
The mean value of the optical purity of the final product without any purification was 88% ee
and a poor overall yield was obtained (ca. 6.8%). The experimental conditions and results are

summarized in Table 3.14.

Table 3.14: Initial conditions and results of SIPC mode at 25ml scale

Mz (g) MetoH(g) Mseeds (9) / ee (%) Tr (°C)
1.500 19.72 0.02 / £100 5

N° Time(min) Meotal (g) Mcrops(g) OP (%) mpure(g) Yield (%6) eef (% ee)
45 1.520 0.163 +64.81 0.106 5.75 3.41
42 1.520 0.143 +68.21 0.097 5.13 3.13
40 1.520 0.073 +90.43 0.066 3.07 2.15
38 1.520 0.156 -93.15 0.145 8.33 4.61
38 1.520 0.133 -83.84 0.111 6.07 3.55
38 1.520 0.122 -88.47 0.108 5.87 3.47

Mean 38 1.520 0.137 -88.49 0.121 6.8 3.9
Calculation: Mean value = runs (D+E+F)/3

mTmgoOow>

4.3.2. AS3PC mode

As SIPC, AS3PC mode was performed at 25 ml scale while considering the solubility of the
racemic salt at 35 °C to be 9.5 wt% as shown in Figure 3.36. The amount of seed crystals added
to enrich the saturated racemic solution with initial ee was fixed at 5% of the initial mass of the
racemic mixture. The initial conditions and results of AS3PC of isobutylammonium chlocyphos

are reported in Table 3.15.
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Table 3.15: Initial conditions and results of AS3PC mode for isobutylammonium chlocyphos at 25 ml scale

M= (g) MetoH (g) Mseeds (g) / ee (%0) Te (°C) Tk (°C)
2.075 19.72 0.104/-100 36 5

N° Time(min) Miotal (§) Mcrops (g) OP (%) Mpure (g) Yield (%0) eer (% ee)
A1 35 2.179 0.349 -60.10 0.210 5.11 4.82
A 33 0.349 0.340 +57.80 0.196 9.44 451
As 31 0.340 0.264 -86.24 0.138 6.65 3.22
B1 27 2.179 0.235 -96.33 0.226 5.88 5.16
B> 27 0.235 0.233 +77.98 0.182 8.77 4.20
Bs 27 0.233 0.239 -100.00 0.239 11.52 5.44
Ba4 27 0.239 0.185 +91.74 0.170 8.19 3.93
C1 27 2.179 0.293 -97.24 0.285 8.72 6.43
Co 27 0.293 0.264 +98.85 0.261 12.58 5.92
Cs 27 0.264 0.206 -100.00 0.206 9.93 4.73
Cs 27 0.206 0.193 +94.95 0.185 8.91 4.27
Mean 27 0.728 0.231 £94.65 0.220 9.3 5.0
Calculation: Mean value = runs (Bi+C;)/8 (i =1;2;3;4)

AS3PC mode improved the PC performances when compared to SIPC (i.e. reduced
experimental time, mean enantiomeric excess of 95% ee and mean yield of 9.3%). Even if the
solubilities at which the two process were performed (7.07 wt% at 20 °C for SIPC and 9.5 wt%
at 35 °C for AS3PC modes) were different, the target yield (20%) could not be reached in both
modes despite a large temperature window (Ts = 36 °C and Tr =5 °C) for the auto-seeded
process.

4.4, RESOLUTION OF HEXYLAMMONIUM CHLOCYPHOS

4.4.1. SIPC mode

To evaluate the performances of PC on hexylammonium chlocyphos, two modes (SIPC and
AS3PC) were applied at 25 ml scale in isopropyl alcohol. The solubility in isopropyl alcohol at
20 °C is 10.62 wt% (Figure 3.37). these conditions were chosen to perform SIPC mode.

~ 146 ~



CHAPTER 3: CHIRAL RESOLUTION OF CHLOCYPHOS VIA ITS SALT DERIVATIVES

40

»
h
1

(7]
(=)
1

Temperature (°C)

b
h
1

20 -

11 12 13 14 15 16 17
Solubility (wt%)
Figure 3.37: Solubility curve of racemic mixture hexylammonium chlocyphos in isopropyl alcohol

All experimental batches were carried out with the same amount of compound (2.335 g per
batch) and suspension was prepared at 5 °C for SIPC experiments (50 mg of seeds) and at 25

°C for AS3PC experiments (90 mg of seeds).
At the end of each single run the temperature of filtration was adjusted at 5 °C in SIPC mode.

The mean value of the optical purity of the final product without any purification was 75% ee
and a poor overall yield was obtained (circa 2.65%). The experimental conditions and results

are summarized in Table 3.16.

Table 3.16: Initial conditions and results of SIPC mode for hexylammonium chlocyphos at 25 ml scale

Mz (9) MipA (9) Mseeds (9) / ee (%) Tr (°C)
2.335 19.65 0.05/+100 5
N° Time (min) Motal (g) Mecrops (9) OP (%) Mpure (9) Yield (%) eer (%0 ee)
37.5 2385 0.240 +8295 0199 6.38 4.09
38.5 2385 0.257 +77.11 0.198 6.33 4.07
38.5 2385 0.130 +80.61 0.105 235 2.20
37.5 2365 0.116 +63.88 0.074 1.03 1.56
37.5 235 0173 +68.64 0.119 295 2.48
37.5 2355 0.091 +76.98 0.070 0.86 1.48

Mean 37.8 2372 0168 +75.03 0.127 3.32 2.65
Calculation: Mean value = runs (A+B+C+D+E+F)/6

mTmgoOw>

4.4.2. AS3PC mode
Seven batches were performed by alternating the crystallization of (R) and (S) enantiomers and

the results are collected in Table 3.17.
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An in-situ focused beam reflectance measurement (FBRM- Mettler Toledo) particle counter
has been also used to monitor the course of the auto-seeded process by measuring the particle
number of chord lengths per unit time.

FBRM data (Figure 3.38) highlighted a small variation of the particle number counts during the
process for the performed batches (high enantiomeric excess, ca. 96.9% ee) except for batch B>
in which large number of small particles (ca. 230 counts) were generated. It indicates the
presence of the counter enantiomer particles which reduced sharply the optical purity down to

ca. 70% ee.

Table 3.17: Initial conditions and results of AS3PC mode for hexylammonium chlocyphos at 25 ml scale

mi(g) mIPA(g) Mseeds (g) / ee (%) Ts (OC) TF (OC)
2.335 19.65 0.09/+100 25 5

N° Time(min) Mtotal (g) Mcrops (§) OP (%) Mpure (g) Yield (%0) eer (% ee)
A 23 2425 0.240 -96.87 0.232 6.08 4.73

B1 23 2425 0212 -8594 0.182 3.94 3.75

B2 23 0.212 0.177 +70.78 0.125 5.35 2.60

Bs 23 0.177 0.074 -99.23 0.073 321 1.54

C1 23 2425 0.213 -85.10 0.181 3.90 3.73

C 23 0.213 0.143 +96.87 0.138 5091 2.87

Cs 23 0.143 0.081 -7891 0.064 2.74 1.35
Mean 23 1.146 0.163 +87.67 0.142 44 2.9

Calculation: Mean value = runs (A+B;+C;)/7 (i =1;2;3)
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Figure 3.38: Particle chord length number versus time for AS3PC mode of hexylammonium chlocyphos
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AS3PC mode versus SIPC mode applied to the hexylammonium derivative improved the
resolution in terms of experimental time (23 minutes instead of 37.8 minutes), enantiomeric
excess (87.67% ee instead of 75.03% ee) and yield (4.4% instead of 3.3%) (compare Table 3.16
and Table 3.17). The auto-seeded polythermal programmed preferential crystallization has
proven its superiority to the classical isothermal process'** but reaching a high yield remains
still challenging for these derivatives.

4.5. RESOLUTION OF CYCLOHEXYLAMMONIUM CHLOCYPHOS

For cyclohexylammonium chlocyphos salt, only AS3PC mode was applied. The solubility
variation in methanol versus temperature is reported in Figure 3.39. The entrainment was
performed at 40 °C with a corresponding solubility of 6.14 wt%. The initial conditions and
results of twelve alternated PC batches are reported in Table 3.18.
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Figure 3.39: Solubility curve of racemic mixture cyclohexylammonium chlocyphos in methanol

Pure enantiomers (ca. 2.0 g) of cyclohexylammonium chlocyphos salt were collected with very
high purity without any purification. Note that the last two batches were used for sampling to
monitor the evolution of the rotatory power of the mother liquor (Figure 3.40) and led to a
decrease of the optical purity and the yield. The obtained results have proven that a successful
entrainment via AS3PC mode was performed with a high enantiomeric excess (ca. 92% ee,
mean value) and a moderate yield (ca. 10.92%, mean value), the best achieved among the
derivatives considered for the resolution by PC.
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Table 3.18: Initial conditions and results of AS3PC mode of cyclohexylammonium chlocyphos at 25 ml Scale

M+(g) MmeoH () Mseeds (g) / ee (%) Te (°C) Tk (°C)
1.295 19.77 0.104/-100 41 5

N° Time(min) Motal (g) Merops (§) OP (%) Mpure (g) Yield (%) eer (% ee)
A1 45 1.399 0.261 -83.50 0.218 8.88 7.76
A 40 0.261 0.200 +97.97 0.196 15.13 7.03
As 40 0.200 0.194 -95.68 0.186 14.36 6.70
Ay 40 0.194 0.149  +100.0 0.149 11.50 5.44
As 40 0.149 0.125  -100.0 0.125 9.65 4.60
As 40 0.125 0.124 +92.38 0.114 8.80 4.21
B1 40 1.399 0.195 -100.0 0.195 7.02 7.00
B> 40 0.195 0.215 +77.92 0.167 12.89 6.06
Bs 40 0.215 0.177 -100.0 0.177  13.67 6.39
Bs 40 0.177 0.198 +83.76 0.166 12.82 6.02
40  0.198 0.153  -92.38  0.141 10.89 5.16
B+ 30 0153  0.094 +78.68 0.074 571 278
Mean 40 0.389 0.174 +91.85 0.159 10.9 5.7
Calculation: Mean value = runs (Ai+B;)/12 (i =1;2;3;4;5;6) (*sampling batches)
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Figure 3.40: Evolution of the rotatory power of the mother liquor during AS3PC mode of
cyclohexylammonium chlocyphos.

4.6. SUMMARY OF THE ENTRAINMENT PERFORMANCES
The PC performances of these conglomerates have been assessed via three modes SIPC, AS3PC

and ASPreCISE and the results highlight the limitations of the process at 25 ml scale (Table
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3.19). The best entrainment (AS3PC mode) to resolve the racemic mixture was achieved with

cyclohexylammonium chlocyphos.

Table 3.19: summary of the entrainment performances

Chlocyphos PC mode Mean OP | Mean Yield | Mean ees | Absolute structure
alkyl-amine (% ee) (%) (% ee) | (Flack) parameter
Butyl ASPreCISE 94.8 9.5 7.5 -0.17 (10)
Isobutyl SIPC/AS3PC | 885/946 | 6.8/9.3 3.4/5.0 0.29 (9)

Hexyl SIPC/AS3PC | 75.0/87.6 | 3.3/44 2.6/2.9 0.15 (14)
Cyclohexyl AS3PC 91.8 10.9 5.8 0.30 (1)

Because a metastable racemic phase has been spotted at room temperature and the high value
of the absolute structure parameter (Flack parameter = 0.52 (16)) of its conglomerate forming
system, it was intentionally decided to not perform the chiral resolution of the pentylammonium
chlocyphos.

4.7. PARAMETERS LIMITING THE PC PERFORMANCES OF CHLOCYPHOS
DERIVATIVES

Several difficulties can be encountered when preferential crystallization is used to separate
racemates. One or several of the following reasons could be suspected to cause the severe
limitations of the PC performances for this family of conglomerates.

4.7.1. High value of Flack parameter

In fact, comparisons between Flack parameters and the performances of PC for these
conglomerates suggest possible epitaxies and then possible multi-epitaxy or alternated growth
between the two enantiomers (Table 3.19). Crystals of one enantiomer could grow on the
surface of the other and lead to lamellar particles®®4° with (R)-(S) alternation despite the
existence of a stable conglomerate. Epitaxial racemic conglomerate!'#-4%¢ hamper the
entrainment and lead to low yield.

4.7.2. Evidence of multi-epitaxy

To verify this possible epitaxy hypothesis, a single crystal grown from the racemic mixture of
isobutylammonium chlocyphos was soaked in a saturated solution of (S)-isobutylammonium
chlocyphos for 30 minutes according to a well-established procedure!**237 but no partial
dissolution of the immersed crystal was observed by optical microscopy. The a ratio <2 (o =
molar solubility of the racemic mixture (9.92 x 10 mol. L) / molar solubility of the pure

enantiomer (5.12 x 10 mol. L) is not favourable for that type of demonstration.
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To study the possible existence of the multi-epitaxy of isobutylammonium chlocyphos, we
analysed by SHG (Second Harmonic Generation) technique, several mixtures with different
enantiomeric excesses (0-100%) that were prepared in two different manners:

- physical mixtures of (R) and (S),

- recrystallized mixtures of (R) and (S) in ethanol by slow evaporation.
In order to homogenize the particle size distribution, these powder samples were gently ground
by using mortar and pestle. The SHG intensities were normalized by using a-quartz (45 um
average size). The analyses show that the SHG intensity remains constant for the physical
mixture whatever the enantiomeric excess. By contrast, the recrystallized samples show a
maximum intensity for the racemic composition (Figure 3.41).
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Figure 3.41: SHG efficiency normalized with a-quartz (45 pm average size) of physical mixture (black) and
recrystallized mixtures with different enantiomeric excess (red) of isobutylammonium chlocyphos.

The difference between the SHG efficiency of the physical mixture and the recrystallized
mixture for a same enantiomeric composition corresponds to the existence of microstructures
between (R) and (S) crystals. It means that the dissolved enantiomer is likely to nucleate on the
crystal of the opposite handedness during the crystal growth in the medium*. This phenomenon
induces the creation of a bi-dimensional interface between these two crystals of opposite
chirality, and the resulting solid is not enantiomerically pure. This phenomenon is known as
multi-epitaxy. Therefore, this structural behaviour leads to poorly enriched solid and could limit

the PC performances.
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4.7.3. The problem of insufficient solubility variation over temperature

The temperature dependence of the racemic mixture solubility has also a strong influence on
the yield and should obviously be taken into account to analyse the PC performances of these
salts. For these conglomerates, the slope (Wt% K1) of the solubility versus temperature is low
(see Figures 3.35; 3.36; 3.37 and 3.39) and thus, consistent with a poor productivity.

PC could also be limited by several other parameters like uncontrolled hetero nucleation of the
antipode or presence of a metastable racemic compound. However, the XRPD analyses of the
crops did not reveal any metastable racemic compound. The low productivity might also come
from kinetics i.e. the stereoselective crystallization is very slow. In this case, the nucleation of
the dissolved enantiomer occurs before a significant amount of the desired enantiomer has been
crystallized. This limitation is, for instance, consistent with the results in AS3PC mode for
hexylammonium chlocyphos salt. Indeed, for an initial racemic mixture mass of 2.335 g, we
collect less than 0.25 g for a volume of 25 ml.

Hence, several features converge to justify a limited entrainment effect within this series of
stable conglomerates.
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PART 5. CONCLUSION AND PROSPECTS

Through this study, we have demonstrated that chlocyphos, crystallizing as a stable racemic
compound (space group: P-1), forms with alkyl amine family a series of stable conglomerate
salt derivatives. The SHG pre-screening technique pointed out seven salts as potential
conglomerates. Their crystal structure, determined by SC-XRD, revealed among them, six
derivatives as stable conglomerates in a large domain of temperature (i.e. room temperature to
fusion). Interestingly, the salt with the smallest cation (ethylammonium chlocyphos)
crystallizes as a conglomerate with partial solid solutions and the limits of its symmetrical
monophasic domains were evaluated using binary phase diagram. This study features an
interesting propensity between chlocyphos and alkyl-amines to form a family of conglomerates
with close analogy between their crystal packings. There is a pocket in which various alkyl-
amine chains can fit in without disturbing significantly the crystal packing.

Preferential crystallization is demonstrated to be feasible, but every derivative tested leads to a
limited entrainment effect (enantiomeric excess of the mother liquor at the end of the
entrainment (eer) does not exceed 10% ee). Consistently one can observe that: (i) several Flack
parameters of crystals grown in racemic mixtures cast some doubts on the ability of those
crystals to grow without epitaxy or heterochiral nucleation. This hypothesis is reinforced by the
SHG intensity versus enantiomeric excess evolution of recrystallized samples; (ii) some
metastable racemic compounds have been spotted which indicate that the energetic differences
between the homochiral and the heterochiral interactions in the solid state are close; (iii) under
moderate supersaturation the kinetics of stereoselective crystal growth is rather slow and for a
high supersaturation there is a complete loss of stereoselectivity.

The homogeneity in the PC performances for the members of this family confirms a trend that
has been observed on the few systematic studies among other families of conglomerate forming
systems. Nevertheless, more investigations are necessary on homogeneous series of
conglomerates to propose that early statement as a rule.

Reconsidering certain conditions, such as the choice of the solvent, the stereoselectivity during
the crystal growth of pure enantiomers and the growth rate are necessary for a successful
separation of enantiomers with PC. Associating these features with an additional online
polarimeter (for the determination of optical purity of the solid and liquid phases) would
possibly extend the advantageous operating mode for PC.

Screening racemizing agents for these stable conglomerates could also be suitable to achieve a

fully chiral separation of enantiomers. Once, these conglomerates are racemized in solution
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prior to the deracemization via temperature cycling (TCID), Viedma ripening or SOAT

process.
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The main objective of this PhD thesis was to develop an experimental method for screening
conglomerate forming-systems in various media and at different temperatures.

To this end, we decide to modify an existing set-up based on the nonlinear optical phenomenon
of second harmonic generation (which was initially dedicated to the study of dried powders) in
order to allow the set-up to analyse the solid phase in suspension in different solvent.

Several steps were necessary to achieve this goal.

First, the influence of the liquid phase was evaluated through the investigation of crystalline .-
quartz in equilibrium with various liquid phases. We showed that in these conditions, the
detected SHG intensity depends on the amount of crystalline solid in equilibrium with the liquid
phase but also on the volume, the refractive index and the absorption coefficient of the solvent
of crystallization. The viscosity of the liquid phase is also to take account as a high viscosity
can prevent the sedimentation of the solid phase near the detection window. All these
preliminary results led to design and implement a new configuration of the SHG set-up: the in
situ SHG allowing the detection of the SHG signal in a temperature-controlled batch
crystallizer.

The reliability of the in situ SHG was then tested by monitoring the crystallization from aqueous
solution of potassium dihydrogen phosphate (KDP) which is an inorganic material with a high
SHG efficiency as demonstrated in several works'2. The results obtained from KDP crystal
formation highlighted the possibility to use our in situ monitoring to track the crystallization of
chiral organic compounds or more broadly non-centrosymmetric crystals at the early stages of
the process (of course it should be kept in mind that the required condition for the SHG effect
to be generated from a crystal is non-centrosymmetry>4).

According to the results obtained, the possibility to observe a SHG signal from a non-
centrosymmetric crystal in equilibrium with its mother liquor necessitates a threshold SHG
efficiency of the nonlinear material (e.g. SHG intensity > 5-10% / a-quartz).

The in situ SHG was further used to follow the crystal formation of two chiral organic
compounds and more precisely the phase transition between a racemic compound and a
conglomerate and vice-versa.

- For the first example of histidine monohydrochloride (compound crystallizing as
pseudo-polymorph (hydrate) in two hydrated forms: monohydrate and dihydrate), the
in situ SHG monitoring was not successful due to the low SHG signal (< 1% / a-quartz)
of the histidine monohydrochloride monohydrate even though it crystallizes as a

conglomerate.
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- For the second example of imeglimin propionate crystallizing in three different phases,
the in situ SHG analysis was applied to follow the transition between the conglomerate
(Phase 1) and the racemic compound (Phase Il). The plot of the SHG intensity versus
time exhibited three domains characterized by the presence of one or both solid phases
in the suspension.
These results confirmed the potential of the in situ SHG to track conglomerates in suspension
and to follow the phase transition with of course as an essential condition that one of the phases
should be non-centrosymmetric. Furthermore, the strengths of the new SHG device developed
herein are the possibility to modify the experimental conditions during the in situ monitoring
by changing temperature, adding or mixing the solvent of crystallization. There is also the
possibility to sample the system at all temperatures at any time to perform complementary
measurements such as XRPD to further characterize the solid phase.
Unfortunately, no new metastable conglomerate has yet been detected using the developed in
situ SHG. Moreover, the weakness of the SHG signal of a non-centrosymmetric crystal
constitutes one of the limitations of the in situ SHG technique.

Future studies will focus on the search of new candidates to track (metastable or stable)
conglomerates in equilibrium with their mother liquors. The experimental results of the in situ
SHG monitoring of the solid phase transition at various isothermal conditions could also be
processed to evaluate the converted fraction over the time during the crystallization and using
the Kolmogorov-Johnson-Mehl-Avrami equation®>~’ to obtain the activation energy of the
molecular change from the Arrhenius equation®®. In situ precise evaluation of crystallization
kinetic parameters would also be a significant added value to the technique, especially when
dealing with metastable or even transient form (i.e. metastable or efflorescent conglomerates).
Finally, a program based on a software (as in the classical-powder SHG technique) will be
written for the in situ SHG set-up to treat a large number of SHG spectra and to automate the
measurements'®. The level of the SHG detection could also be improved by optimizing the

collection of the SHG emitted signal.

The rest of the manuscript is focused on the characterization, the search and the resolution of
conglomerate derivatives of chlocyphos which belongs to a family of chiral resolving agents.
The crystal structure of its racemic mixture and pure enantiomers were resolved by SC-XRD
for the first time. We established that chlocyphos crystallizes as a racemic compound (P-1,

space group) and chlocyphos derivatives crystallizing as conglomerates via the formation of
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alkyl-amine salts were screened using the classical SHG technique. The target was to tune the
solids to total chiral discrimination that could be used to access to the pure enantiomer of
chlocyphos by means of preferential crystallization.

A large survey of strong and weak bases (KOH, NaOH, LiOH, etc.) and amines were used in
polar protic solvents to form derivatives that could be crystallized as conglomerate chlocyphos
salts. The classical SHG pre-screening technique pointed out seven salts as potential
conglomerates. Their crystal structure, determined by SC-XRD, revealed among them, six
derivatives (with alkyl-amine) as stable conglomerates in a large domain of temperature (i.e.
room temperature to fusion). The methylammonium chlocyphos salt crystallizing as a racemic
compound (involved water molecules: sesquihydrate) seems that its alkyl-amine chain is not
long enough to stabilize a crystal packing isostructural to that obtained for conglomerates of
higher chain length (i.e. starting from propylammonium salt). The ethylammonium salt acts as
link between the two distinct phase behaviours occurring as a function of alkyl amine chain
length. Indeed, we proved that the salt with the smallest cation (ethylammonium chlocyphos)
crystallizes as a conglomerate (as the six salts with longer alkyl chain) but, that is, allowing the
presence of the counter enantiomer in the crystal structure of the other enantiomer. The limits
of its symmetrical monophasic domains were evaluated by using binary phase diagram and
further using XRPD measurements.

With a global view on all the members of the family of chlocyphos conglomerate salts with
increasing chain length of alkyl amine moieties, there is a “elongated pocket”, starting from a
critical chain length, in which various alkyl-amine chains can fit in (excluding the bulky tert-
butyl group) and, these packings are flexible enough to adapt. Thus, we proposed that there are
trends for alkyl-amine moieties to form with chlocyphos stable conglomerates.

Preferential crystallization was demonstrated to be feasible, but every derivative tested lead to
a limited entrainment effect (enantiomeric excess of the mother liquor at the end of the
entrainment (eer) does not exceed 10% ee). The PC performances are consistent with the
existence of epitaxy (i.e. existence of microstructures as demonstrated) for the crystals grown
from the racemic mixture (high value of Flack parameter), metastable racemic compounds and
complete loss of stereoselectivity.

The homogeneity in the PC performances for the members of this family confirms a trend that
has been observed on the few systematic studies among other families of conglomerate
forming-systems. Nevertheless, more investigations are necessary on homogeneous series of

conglomerates to propose that early statement as a rule.
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One of the important results from this work is the propensity of alkyl-amine to form with
chlocyphos stable conglomerates by increasing the length (up to a certain limit) of the alkyl-
amine. This could be applicable to the phencyphos and anicyphos for future works to spot

conglomerate derivatives of those compounds.

Another interesting result is the use of XRPD measurements to demonstrate the existence of
partial solid solutions by evaluating the peak shifts over the enantiomeric composition.
Moreover, the mechanism behind solid solutions is rather complex because its enantiomers are
arbitrarily distributed within the crystallographic molecular sites. Further investigation would
be needed to determine the crystal structure of the solid solution (additional trials of single
crystal growth and crystal structure determination from X-ray powder data) and hence get some

insights in the crystal packing of both enantiomers in the unit cell.

Even though, there were several parameters that have hampered the chiral resolution of these
stable conglomerates, the PC performances were promising. So, for perspective works,
investigating the racemization conditions of these chlocyphos conglomerate salts could allow
their complete chiral separation via deracemization using Temperature cycling (TCID) or
SOAT process.
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APPENDIX I : EXPERIMENTAL CONDITIONS

1. X-Ray Powder Diffraction (XRPD)

XRPD measurements were carried out on a D8 Discover diffractometer (Bruker analytical X-
ray Systems) with Bragg—Brentano geometry, in 6/6 reflection mode (Figure A. I-1). The
instrument was equipped with a copper anticathode (40 kV, 40 mA, Ka radiation: 1.5418 A),
and a Lynxeye linear detector.

- For the racemic and pure enantiomer samples, the diffraction patterns were collected by
steps of 0.04 ° (in 2-theta) over the angular range 3-30°, with a counting time of 4
seconds per step.

- For the intermediate composition mixtures, the diffraction patterns were collected by
steps of 0.02 ° (in 2-theta) over the angular range 8-40°, with a counting time of 1 second
per step (2.5 hours, accumulated long-time acquisition). NaCl was used as internal
standard. Its peak (indicates par * in the XRPD patterns) is taken as a reference peak to
compare the peaks shifted for different composition mixtures [60.2-100%].

Powder samples were placed onto a flat frosted glass and analysed at room temperature.

Figure A. 1-1: Photography of the XRPD used for this work
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2. Single Crystal X-Ray Diffraction (SC-XRD)
The chosen crystal was stuck on a glass fibre and mounted on the full three-circle goniometer
of a Bruker SMART APEX diffractometer (MoKa radiation: A= 0.71073A) with a CCD area
detector (Figure A. 1-2). The cell parameters and the orientation matrix of the crystal were
preliminarily determined by SMART Software®. Data integration and global cell refinement
were performed with SAINT Software. Intensities were corrected for Lorentz, polarization,
decay and absorption effects (SAINT and SADABS Softwares) and reduced to Fo? The
program package WinGX® was used for space group determination, structure solution and
refinement. The standard space group was determined from systematic extinctions and relative
Fo? of equivalent reflections. The structure was solved by direct methods (SHEL-XS)*.
Anisotropic displacement parameters were refined for all non-hydrogen atoms using (SHEL-
XL®) available with the WinGX3 package. All hydrogen atoms were located from subsequent
difference Fourier syntheses and fixed geometrically according to their environment with a

common isotropic factor.

l)tsmsnmu

Figure A. 1-2: Photography of the SC-XRD used for this work

(1) SMART for WNT/2000 Smart software reference manual. 2001, 5, 622.

(2) SAINT+ Saint Software reference manual. 1999, 6, 2.

(3) Farrugia, L. J. WinGX suite for small-molecule single-crystal crystallography. Appl. Cryst. 1999, 32, 837-838.
(4) Altomare, A et al. Completion and refinement of crystal structures with SIR92. Appl. Cryst. 1993, 26, 343-350.
(5) Sheldrick, G. M. etal. SHELXL: High-resolution refinement. Macro. Cryst. 1997, 277, 319-343.
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3. Differential Scanning Calorimetry (DSC)
The DSC analyses were carried out on a Netzsch DSC 214 Polyma apparatus (Figure A. I-3)
operating under a constant flow of helium. For these measurements, ca. 8.00 £ 0.10 mg or 9.00
+ 0.10 mg of samples with various enantiomeric compositions were prepared in a 25 pL closed
aluminium crucible. A heating rate of 5 K min™ or 10 K min* was applied for all experiments
in the 20-350 °C temperature range. Data obtained were evaluated using the Netzsch Proteus
Thermal Analysis Software.
- For the pure crystalline phases, the melting temperature was taken from the onset
temperature within the heat flux/temperature plot.
- For the composition mixtures, the eutectic melting temperature was taken from the
appropriate onset temperature and peak values were used to determine the end of the

melting at the liquidus line.

Figure A. 1-3: Photography of the DSC apparatus used in this work

4. Thermogravimetric Analysis (TGA)-DSC
The mass composition (in water) were performed using a TGA-DSC NETZSCH STA 449 C
instrument under a helium atmosphere (constant flow of 40 mL/min) (Figure A. 1-4). Each
DSC run was performed with few mg of a powdered sample (9.00 £ 0.05 mg) 25 uL closed
aluminium crucible. Measurements were carried out with heating/cooling rates of 5 K min™
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in the of 20-200 °C. The Netzsch Proteus Thermal Analysis Software were used for data

evaluating.

Figure A. I1-4: Photography of the TGA-DSC apparatus used in this work

5. Polarimetry
An Anton Paar-MCP5100 (Figure A. 1-5) is an automatic polarimeter for the analysis of the
optical rotation of chiral substances. Each sample was prepared with ca.10.00 = 0.05 mg of
powder dissolved in 2 ml of solvent. The chosen standard wavelength is A = 365 nm, standard
temperature is typically T = 20 °C and the tube length (optical pathway) equal to L = 10 cm.
The enantiomeric purities of the crops were determined from the optical rotation of the crops.

Figure A. 1-5: Photography of the Polarimeter used in this work

6. Second Harmonic Generation Microscopy (SHGM)
The measurements were carried out by a laser scanning microscope set at 860 nm (Figure A. I-
6). Powder samples were deposed in a glass microscope slide and imaged. The SHG signal
emitted was collected with a bandpass filter.

~170 ~



APPENDICES

Figure A. 1-6: Photography of the SHG microscopy used in this work

APPENDIX I1: DEVELOPMENT OF IN SITU MONITORING
In situ SHG set-up

¥

f.’ -
\Y -

|

Figure A. 11-1: Photography of the in situ SHG set-up used in this work
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APPENDIX I1l: CHLOCYPHOS SALTS
1. Calculated and experimental XRPD patterns
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Figure A. 111-1: Calculated (red) and experimental (black) XRPD patterns of racemic butylammonium
chlocyphos.
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Figure A. 111-2: Calculated (red) and experimental (black) XRPD patterns of racemic isobutylammonium
chlocyphos
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Figure A. 111-3: Calculated (red) and experimental (black) XRPD patterns of racemic pentylammonium
chlocyphos;
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Figure A. 111-4:

Calculated (red) and experimental (balck) XRPD patterns of racemic hexylammonium
chlocyphos.
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Figure A. 111-5: calculated (red) and experimental (black) XRPD patterns of cyclohexylammonium
chlocyphos.
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Figure A. 111-6: Calculated (red) and experimental (black)XRPD patterns of racemic propylammonium
chlocyphos.
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Figure A. 111-7: Calculated (red) and experimental (black) XRPD patterns of (S)-ethylammonium
chlocyphos.
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2. Crystal structure packing
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Figure A. 111-8: Double row periodic bond chains (hydrogen bonds represented in purple) and the
projection of the whole packing along c (left) and b (right) axes for butylammonium chlocyphos. The

black rectangles represent a unit cell.
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Figure A. 111-9: Double row periodic bond chains (hydrogen bonds represented in purple) and the
projection of the whole packing along ¢ (left) and b (right) axes for isobutylammonium chlocyphos. The

black rectangles represent a unit cell.
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111-10: Double row periodic bond chains (hydrogen bonds represented in purple) and the

projection of the whole packing along c (left) and a (right) axes for pentylammonium chlocyphos. The black

rectangles represent a unit cell.
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Figure A.
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111-11: Double row periodic bond chains (hydrogen bonds represented in purple) and the

projection of the whole packing along c¢ (left) and a (right) axes for hexylammonium chlocyphos. The black

rectangles represent a unit cell.
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Figure A. 111-12: Double row periodic bond chains (hydrogen bonds represented in purple) and the
projection of the whole packing along c (left) and b (right) axes for cyclohexylammonium chlocyphos. The

black rectangles represent a unit cell.

Figure A.

11-13: Double row periodic bond chains (hydrogen bonds represented in purple) and the

projection of the whole packing along c (left) and b (right) axes for propylammonium chlocyphos. The black

rectangles represent a unit cell.
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a)

b)

Figure A.

111-14: a) Asymmetric unit of (S)-ethylammonium chlocyphos,

in thermal ellipsoidal

representation with labelled atoms and b) Periodic bond chains (PBC) around the 21 screw axis formed by
the ionic hydrogen bonds. The pink dashed lines represent ionic hydrogen bonds.
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111-15: Double row periodic bond chains and the projection of the whole packing along b (left)

and a (right) axes for (S) and (R) ethylammonium chlocyphos. The black rectangles represent a unit cell.

3. Crystallographic data from the enantiopure salts

Enantiomer salt (R)-butylammonium (R)-pentylammonium
Chem. Formula [C1iH1CIOP] [CaHiN] | C1H1sClO0P] [CsHuN]
MW / g mol* 349.78 363.81
Crystal system Monoclinic Orthorhombic
Space group P2;(n°4) P2:2:2; (n°19)
Z, 7’ (asymmetric units per unit cell) 2,1 41
alhA 11.285 (2) 7.0145 (7)
b/A 6.519 (1) 16.494 (1)
c/A 12.978 (3) 17.312 (1)
al® 90 90
pl° 98.733 (3) 90
yl° 90 90
V/AS 943.7 (3) 2002.9 (3)
dearc / g.cm™ 1.231 1.206
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F (000) / e 372 776
Absorption coefficient p (MoKou) / mm™ 0.302 0.287
N° reflections unique / | > 2cl 3786 /3272 4070 / 3045
Final R1/wR2 (I>2cl) 0.0478/0.1175 0.0570/0.1376
Final R1/ wR2 (all data) 0.0548/0.1248 0.0771/0.1538
Absolute structure (Flack) parameter -0.06 (8) 0.00 (12)

APPENDIX IV : SCIENTIFIC VALORISATION

1. Publications

Article 1: Family of Conglomerate-Forming Systems Composed of Chlocyphos and Alkyl-
amine. Assessment of Their Resolution Performances by Using Various Modes of Preferential
Crystallization

CRYSTAL
GROWTH

Volume: 19 (9), pp 5173-5183., 2019

DOl.org/10.1021/acs.cgd.9b00568

Aliou Mbodiji, Gabin Gbabode, Morgane Sanselme, Nicolas Couvrat, Michel Leeman, Valérie
Dupray, Richard M. Kellogg, and Gérard Coquerel.

Abstract:
? Preferential WQ
Hogf“o R—NH, 50¢ Family of QQQQQQ Cl‘ystalllzatluP W& )
> W& conglomerates 666666 A4 Up to 50%
! . No rafe}hizatimr
Chlocyphos

The present study aimed at screening conglomerate derivatives of racemic chlocyphos (4-(2-
chlorophenyl)-5,5-dimethyl-2-hydroxy-1,3,2-dioxaphosphorinane 2-oxide) and to perform
enantiomeric separation by preferential crystallization. A list of more than 20 chlocyphos salt
derivatives were characterized by various techniques (SHG, DSC, and X-ray powder
diffraction). A family of salts formed with various alkyl amines crystallizing as conglomerates
is evidenced. The first attempts to resolve these conglomerates by preferential crystallization at

small scale were successful. The mitigated performances of these entrainments are discussed.
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Article 11: Evidence of conglomerate with partial solid solutions in ethylammonium chlocyphos

CRYSTAL
GROWTH
( { ‘,';‘/-, DESIGN

Volume : 20 (4), pp 2562-2569., 2020

DOI: https://doi.org/10.1021/acs.cqd.9b01699

Aliou Mbodji, Gabin Gbabode, Morgane Sanselme, Yohann Cartigny, Nicolas Couvrat, Michel
Leeman, Valérie Dupray, Richard M. Kellogg, and Gérard Coquerel.

Abstract:
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(a): Asymmetric unit of (S)-ethylammonium chlocyphos (b): Binary phase diagram of ethylammonium chlocyphos

Ethylammonium chlocyphos, which crystallizes as a conglomerate with partial solid solution
behaviour, also belongs to a family of conglomerate derivatives wherein all the other members
of that set lead to complete discrimination in the solid state. The construction of the binary
phase diagram and Tammann graph between (R)- and (S)-ethylammonium chlocyphos serve to
determine the limits of the symmetrical solid solutions at: x = 12 + 1% and x = 88 £ 1% for the
eutectic temperature. The comparison of the XRPD patterns of different composition mixtures
of (S) and racemic samples confirms the partial miscibility in a similar range in composition at

room temperature.
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Abstract

The objective of this research project is to develop a method that enables the identification of
conglomerates rather than racemic compounds or solid solutions for their chiral resolution by
crystallization. Then, evaluate the trends of conglomerate formation.

o The first part of the manuscript is specifically dedicated to the design and
implementation of the in situ SHG set-up. The new SHG device allows to screen
conglomerates in suspensions at various temperatures and in various solvents and to
follow phase transition. The reliability of the experimental in situ SHG set-up was tested
by using inorganic material (Quartz and KDP) which are efficient for SHG effects. The
applicability of the method to chiral organic compounds was demonstrated by the study
of the solid-solid transition between the conglomerate and the racemic compound
phases of histidine monohydrochloride hydrate and imeglimin propionate.

o The second part concerns the characterization of the chiral compound chlocyphos, the
search and identification of its conglomerate derivatives and their chiral separation by
using preferential crystallization. Crystal structures of the chlocyphos salts are
determined by SC-XRD and the strong tendency of alkyl-amine salts to crystallize as
conglomerates with similar crystal packing is highlighted. Through careful analysis of
their crystal and molecular structures, a trend with respect to alkyl amine moiety length
starting from ethyl to cyclohexyl can be established. The elaboration of the binary phase
diagram of conglomerate with partial solid solutions in ethylammonium chlocyphos is
also investigated.

Résume
L’objectif premier de cette these était de développer une méthode expérimentale qui permet
d’identifier les conglomérats des composés racémiques ou des solutions solides pour leur
séparation par voie de cristallisation. Ainsi évaluer des tendances de formation des
conglomérats.

o La premiére partie est spécifiqguement consacré a la conception et a I’installation de la
géneration de seconde harmonique (in situ SHG). Le nouveau dispositif de la SHG
permettra de repérer des conglomérats en solution en variant les températures de
cristallisation et de suivre les transformations entre phases auxquelles au moins une
phase se cristallise dans un groupe d’espace non-centrosymétrique. La fiabilité de cette
méthode expérimentale de SHG est testée en utilisant les composés inorganiques
(Quartz et KDP) qui sont efficients pour 1’effet de la SHG. La transversalite de la
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méthode pour les composés organiques chiraux a été démontrée par 1’étude de la
transition de phase entre le conglomérat et le composé racémique du monochlorhydrate
hydraté d’histidine d’une part et du propionate de I’imeglimine d’autre part.

La deuxieme partie traite la caractérisation du composé chiral chlocyphos, de la
recherche et de I’identification de conglomérats dérivés du chlocyphos et leur séparation
chirale par voie de la cristallisation préférentielle. Les structures cristallines des sels du
chlocyphos ont été résolues par la diffraction des rayons X sur monocristal (SC-XRD)
et la tendance qui s’est dégagée est la formation de conglomérats avec les alkyle-amines
a partir de 1’éthyle jusqu’au cyclohexyle avec une similarité des structures cristallines.
L’élaboration du diagramme de phase binaire du conglomérat avec une solution solide

partielle du chlocyphos de 1’éthylamine a été abordée.
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