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General Introduction and outline of the manuscript

Chirality has been known for more than two centuries. Nevertheless, the pharmaceutical
industry has only been concerned about the chirality of active pharmaceutical ingredients
when new pharmaceutical restrictions resulted in a stricter control over the difference in
activity and side effects between two enantiomers. Presently, chirality has become a major
scientific and economic issue. However, two enantiomers share many molecular properties
making their separation difficult. Now more than ever, access to a single chirality is a challenge
that needs to be addressed.

Among the possible methods to obtain pure enantiomers, one can either directly synthesize
the desired enantiomer or one can choose to synthesize the racemic mixture followed by
resolution depending on economic and feasibility limitations. Crystallization offers various
robust and effective processes to resolve racemic mixtures such as Pasteurian resolution or
preferential crystallization.

The aim of this work is to study resolution processes using crystallization, in particular
Preferential Crystallization and to rationalize its applications via heterogeneous equilibria.
Indeed, this process is based on both thermodynamics and kinetics. Thermodynamics provide
information on the driving force of crystallization, whereas kinetics give the limit of the
stereoselective crystallization.

The first chapter of this manuscript describes the state of the art in crystallization-based
resolution methods, essential to understand the studies in the next two chapters.

The second chapter is devoted to an atropisomer, the benzyl ether of binol, presenting axial
chirality. This compound exhibits a stable racemic compound despite having been reported as
a conglomerate. The heterochiral phase appears to be more stable than the conglomerate
irrespective of the temperature. Its melting point exceeds by 20 °C that of the racemic
eutectic. In conjunction with the construction of the revised phase diagram, the crystal
structures of the racemic compound and of the pure enantiomer have been compared. In the
structure of the racemic compound (Z' = 3), hydrogen bonds are present, whereas in the

structure of the pure enantiomer (Z' = 1) only t—1t and van der Waals interactions are

observed. The threat of a more stable racemic compound appearing during preferential
crystallization is discussed.

The third chapter is devoted to a chiral aryl sulfoxide and its corresponding sulfone. The
former compound meets the crystallographic requirements for a resolution by preferential
crystallization, but it also forms a complete solid solution with its sulfone. The thermodynamic
and kinetic parameters required to design the preferential crystallization process have been
determined. Since preferential crystallization is a robust and well-known resolution process,
the innovative part of this study resides in the chirality transfer from supramolecular chirality
to intrinsic chirality to induce the stereoselective crystallization of the sulfoxide. The benefit
from such a chirality transfer is discussed and some perspectives are showcased to continue
this work.
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State of the art

1.1 Chirality

1.1.1 Foreword

Chirality is an asymmetry property of 3D objects which are not superimposable to their mirror
images. The term chiral is derived from the Greek “yeip” meaning “hand”, the most
ubiquitous example of chirality (Figure 1.1).

Mirror
1 = Cannot be = —
< > superimposed n U 4
\ / _— \ |
Left Right
Hand Hand

Figure 1.1: The best-known example of chirality, i.e., the hands

In chemistry, many molecules are chiral. Most of the time, this feature is due to the presence
of an asymmetric atom (carbon, sulfur,...) as in Figure 1.2, but various other types of chirality
exist.

Mirror plane

N

Figure 1.2: Example of a chiral molecule due to an asymmetric atom

The two mirror images of a chiral molecule are called enantiomers. They share the same
physical properties; this includes their melting points, solubility, etc. However, because of the
asymmetry, they do not have the same reactivity with other chiral elements (for instance
other chiral molecules or polarized light). Accordingly, chiral molecules play an important role
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in biology. Indeed, among the twenty eukaryotic amino acids, which are the building blocks of
proteins, nineteen of them are chiral and exist in the L (levorotary) form in most organisms.
As a consequence, two enantiomers can have distinct activities on cells. As an example, one
can cite the molecule of limonene (Figure 1.3) because both enantiomers interact differently
with biological receptors in the human nose giving the R-enantiomer an orange smell whereas
the S-enantiomer smells like lemons; this highlights a clear effect that is purely caused by

chirality.
e ? L g
> e a_

(R)-limonene (S)-limonene

Figure 1.3: Chemical formulae of limonene enantiomers

The quantification of both enantiomers in a system is commonly described by the
enantiomeric excess (e.e.) (Eqg. 1):
R] —[S

Enantiomeric excess (e.e.)(%) = % x 100 Eq.1

With [R] and [S] being the amount of enantiomer R and S respectively.

A mixture of equal amounts of both enantiomers (e.e. = 0) is referred to as a racemic mixture
(sometimes also racemate even if there is no salt formation). A mixture with a ratio other than
1:1 (0 < e.e. < 1) is called a scalemic mixture.

The interaction with polarized light is a property of chiral materials.® Hence, an enantiomer is
labelled (+) when it rotates the plan of the polarized light to the right, and (-) when it rotates
the plane of the polarized light to the left. The classifications (+) and (-) are also termed d- and
I-, respectively for dextrorotatory and levorotatory. The terms R (rectus) and S (sinister), were
introduced by Cahn, Ingold and Prelog to describe the configuration of the asymmetric
carbon,? which is independent of the designation (+) and (-).
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1.1.2 History

The word “chiral” was first introduced by Lord Kelvin, Professor of Natural Philosophy at the
University of Glasgow, in 1884: “I call any geometrical figure, or group of points, chiral, and
say that it has chirality, if its image in a plane mirror, ideally realized, cannot be brought to
coincide with itself.”3 The discovery of chirality was closely related to crystallography. In the
early eighteenth century, René-Just Hally, a French mineralogist, observed that quartz crystals
could exhibit two different hemihedries, called “plagiédre droit” and “plagiédre gauche”.* This
was the discovery of enantiomorphism (Figure 1.4).1

g

Figure 1.4: Morphology of enantiomorphous crystals of quartz

In 1815, Jean-Baptiste Biot observed that molecules such as sucrose, tartaric acid and camphor
could rotate the polarized light clockwise or counter-clockwise in the solid and the liquid state
and in solution. He assumed that this ability was directly correlated to their molecular
properties.

In 1848 Louis Pasteur was the first who linked these two phenomena, by studying a racemic
mixture (i.e. a mixture composed of both enantiomers in equal proportion) of sodium
ammonium tartrate tetrahydrate. By looking closely to the crystals he noticed that the sample
was not composed of one but of two kinds of crystals with a symmetrical shape.® Indeed, the
mixture was composed of 50 % of crystals that exhibited right hemihedrism and 50 % of
crystals that exhibited left hemihedrism. He was also able to separate manually the two
populations of crystals using a pair of tweezers.® In 1866, Pasteur’s student Desiré Gernez,
crystallized a pure enantiomer of sodium ammonium tartrate tetrahydrate by seeding a
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racemic supersaturated solution with enantiopure crystals. Therefore, he discovered the
principle of preferential crystallization.”

The next step in establishing the bases of stereochemistry are attributed to Jacobus Henricus
van’t Hoff and Joseph Achille Le Bel who proposed in 1874 that chirality was due to the spatial
arrangement of tetrahedral carbon (i.e. asymmetric carbon).®?

Nowadays, chirality is a concept of great importance for chemists and especially for the
pharmaceutical industry (see below).’® A more fundamental question “remains” unanswered
but is highly debated: how did high homochirality assemblies (e.g. life) came or spontaneously
developed on Earth?1-13

1.1.3 Chirality in pharmaceutical applications

All biopolymers in living organisms consist of chiral segments, (e.g. amino acids, sugars, nucleic
acids...) and their functions are specifically related to their supramolecular interactions. The
DNA and RNA molecules themselves exhibit chirality (both intrinsic and supramolecular); they
are right-handed (Figure 1.5).

Figure 1.5: 3D model of DNA

Since 1992, the United States Food and Drug Administration requires the absolute
stereochemistry to be known for registered drug molecules with chiral centers.** Accordingly,
in the past decades, the demand for pure enantiomers has been constantly increasing due to
pressure from the regulatory authorities for chiral drugs to be administered in an
enantiomerically pure form. That is why the pharmaceutical industry tends to market chiral
solids in their pure enantiomeric form. In the pharmaceutical industry, 56% of the drugs
currently in use are chiral and 88% of these molecules are marketed as racemic compounds
(consisting of an equimolar mixture of two enantiomers).1®'7 The advantages of enantiopure

10
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drugs range from an improved efficacity, to more easily measured pharmacokinetics and to
reduced toxicity.'® The desired enantiomer is called a eutomer, the undesired one distomer.
Also, many agrochemicals (insecticides, herbicides...), fragrances and flavors are chiral
molecules.?

Examples can be found in the literature supporting this approach. For instance, the S
enantiomer of ibuprofen —a widely used analgesic— is three time more effective than its R
enantiomer. 2° The L enantiomer of penicillamine —an a-amino acid— is highly toxic, whereas
the D enantiomer is a valuable pharmaceutical used against rheumatoid arthritis.?* That is
why, chirality is now of general importance for both the academic and the industrial scientists.

1.1.4 Access to a single enantiomer: General overview

As previously discussed, obtaining pure enantiomers is a major issue for the pharmaceutical
and agrochemical industries, first to understand and study the biological activities of each
enantiopure forms and secondly to determine which of the two enantiomers is the most
suitable for the purpose at hand. Between the numerous techniques used to obtain
enantiopure compounds, two groups can be distinguished.

a. Stereoselective synthesis

In this case, the synthesis consists either of the conversion of a prochiral building block by
asymmetric synthesis or of the use of a compound coming from the chiral pool. It can carried
out using prochiral substances and achiral reagents either through organocatalysis,?? the use
of coordination complexes,?® autocatalysis,?* or enzymes.?>?¢ Asymmetric synthesis can also
be carried out through the temporary incorporation of an auxiliary chiral agent. Another
possibility is to use reagents that already contain the desired stereochemistry (Chiral pool).
The main issue is to keep a good enantiomeric excess (e.e.) through all the steps of the
synthesis, as stereoselective syntheses often produce stereocisomeric products in unequal
amounts. Stereoselective synthesis can be an approach of choice as it is straightforward and
more environmentally friendly than the synthesis of the racemic mixture, where 50% of the
product is being wasted. However, due to the complexity to implement asymmetric synthesis,
the synthesis of the racemic mixture is often economically favored.

11
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b. Resolution of a racemic mixture

If the synthesis is not stereoselective, it is possible to resolve the racemic mixture afterwards
to access the pure enantiomers, meaning that the eutomer and the distomer will be separated
through a purification step. Consequently, half of the product (i.e. the distomer) is considered
waste; unless it can be racemized, because in that case it can be recycled to produce more
eutomer. Hence, we can differentiate the racemate resolution with and without racemization.

Without racemization:

- Kinetic Resolution (KR) is based on the different reaction rates between a chiral substance
and two enantiomers of a racemic mixture: one enantiomer will react faster allowing easy
separation of the formed chiral substance from the unreacted remaining enantiomer.?’

- Pasteurian resolution or diastereomeric resolution is probably the most popular method due
to its simplicity and is widely used in the production of APIs.?® Typically, this method consists
in forming diastereomeric entities because diastereomers have different physical and
chemical properties and can be often easily separated. A resolving agent which is
enantiomerically pure is added to the racemic mixture, generating a salt or cocrystal with two
(or more) fixed stereogenic centers leading to differences in the properties of the two
enantiomer entities.

- Preparative chiral chromatography is a straightforward method for the separation of
enantiomers once optimized.?® Even though the range of stationary phases is increasing
making the technique more versatile, it has high economic costs in terms of stationary phase
and equipment and environmental cost because of the use of large quantities of solvent.

- Preferential Crystallization (PC)3C s a crystallization based-technique presenting the interest
of being an efficient separation and purification process. After fine tuning of the crystallization
parameters, it has many advantages such as low cost and easy upscaling for the production of
pure commercial products.

- Preferential Enrichment (PE)3! is an unusual, out of equilibrium, spontaneous symmetry
breaking by means of a crystallization process developed by Prof. Tamura’s group. Starting
with a slightly enriched supersaturated solution in one enantiomer, this process permits the
system to deviate from standard crystallization, in stagnant conditions, in order to obtain a
highly enriched mother liquor and deposited crystals slightly enriched in the opposite
enantiomer. It could be described has the reverse case of preferential crystallization.

12
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With racemization:

- Dynamic Kinetic Resolution (DKR) is an evolution of the KR technique which introduces the
racemization to recycle the distomer.3?

- Deracemization is a broad term including several chiral symmetry breaking processes by
means of crystallization including Viedma ripening,3® Temperature Cycle-Induced
Deracemization (TCID)3* and Second-Order Asymmetric Transformation (SOAT).3>. Their
benefit lies in the combination of a chemical and highly effective optical purification and the
direct obtention of a powder.

Details of the techniques are discussed in the corresponding references and some
crystallization-based techniques will be discussed afterwards.

1.1.5 Types of Chirality

Various types of chirality exist depending on the nature of the origin of the asymmetry. A
distinction needs to be made between intrinsic chirality and supramolecular chirality.

1.1.5.1 Intrinsic Chirality

a. Point Chirality

In point chirality, the asymmetry arises from a stereogenic center. Generally, this center is an
asymmetric atom such as carbon, phosphorus, or sulfur. For instance, L-lysine represented in
Figure 1.6 is asymmetrical due to the four different substituents on the carbon marked with
an asterisk (*), an amine group, a carboxylic acid group, an alkyl group and a hydrogen atom.

O]
H2N %
OH

~
S
Q
S
N

H  NH,

Figure 1.6: Cram's representation of the amino acid L-Lysine

13
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b. Inherent Chirality

In contrast to point chirality, inherent chirality doesn’t emerge from a chiral center, but from
the shape, e.g. twisting, of a molecule in space.3® This can be due to a blocked rotation around
an axis or a plane.

In axial chirality, non-equivalent substituents are held in a spatial arrangement that is not
superposable on its mirror image because rotation around the axis is limited due to steric
hindrance. Such enantiomers are called atropisomers.3” Some are easily isolated because the
energy barrier for rotation is high, others, however, are hardly discernable as atropisomers if
the steric strain is limited. The best-known examples of axial chirality are probably the
binaphthyls wherein the rotation around the naphthyl-naphthyl bond is hindered (Figure 1.7).

CO oH I I OH
O‘ OH l l OH

S-BINOL R-BINOL

Figure 1.7: Cram’s representation of the atropoisomers 1,1'-Bi-2-naphtol

In planar Chirality, a molecule possesses two non-coplanar dissymmetric rings which cannot
easily rotate around the chemical bond connecting them. For instance, the metallo-organic
compound in Figure 1.8 exhibits planar chirality around the iron atom.

0] 0]
e

F Fe

Figure 1.8: Cram’s representation of a ferrocene metallocene derivative

1.1.5.2 Supramolecular chirality

In supramolecular chirality, components assemble themselves in a non-covalent way to create
a dissymmetric assembly that is not superposable to its mirror image.3® For instance, sodium
chlorate, an achiral molecule crystallizes in a chiral space group (see part 1.2.3) giving rise to
supramolecular crystals with right- and left-handedness (see Figure 1.9). However, to
distinguish each supramolecular enantiomer it is necessary to perform the analyses in the
solid state, as chirality doesn’t exist in the liquid or solution state. Different methods are

14



State of the art

available such as X-ray single crystal analysis, careful observation of the morphology of the
crystals (two macroscopic single crystals of the two enantiomers are mirror image related, as
in Figure 1.10) or circular dichroism.3°

a) b) c)
] — I
o An
| s BN
/ B
// :‘" :’\\.
/\ B
dJf Bbvvd @ B

Figure 1.9: Schematic representation of chirality generation via supramolecular assemblies of a) helix, b) bars

and c) sodium chlorate crystal structure.*°

,/};‘

Figure 1.10: Crystals of sodium chlorate under polarized light
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1.2 Fundamentals of crystallization
1.2.1 Introduction

A system is part of the universe delimited by real or fictive boundaries. A phase is part of a
thermodynamic system that can be considered homogeneous in its properties (e.g
composition, density, temperature, ..) and constant for a certain period of time.*
Thermodynamics provide information on the driving force of the crystallization.

Crystalline phases exhibit a periodic, three-dimensional arrangement of chemical entities.
These so-called crystals present long range order. In contrast, in the (ideal) vapor phase,
molecules do not interact with each other. In the liquid phase, molecules interact with other
molecules at close range leading to the presence of short range order.

1.2.2 Thermodynamic aspects

A system is in equilibrium when it is in thermal, chemical, and mechanical equilibrium. Thus,
for a system of n components, the intensive parameters, i.e. the temperature T (thermal
equilibrium), the pressure P (mechanical equilibrium) and the chemical potentials Wi (chemical
equilibrium for the component i), are equal in all phases. In a system of n independent
components, with ¢ phases in equilibrium, there are n + 2 intensive parameters which are
related to ¢ equations. The variance v defined by the Gibbs rule (Eq. 2) corresponds to the
number of intensive variables which can be varied independently without changing the
equilibrium between all phases involved:

v=n+2— ¢ Eq.2

In the case of a pair of enantiomers, the components of the system are linked together. The
chemical potentials of both enantiomers in an achiral (i.e. racemic) phase (a) are identical.
Furthermore, when a phase is chiral (i.e. contains an excess of one enantiomer), there is a
symmetrical phase (i.e. the phase that contains an excess of the other enantiomer). In this

instance, it is the Gibbs-Scott phase rule (Eg. 3) that must be applied in which n;’ is the

independent variable for each enantiomer pair and n the independent variable for optically
inactive substance.*?

nl

> +2—¢-— 9 Eq.3

v=n+
2

16
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1.2.3 Chirality in crystals

A crystalline solid is a material whose constituents (such as atoms, molecules, or ions) are
arranged in a highly ordered microscopic structure, forming a crystal lattice that extends in all
directions.®** The space group defines the symmetry operations in the crystal structure. Space
groups can be gathered in sets called point groups.” Introducing chirality in crystals
necessarily forbid some symmetry elements implying a limited number of available point
groups in which pure enantiomers can crystallize. Three types of point groups exists:*

- Centrosymmetric Achiral point groups (CA): 1,2/m, mmm, 4/m, 4/mmm, 3, 3m, 6/m,
6/mmm, m3, and m3m.

- Non-centrosymmetric Achiral point groups (NA): m, mm2, 4, 4mm, 42m, 3m, 6,
6 mm, 6m2, and 43m.

- Non-centrosymmetric Chiral point groups (NC): 1, 2, 222, 4, 422, 3, 32, 6, 622, 23 and
432.

Only the last type of point groups (NC) is compatible with pure enantiomers. To completely
characterize a crystalline structure, point groups are coupled to a Bravais lattice leading to
space groups. Although there are 230 space groups, only 65, known as the Sohncke groups
(combination of Bravais lattice and NC point groups), are compatible with chiral crystal
structures.*’

For a racemic mixture of enantiomers, the three above-mentioned types of point groups are
permitted, resulting different crystalline phases with different degrees of chiral discrimination
in the solid state.*® In the first case, there is an important heterochiral recognition
corresponding to the formation of a stable <1-1> stoichiometric intermediate solid phase,
called the “racemic compound” (Figure 1.11.A). This is by far the most common case: it
accounts for 90-95% of the enantiomer pairs. Crystallographic surveys show that most of
these racemic compounds crystallize in a centrosymmetric space group (P21/c, P-1, Pbca, C2/c
have the highest prevalence), despite all space groups being permitted. Secondly, the top
chiral discrimination occurs when every single crystal contains a single enantiomer, which is
called conglomerate. This is often defined as “spontaneous resolution” represented in Figure
1.11.B and the system will necessarily crystallize in one of the Sohncke groups. The third case
represents the possibility of a complete solid solution where any enantiomer can be
substituted by the other (Figure 1.11.C), once again all space groups are permitted.
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Figure 1.11: Schematic representation of a) a racemic compound, b) a conglomerate and c) a solid solution
between a pair of enantiomers

1.2.3.1 Phase diagrams

To understand and rationalize crystallization behavior, a good strategy is to rely on
heterogenous equilibria and to establish the corresponding phase diagram. A phase diagram
is a graphical representation of the physical states of a substance in equilibrium.* Due to the
mirror properties of enantiomers, heterogeneous equilibria involving a pair of enantiomers
are symmetrical and the axis of symmetry is centered at the racemic composition.

Two behaviors of the R—S system regarding racemization need to be distinguished. In the first
case, the two enantiomers do not interconvert under the operating conditions or in the time
scale of the experiment. Therefore, the system is a symmetrical binary system where the two
components have exactly the same thermodynamic properties (temperature, enthalpy and
entropy of fusion, density, Cp versus T, etc.). This behavior is represented in Figure 1.12. In
the second case, the two enantiomers racemize rapidly in the liquid state. There is a
relationship of interdependence between the two components, so the system is a degenerate
binary system, as depicted in Figure 1.14.

a. Binary phase diagrams of a pair of enantiomers

A) A racemic compound is a solid phase with the two enantiomers present in equal
amounts in the unit cell of the crystal lattice with particular symmetrical requirements
in the packing.

B) A conglomerate is a physical mixture of enantiopure crystals.
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C) A complete solid solution forms a single phase over the full composition range where
both enantiomers are randomly distributed over the crystallographic sites. In Figure
1.12 a complete solid solution with a maximum in the melting curve is depicted but
the same type of system can also occur with a minimum. In the case of a solid solution,
if there is no miscibility gap in the solid state, chiral discrimination will be very poor.
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Figure 1.12: Binary phase diagrams of a pair of enantiomers (in the absence of racemization in the
liquid), a) a racemic compound forming system, b) a conglomerate forming system c) a solid solution
forming system. (The dashed lines represent metastable equilibria)

The three cases (Figure 1.12 A, B and C) depicted here are extreme examples. Of course, there
is a continuity between them. A complete solid solution at high temperature does not rule out
the existence of a miscibility gap in the solid state at low temperature.®® In this case, chiral
discrimination in the solid state increases continuously with the separation of the two
symmetrical solvus curves towards lower temperatures.®®>! Partial solid solutions between
enantiomers are also well known.>? Such cases represent intermediates between ideal
conglomerates (Figure 1.12.B) and complete solid solutions (Figure 1.12.C). In some systems,
crystallization into a crystal can lead to peculiar microstructures named lamellar conglomerate
due to epitaxies, which is structurally different form a racemic compound.>?

A change in temperature can slightly or completely alter the chiral discrimination. A
conglomerate is a useful system since an optimized recrystallization can “virtually” be carried
out to resolve a racemic mixture without any loss of enantiomeric excess.>* Moreover, when
coupled to racemization, a single, almost pure enantiomer can be obtained by attrition from
the racemic mixture.® Accordingly, studies are carried out to find approaches to push the
system towards conglomerate formation. For instance, in certain cases, from a racemic
compound at low temperature, a stable conglomerate can be obtained at higher temperature
through a three-phase peritectoid invariant (Figure 1.13).%®
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Figure 1.13: Binary phase diagram of a pair of enantiomer forming a racemic compound a low temperature
and a conglomerate at high temperature

The opposite situation is also well known. The three-phase invariant is then a eutectoid.*® The
switch from a racemic compound to a conglomerate-forming system can also occur with the
addition of a particular solvent or co-crystal former or both.5” The addition of crystal co-
formers (isolated or in a mixture of solvents, counter-ions, co-crystal former, etc.) greatly
increases the number of possibilities to explore in order to spot at least one conglomerate.>®*
It increases the order of the system, which will no longer be binary, but ternary, quaternary,
quinary, or even of higher order.®® High-throughput techniques which rapidly spot
conglomerate forming systems and alleviate the amount of work due to the overwhelming
number of tests, will be discussed in the next part of this chapter.

Figure 1.14, represents the first two cases (a racemic compound and a conglomerate forming
system) depicted in Figure 1.12 in the case of racemization in the liquid state (or in the case
of no chirality at all, e.g. sodium chlorate). If the racemization is instantaneous, the liquid must
remain racemic.
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Figure 1.14: Binary phase diagrams of a pair of racemizable enantiomers, a) a racemic compound forming
system, b) a conglomerate forming system.
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b. Ternary phase diagrams of a pair of enantiomers and a solvent

Most crystallizations of organic materials are carried out in solution to avoid degradation,
which may occur on melting due to elevated temperatures. As an achiral solvent is added to
the system it is necessary to expand the binary phase diagram and to introduce the role of the
solvent (V, hereafter). In analogy with Figure 1.12, isothermal ternary phase diagrams
between a pair of enantiomers and a solvent showing different types of chiral discrimination
in the solid state are depicted in Figure 1.15.

Figure 1.16 shows the equilibrium in the case of racemization in solution. If the racemization
is instantaneous, the solution e.e. remains 0 and the undersaturated solution domain with a
e.e. > 0 is prohibited. If the system crystallizes as a conglomerate at equilibrium and if a
spontaneous break of symmetry occurs, the system can tend towards a single enantiomer in
the solid state and the saturated solution remains racemic (Figure 1.16.B).%*

S RS R

A B C

Figure 1.15: Ternary phase diagrams of a pair of enantiomers and a solvent (in the absence of racemization),
a) a racemic compound forming system, b) a conglomerate forming system, c) a solid solution forming
system
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Figure 1.16: Degenerated ternary system of a couple of enantiomers which racemize in solution, a) a racemic
compound forming system, b) a conglomerate forming system (towards the S enantiomer in this case, the
mirror situation equally exists)
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1.2.3.2 How to detect a conglomerate forming system?

Regarding the strength of chiral discrimination in the solid state and its relevance towards the
resolution of racemic mixtures, detection of conglomerate forming systems is of major
importance. Therefore, fast methods to detect conglomerates is of great value. Three main
methods can be distinguished.

a. Second Harmonic Generation

A new use of SHG (Second Harmonic Generation) was developed in the SMS laboratory
especially for screening of conglomerate forming systems.®%%3 |t is a nonlinear optical
technique, in which photons in interaction with a non-centrosymmetric material merge to
form new photons of twice the initial energy. A schematic representation of the set-up can be
found in Figure 1.17. A powder sample is irradiated by a laser with a known wavelength and
the signal generated by the sample is recorded. If the material is non-centrosymmetric, part
of the signal generated by the sample will possess half the wavelength of the incident beam,%
whereas the signal generated by a material presenting a center of symmetry will not change
in wavelength.%?
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Figure 1.17: Second harmonic generation setup from Galland et al.®?

Conglomerate forming systems crystallize in a non-centrosymmetric space group because the
presence of an inversion center in the crystal is incompatible with the asymmetry of the
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molecule or the supramolecular assembly. Conversely, a centrosymmetric space group
requires the presence of both enantiomers in the asymmetric unit. Nonetheless, a positive
SHG signal indicating a non-centrosymmetric space group does not prove that the sample is a
conglomerate, as there are no restrictions for the racemic compound to crystallize in a non-
centrosymmetric achiral (i.e. NA) space group (the most frequent being Pca2, Pna2, Pc and Cc)
representing ca. 6% of the racemic compounds.®® Moreover, some racemic compounds even
crystallize in a non-centrosymmetric chiral space group (i.e. NC or Sohncke space group like
P212121 and P21) with Z'=2 (i.e. both enantiomers are present in the asymmetric unit). Such
kryptoracemic compounds are unusual and represent only about 1% of the reported
structures of enantiomer pairs in the Cambridge Structural Database (CSD).%>% Regarding the
small proportion of false positives, SHG remains a fast and relatively accurate method to
screen for conglomerate forming systems, even if additional data is needed to confirm the
presence of a conglomerate.

b. Spectroscopic methods

In the part 1.2.3, we saw that a conglomerate forming system is a physical mixture of pure
enantiomers, every crystal being homochiral. Consequently, a conglomerate-forming racemic
mixture shares the spectroscopic data of the enantiomers (X-Ray diffraction, infrared, solid
state NMR, or Raman), while in the case of a racemic compound, these data will be different.
Therefore, a simple comparison of spectroscopic data will demonstrate the presence of a
conglomerate. However, the case of a complete solid solution can be mistaken for a
conglomerate, as all concentrations in the phase diagram will share a single phase. Even
though solid solutions are rare, one should pay attention to possible small changes in the
spectra due to the substitution of one enantiomer by the other.®’ In order not to confuse a
solid solution with a conglomerate, other methods should be used in tandem for confirmation.

The drawback of spectroscopic methods is the need of the pure enantiomer for the
comparison. When pure enantiomers are not available, other methods will need to be applied.

c. Crystal Structure resolution

The most accurate method to properly characterize a crystalline system is the resolution of its
structure by X-ray crystallography. This is also valid for mixtures of enantiomers. Structural
resolution provides all crystallographic data (i.e. the space group and the asymmetric unit),
which will prove the presence or absence of a conglomerate without any uncertainty.
However, it is the most time-consuming method among the three mentioned here. In cases
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of a presumption of a conglomerate —either by comparison of spectroscopic data or because
a signal could be observed in SHG— it becomes relevant to run the structural resolution to
confirm the character of the system.

1.2.4 Kinetic aspects

The driving force of the crystallization (Eq. 4) from a solution is the supersaturation B (Cand S
stand for the concentration of the solution and the solubility respectively).
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The crystallization kinetic of a chiral compound does not differ from achiral crystallization
unless a single enantiomer is crystallized from a nearly racemic mixture. In this case, half of
the dissolved molecules can be considered as impurities. The crystallization kinetics
comparison between an enantiomer and a racemic compound has been carried out by Fabrice
Dufour et al.®® They conclude that the crystallization kinetic of the racemic compound is
favored if both phases (i.e. the conglomerate and the racemic compound) exhibit a similar
crystal packing. Furthermore, other parameters such as diffusion also give a clear advantage
to the crystallization of the racemic compound.

Crystallization is usually described by a two-step mechanism: nucleation and crystal growth.

1.2.4.1 Nucleation
a. Primary Nucleation

In a supersaturated solution, the system cannot tends towards a heterogeneous equilibrium
and the dissolved molecules start to aggregate to form nuclei. Classical Nucleation Theory
(CNT) is an attempt to conceptualize homogeneous nucleation from an energetic point of
view.%® Assuming that a nucleus adopts a spherical shape of radius r, the free enthalpy
variation AG,ycieation re€lated to the nucleus is given by eq.5 :

4
AGpycieation = §”r3Agv + 4'7-”'2)/ Eq.5
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With Ag,,, the variation in Gibbs free energy per unit of volume and y the surface tension.

One can distinguish two terms in the equation, the first one is related to the volume of the
nucleus; it contributes to stabilize the system representing the cohesive energy between the
molecules. The second one is related to the surface of the nucleus representing the interaction
between the molecules crystallized at the surface of the nucleus and the solution, which
causes a positive contribution to the overall energy and destabilizes the system.

A critical radius r* is associated to a maximum of free enthalpy AG,,cieation™- When the
nucleus has a radius smaller than r*, its redissolution is favored (the sum of the two
contributions AGgyrrace + AGyorume results in AGnycieation in Figure 1.18). For a size larger
than r*, the nucleus will grow.
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Figure 1.18: Evolution of the free enthalpy of a nucleus depending on its radius

Nucleation can be homogeneous if nuclei appear freely inside the solution, or heterogeneous
when nuclei appear on a solid interface (dust, reactor wall, stirrer, etc). The latter is much
more frequently observed because it minimizes the surface energy of the nuclei and lowers
the energy barrier of the nucleation.

In the case of nucleation of a conglomerate forming compound, both enantiomers would
ideally nucleate simultaneously, since they share the same activation energy and critical radius
due to their mirror symmetry relationship; in practice this is rarely observed.
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b. Secondary Nucleation

During the crystallization process, crystals are often subjected to intense mechanical stresses
like shear stress or collisions with other crystals or reactor walls. In such conditions, small
crystallites can break off the mother crystals, and generate new daughter crystals.”®

If the crystals are chiral, the secondary nucleation will generate daughter crystals of the same
handedness as the mother crystal.”?

c. Metastable zone

In practice, solutions can be concentrated up to conditions where the solution is significantly
less stable than the crystal, but no crystals will form for minutes, hours, weeks or even longer.
This is due to the activation energy required to generate the first nuclei; a supersaturated
solution spontaneously crystallizes only if the supersaturation exceeds a threshold capable to
overcome the nucleation energy barrier to produce nuclei that reach the critical size, i.e. the
Ostwald limit (Figure 1.19). Ostwald defined the concept of this metastable zone in 1897.72
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Figure 1.19: Ostwald limit representation

The width of the metastable zone depends on many factors including kinetic factors: the rate
of increase in supersaturation (the cooling rate in cooling crystallization or the evaporation
rate in solvent evaporation crystallization), stirring rate and mode, the nature of the reactor,
impurities, etc.
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1.2.4.2 Crystal Growth

When a nucleus is larger than the critical radius, the crystal can grow by successive adsorptions
of molecules at the interface. Solvated molecules dock to the surfaces and will be incorporated
into the crystal until the system reaches its equilibrium, i.e. a saturated solution. The
mechanism of incorporation depends of the roughness of the surface, which can be divided
into three modes:’3

- Inthe first case, the crystal grows continuously on screw dislocations which provide large
preferential sites where chemical motifs can dock on the crystal. Spiral growth is observed
at low supersaturation and produces a more regular development.’®

- Inthe second case, the crystal grows layer by layer on flat surfaces since molecules cannot
find any preferential sites; this is called the two dimensional nucleation and this way of
incorporation is favored at higher supersaturation.’”

- Finally, at very high supersaturation, the crystal grows uncontrolled. This unbridled
development that favors defects in the final crystals is past the roughening transition.”®

The final morphology of a crystal depends on the growth rates of its faces. The faces, which
appear in final crystal morphologies, are the slow growing faces.
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1.3 Chiral Symmetry breaking by means of crystallization

The content of this section is mainly based on the review by Coquerel, G. and Hoquante, M.:
Spontaneous and Controlled Macroscopic Chiral Symmetry Breaking by Means of
Crystallization published in Chemical Symmetry Breaking in 2020.77.78

Macroscopic chiral symmetry breaking refers to the process in which a mixture of enantiomers
departs from 50-50 symmetry to favor one chirality, resulting in either a scalemic mixture or
a pure enantiomer. In this domain, crystallization offers various possibilities, from the classical
Viedma ripening or Temperature Cycle-Induced Deracemization to the famous Kondepudi
experiment and then to the so-called Preferential Enrichment. Given that not every technique
is relevant to this manuscript nor was studied, the complex case of preferential enrichment
will not be addressed here. For more information see the work of Tamura et al. and a study
by the group of Coquerel. 37981

1.3.1 Types of chiral symmetry breaking

1.3.1.1 Deracemization Induced by a Flux of Energy Crossing the Suspension
(DIFECS)

When fast racemization takes place in solution under the same conditions as the crystallization
of a conglomerate, it is possible to observe a spontaneous macroscopic break in symmetry.
The corresponding phase diagrams are no longer those displayed in Figure 1.15, as detailed
by the group of Coquerel.t2®® Indeed, the phase diagrams will have become degenerate,
because the liquid phase can only contain an equimolar number of enantiomers (i.e., a racemic
composition, see Figure 1.16). Under those circumstances, any energy flux passing through
the suspension for a long enough time will lead to the disappearance of one population of
homochiral crystals as illustrated by Figure 1.20. A constant mechanical stress such as grinding
(known as Viedma ripening),** numerous temperature cycles,** long exposure to ultrasound,?
pressure stress,® microwaves® or a combination of grinding and photo irradiation for light
sensitive racemizable compounds®® are general methods enabling the evolution of the initial
dual population of particles to a single population of crystals containing a single enantiomer
only, i.e., deracemization. These methods operate close to thermodynamic equilibrium.
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Figure 1.20: Schematic representation of the deracemization process

a. Viedma Ripening

In Figure 1.21, the isotherm shows the main feature of the process. V stands for the solvent,
while S and R are the two enantiomorphic chemical entities. Due to the fast racemization in
solution or simply the absence of chirality in solution, the attainable states of the system are
inside the triangle S-R- Lsat and along the racemic line V- Lsat. Lsat is the point representative
of the saturated racemic solution at that temperature. Under strong enough continuous
attrition, the initial doubly saturated suspension (composed of a solution LSAT and an
equimolar mixture of pure chiral solids) represented by point | evolves towards Fg or Fs (Figure
1.21 A or B respectively). Simultaneously, the racemic mixture of solids represented by point
M evolves towards S or R, i.e., the pure enantiomers. The tie lines connecting the constant
saturated liquid Lsat, the point representative of the overall synthetic mixture and the point
representative of the solid composition move from Lsat—I-M to Lsar—Fs—R or Lsat—Fr—S.

If the system does not contain any chiral impurity and the initial two populations of crystals
are symmetrical in terms of Crystal Size Distribution (CSD) and Growth Rate Dispersion (GRD),
the outcome of the evolution, that is, crystals of pure S or else pure R in equilibrium with Lsar,
is purely stochastic. Usually, the kinetics of this spontaneous evolution are of the first order.
In other words, the logarithm of enantiomeric excess (e.e.) versus time is linear. The more the
overall composition departs from 50-50 composition, the faster the evolution towards
homochirality is. It is an auto-catalytic process. However, if the system contains chiral
impurities, the growth and dissolution rates of the two enantiomers may become different,
promoting one enantiomer over the other. The final evolution of Viedma ripening can be
directed using a chiral impurity.®’
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Figure 1.21: Spontaneous deracemization by Viedma ripening, ultrasound, microwaves towards the R
enantiomer in A and towards the S enantiomer in B.

Viedma ripening can be implemented directly during synthesis; this method is called
asymmetric synthesis, involving dynamic enantioselective crystallization.®® For example,
isoindolinones, a class of compounds used as core structures for pharmaceutical applications,
were resolved successfully using Viedma ripening by the group of Vlieg.® Indeed,
isoindolinones 1-3 (Figure 1.22) crystallize in a conglomerate-forming system and racemize
quickly in solution without a catalyst.
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Figure 1.22: Isoindolinones that have been deracemized by Viedma ripening by Vlieg et al.?°

b. Temperature Cycle-Induced Deracemization (TCID)

Repetitive temperature oscillations may also be used to induce deracemization towards pure
enantiomers. This spontaneous process is known as Temperature Cycle-Induced
Deracemization (TCID).** The temperature gradient could be in space® or in time, °! or even
both.?> Figure 1.23 schematizes the principle of deracemization by TCID through the
corresponding phase diagram, which illustrates the evolution of the system when the
temperature of the whole system fluctuates between T, and Ty, the low and high
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temperatures, respectively. The inset of Figure 1.23 shows the racemic vertical section versus
temperature M-V-T, starting from a suspension of composition |, composed of a racemic
mixture M of pure enantiomers in equilibrium with their saturated solution at T.. When the
initial suspension | withstands repetitive thermal oscillations of the suspension from T, to Tn
back and forth, it undergoes partial dissolution and recrystallization cycles leading to complete
deracemization (i.e., chiral symmetry breaking). The overall synthetic mixture evolves towards
Fr/m at Tw and Fgry at To Simultaneously, the composition of the solid phase evolves towards
the pure enantiomer R (or S; the latter case is the mirror image of the one represented in
Figure 1.23). Here, only the evolution to R is represented, but, in the absence of any chiral
bias, the system can evolve to S as well.

Figure 1.23: The TCID experiment

The temperature-time profile must be precisely tuned to achieve efficient deracemization and
to maximize productivity, while chemical degradation, if present, should be minimized. The
variation in solubility versus temperature is, of course, an important factor, but the cooling
rate is also important for the generation of small nuclei via secondary nucleation. These
dissolution and growth cycles contribute to the turnover of the conglomerate into one of the
two populations of crystals.?®* Once the e.e. of the solid phase strongly departs from zero, it is
beneficial to decrease the amplitude of the temperature oscillation. The damped temperature
oscillation avoids wasting time and energy by preventing significant dissolution of the
enantiomer in excess.*
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TCID was used to produce pure enantiomers of a precursor of paclobutrazol, a molecule of
interest because of its role as a plant growth inhibitor (Figure 1.24).%! In this case, the
temperature fluctuations range between 20 °C and 25 °C or 30 °C and racemization is induced
by a basic medium (e.g. sodium hydroxide).

’ i
Figure 1.24 : 1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pentan-3-one, a precursor of
paclobutrazol, which served as a model compound for TCID.

c. DIFECS overview

In addition to mechanical or thermal energy fluxes (see above), other energetic fluxes passing
through the suspension lead to complete deracemization (Deracemization Induced by a Flux
of Energy Crossing the Suspension (DIFECS)). For instance, periodic variations in pressure® or
pressure and temperature,® microwaves,?® and photons for light-sensitive molecules®® have
proved to induce complete chiral symmetry breaking. This is not an exhaustive list. In addition,
the mentioned stimuli have agonist effects and can be combined to speed-up macroscopic
chiral symmetry breaking.®® The common features of these processes are that they are
operated close to thermodynamic equilibrium with a stochastic character regarding the final
outcome, obtaining either R or S crystals. This does not mean that the predominant
mechanisms are all the same. For instance, the application of ultrasound could be faster than
attrition to induce complete deracemization, and produces bigger final crystals.®* The agonist
effects observed when various fluxes of energy are applied, seem more consistent with several
—concomitant— possible mechanisms of deracemization.

Usually, the kinetics of all DIFECS methods are of the first order and several mathematical
models have been proposed that fit reasonably well with the sigmoid shape of e.e. variation
in the solid versus time.?”"1! |t is worth noting that there is an initial period without a
noticeable evolution in the e.e. of the solid phase. However, the CSD (Crystal Size Distribution)
and GRD (Growth Rate Dispersion) and probably other solid-phase attributes change during
that period. This first step ends with what is called the “take-off”. Kinetics plays a substantial
role here, e.g., the system can remain sitting on the “racemic fence” for several days before
the take-off. This phenomenon illustrates the stochastic aspect of spontaneous symmetry
breaking.
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DIFECS has been proven to be suitable for general application, provided that the two following
conditions are fulfilled: a conglomerate is in equilibrium with a doubly saturated solution and
the chemical entities undergo rapid racemization in solution.

Lamellar epitaxies between crystals of opposite handedness could be a serious problem for
Preferential Crystallization (see part 1.3.3).>3 The remedy is to rely on DIFECS, which has been
proven to achieved 100% e.e. even when the crystals of the two enantiomers can produce

repeated epitaxies showing the strength of this technique.°?

1.3.1.2 Kondepudi’s experiment

Kondepudi’s experiment!® is another illustration of spontaneous chiral macroscopic
symmetry breaking applying crystallization in a conglomerate-forming system with
racemization in the molten or solution state. Figure 1.25 illustrates this experiment. Typically,
a racemic solution is cooled down with an appropriate cooling rate in a stirred medium. If the
system is able to generate a single nucleus (the “Eve” crystal) for a sufficient period of time
and if the stirring rate and stirring mode'® are adequately tuned, numerous offspring crystals
will be created by its collision with the stirrer or the reactor wall leading to fast secondary
nucleation, which results in a drop of the supersaturation. In the inset of Figure 1.25, the
temperature versus composition pathway of the mother liquor is represented. This is the
racemic section as the liquid phase cannot deviate from enantiomeric excess (e.e.) = 0 because
of the racemization. The points K1, K2 and Km represent different nucleation points at different
cooling rates. In this experiment, 1-K1-LSAT and I-K>-LSAT pathways lead to homochirality of
the solid phase. At the end of the process, a homochiral population of crystals will have been
generated that are all descendants of the “Eve” crystal. Ideally, by repeating numerous
experiments, the results should be a random series of pure (-) and (+) crystals populations of
which the distribution is statistically close to 50-50%. By contrast, Km corresponds to an
excessive undercooling which leads to several quasi-simultaneous primary nucleation events
and thus a heterochiral final population of crystals.
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Figure 1.25: Kondepudi’s experiment

This process was first described by Kondepudi, who found that spontaneous symmetry
breaking occurs upon crystallization of sodium chlorate in stirred solutions, whereas static
conditions give an equal amount of L and D crystals.’® Kondepudi’s experiment is also
applicable to the molten state, as a supercooled melt of 1,1'-binaphthyl has been shown to
crystallize with a large enantiomeric excess when vigorously stirred.'%®

1.3.2 Control of macroscopic chiral symmetry breaking by means of
crystallization

It is possible to direct symmetry breaking towards a desired enantiomer through several,
robust methods. The general approach involves breaking the symmetry of the system
purposely prior to the onset of crystallization. For instance, Deracemization Induced by a Flux
of Energy Crossing the Suspension (DIFECS) will provide the eutomer (the desired enantiomer)
by implementing a small bias, through an investment in the eutomer beforehand.'®” For
example, only a small percentage of e.e. (S) in the solid state is sufficient to conduct the
complete deracemization by using Viedma ripening, TCID, ultrasound, microwaves, etc.,
towards the S enantiomer as illustrated by Figure 1.26.
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Figure 1.26: Schematic representation of controlled deracemization by enantiopure seeding

However, the presence of a chiral impurity in the system could compensate the initial
purposely introduced bias.'® This is illustrated by Viedma ripening of sodium chlorate (used
as received; see Figure 1.27). The evolution is systematically towards the same chirality even
if an initial investment in the counter enantiomer is performed. One experiment shows an
evolution of up to 70% e.e. before reversing. A simple recrystallization of the initial racemic
mixture in water is enough to remove the effect. It is likely that a small (maybe minute)
amount of chiral impurity “pushes” the system towards the same chirality. This phenomenon
has been observed with organic compounds too.!® Dissymmetry in crystal size distributions is
also able to systematically direct the symmetry breaking towards the population of bigger
crystals. A study has shown that there is actually a relation between the initial e.e. and the
dissymmetry of crystal size distributions.'° Bigger crystals of (+) can, for instance, compensate
a slight initial excess in small (=) crystals.'!
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Figure 1.27: Impurity effect on the handedness of the attrition-enhanced deracemization in a non-
recrystallized batch of sodium chlorate leading to the same pure enantiomer at every run.*’
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Kondepudi’s experiments can also be controlled by the addition of specific chiral impurities, if
a small amount of right-handed additive (called R* hereafter) is added to a racemic
supersaturated solution of a conglomerate-forming system. If R* is sufficiently similar to R (R
enantiomer of the compound to resolve), nucleation and growth of R and S will become
significantly different, and precipitation leads to an excess of S in the solid. This effect is known
as the rule of reversal.’*? Kondepudi’s experiment, seeded with very pure enantiomer prior to
any primary nucleation of either enantiomer, is equivalent to preferential crystallization. A
detailed analysis of the process with different protocols for the inoculation of seeds and
temperature profiles will be discussed in the next part of this chapter.

It is also possible to induce stereoselective nucleation by using a polarized laser beam in a
supersaturated solution. This process, known as Non-Photochemical Laser Induced Nucleation
(NPLIN), has received some attention.?

1.3.3 Preferential Crystallization

In contrast to the various deracemization techniques, the only requirement for preferential
crystallization is a conglomerate forming system; no coupled racemization is needed. This
stereoselective crystallization method allows crystallization of a single enantiomer from a
racemic solution where both enantiomers are expected to crystallize simultaneously. In a
slightly enriched mother liquor, a careful tuning of crystallization parameters leads to the
transfer of one of the enantiomers from the mother liquor to the solid state, whereas the
other enantiomer remains in the liquid. This process has been discovered by Gernez in 1866
when he seeded a racemic supersaturated solution of sodium ammonium tartrate
tetrahydrate with enantiopure crystals, and noticed the crystallization of the single
enantiomer identical to that inoculated.’

1.3.3.1 Preferential Crystallization principle

The principle of preferential crystallization is relatively simple, although the management of
the parameters can be complex. Various modes exist but, in this work, only the Auto Seeded
Polythermic Programmed Preferential Crystallization (AS3PC) mode has been studied. Its
schematic representation is provided in Figure 1.28. Starting from the racemic solution, a bias
is induced by introducing fine seeds of a single enantiomer (e.g. the R enantiomer, step 1 in
Figure 1.28) and supersaturation (by cooling in this case) is induced to start the process. The
enantiopure crystal seeds lead to stereoselective growth and secondary nucleation; during
this period, the counter enantiomer remains in the supersaturated solution (step 2).
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Subsequently, the solid is collected by filtration during the third step (the mass of solid
recovered is generally about twice the mass of the initial excess).

Starting

point [ STEP1 STEP 2 I STEP 3 Dissolved
<R> [ | I <R> B Crystallized
(R) (5) (R) (s) (R) (5) (R) (5)
HE
<R> <5>
STEP 6 STEPS STEP4

(R) (s) ]I (R) (s) (R) (s)

<S>

Figure 1.28: Schematic representation of preferential crystallization

To compensate the loss of R enantiomer, racemic mixture is added to the mother liquor (step
4), the quantity is precisely measured in order to return to the same supersaturation level as
the initial point and the temperature is increased back to its initial point. Thus, the system is
a mirror image of the initial situation (e.g. a mixture slightly enriched in S enantiomer).
Temperature and supersaturation is precisely adjusted so that the system remains slightly
supersaturated in the S-enantiomer, thus it is auto-seeded with S crystals. During the second
cooling, the reverse phenomenon takes place: selective crystallization of the S enantiomer
(step 5). Filtration will provide approximatively the same mass of solid as obtained in the first
operation. Finally, the initial situation (i.e. a mixture enriched in R enantiomer) is obtained by
once again the addition of racemic mixture (step 6).

In the case of PC, the symmetry of the system is purposely broken by the seeding, i.e. if the
solid is the (+) enantiomer, the mother liquor evolves towards an excess of (=) in the absence
of racemization. This occurrence is called the “entrainment” effect.*® The induced symmetry
breaking lasts for some minutes to some hours. If the system is left for too long, the second
enantiomer starts to spontaneously crystallize so that the ultimate evolution of the system is
a mixture of crystallized enantiomers in equilibrium with a doubly saturated racemic solution.
Preferential crystallization is based both on thermodynamics providing the driving force of the
crystallization and on kinetics giving the limit of the stereoselective crystallization (i.e. if the
system exceeds the Ostwald limit, spontaneous nucleation of the counter enantiomer spoils
the stereoselectivity of the crystallization).
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Preferential crystallization has been successfully applied at the industrial scale to separate
enantiomers of familiar compounds such as Esomeprazol!'* (which is a proton pump inhibitor
sold under the name Nexium representing a billion dollar market),’*> or amino acids like
threonine.®

1.3.3.2 The various modes of Preferential Crystallization

a. Seeded Isothermal Preferential Crystallization (SIPC)

Historically, PC was achieved in a single experimental step and the notion of recycling the
mother liquor did not exist. A solution of racemic or purposely slightly enriched mixture is
cooled down to obtain supersaturation. Seeds of one enantiomer (the eutomer) are then
added at this metastable homogeneous doubly saturated solution to skip the primary
nucleation and induce selective crystallization. Filtration is performed before the nucleation
of the counter enantiomer to collect the pure desired enantiomer.

b. Seeded Polythermic Programmed Preferential Crystallization (S3PC)

Seeded Polythermic Programmed Preferential Crystallization (S3PC) evolved from SIPC. In
order to increase the crystallizing enantiomer quantity, the temperature is cooled down once
the solution is seeded. The same approach is used for the Auto Seeded Polythermal
Programmed Preferential Crystallization (AS3PC) except that the mother liquor is recycled.
Indeed, at the end of the first run, the mother liquor is slightly enriched in the mirror
enantiomer, this enrichment can be used as “seeds” to induce the stereoselective
crystallization of the mirror enantiomer in a second run. By addition of a precise mass of
racemic mixture in order to compensate the loss, the second run can be carried out to
crystallize the mirror enantiomer. Again, a third run would produce the same chirality as the
first run. AS3PC was developed by Coquerel et al. in 1995.*'” The AS3PC allows a more precise
tuning of the supersaturation than in SPIC or S3PC: one enantiomer crystallizes during cooling
and the system is, thus, supersaturated in only one of the enantiomers. Crystal growth and
secondary nucleation are favored. This method will be used in chapter 3, thus, it is important
to note that it requires fine adjustments for which the following elements are of importance:

- The solvent: a medium solubility, a variation of solubility with temperature and a good
chiral discrimination (e.g. no undesirable solvate leading to a racemic compound)

- The cooling and stirring rate: the cooling rate must be high. Faster cooling rates enlarge
the width of the Ostwald metastable zone promoting crystal growth and secondary nucleation
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over primary nucleation, the counter enantiomers primary nucleation is avoided. However,
high cooling rates provide less control over the stereoselective crystallization and a shorter
filtration window before the nucleation of the counter enantiomer which can be challenging.
Regarding the stirring, it is important to homogenize the temperature and concentration of
the system, however a high stirring rate with strong shearing forces can promote
heteronucleation of the counter-enantiomer.

- The initial and final temperature: The temperatures must be adjusted to have a good
variation of solubility to increase the yield. The higher the initial temperature, the better will
be the yield. The final temperature is set by the stereoselective crystallization limit, below this
temperature, the probability for the counter enantiomer to nucleate becomes too high.

- Finally, the crystal size distribution of the seeds has limited influence during the AS3PC
process, but they must be fine enough and numerous.

c. Auto-Seeded Preferential Crystallization Induced by Solvent Evaporation (ASPreCISE)

In 2011, a new variation of PC was developed by Coquerel et al.: the Auto-Seeded Preferential
Crystallization Induced by Solvent Evaporation (ASPreCISE).!® The principle is similar except
that supersaturation is induced by solvent evaporation.

1.3.3.3 Second-Order Asymmetric Transformation (SOAT)

Second-Order Asymmetric Transformation (SOAT, Figure 1.29) is a chiral symmetry breaking
process by means of crystallization that could be regarded as an improved preferential
crystallization (see above) for racemizable conglomerates.? If fast racemization takes place in
the system (or in the absence of chirality in solution), the mother liquor cannot deviate from
0% e.e, as illustrated in Figure 1.16.

During a SOAT process, a supersaturated solution is seeded with enantiopure crystals (point |
in Figure 1.29) to trigger stereoselective crystallization via crystal growth and secondary
nucleation of the seed crystals. The inset of Figure 1.29 shows the temperature versus
composition pathway of the mother liquor that remains racemic due to racemization
reactions. Thus, the system is never more supersaturated in the distomer than in the eutomer.
Point | does not belong to the isopleth section represented in the inset, as the seed crystals
are enantiopure. The overall composition of the system evolves towards Fr at T, while the
composition of the solid phase evolves towards the pure enantiomer R upon cooling.
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Supersaturation has to be kept within reasonable limits so that crystal growth and secondary
nucleation remain stereoselective. Here, only the evolution to R is represented, but, the
system can be directed towards S too. Since the mixture is initially far from the equilibrium in
the final state, the SOAT process is generally a fast and productive process and could be two
orders of magnitude more productive than any variant of DIFECS.*

I-sat/ H

S M R

Figure 1.29: Second-Order Asymmetric Transformation (SOAT) experiment

In 1979, SOAT was used to resolve (DL)-a-amino-g-caprolactam, a lysine precursor, with the
racemization being induced by potassium hydroxide in ethanol at 80 °C (Figure 1.30).1%
Likewise, the enantiomers of the precursors of paclobutrazol, which served as an example for
TCID, were also obtained in high enantiomeric purity with SOAT by Black et al. in 1989.%

ZT

NH,

Figure 1.30: (DL)-a-amino-g-caprolactam can be resolved by SOAT to produce enantiopure lysine after
hydrolysis.
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1.4 Conclusion

The need for pure enantiomers has accelerated since the nineties, when new pharmaceutical
restrictions imposed by medicinal agencies resulted in a strict control over the activities and
side effects related to enantiomers. Among the possibilities to produce pure enantiomers, one
can directly synthesize the desirable enantiomer. If this is not possible or not economically
viable, the resolution of the racemic mixture will need to be carried out after its synthesis.

Crystallization offers a variety of methods for the resolution of the racemic mixture (Viedma
ripening, TCID, Preferential Crystallization...). Some of them coupled with racemization, offer
a promising yield of almost 100%. Although the techniques -except preferential enrichment
which has other requirements- are usually limited to conglomerate forming systems, it is
possible to manage metastable equilibrium and resolve a metastable conglomerate when the
system forms a stable racemic compound.>”*?! Moreover, a convenient technique for rapid
screening of derivatives for conglomerate formation, using second harmonic generation has
been developed, increasing the scope of applicability of crystallization-based resolution
methods.
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A disappearing conglomerate: BINOL-OBn

The content of this chapter has been published in Crystal Growth & Design, a peer-reviewed
journal, by Hoquante, M.; Sanselme, M.; Rietveld, I. B. and Coquerel, G. in 2019.1?

2.1 Introduction

1-1’-Binaphtyls'®® and particularly 1-1’-Bi-2-naphtol (BINOL) and some of its derivatives are
known to photoracemize in solution.'?*12°> In 2016 Maria et al*?® reported the crystal structure
of 2’-benzyloxy-1-1’-binaphtalene-2-ol (BINOL-OBn, Figure 2.1) and investigated the phase
diagram of binary enantiomer mixtures. The system crystallizes in a P212121 space group
(reference code UBULUB, CCDC 1443741) meeting the crystallographic requirement to reach
homochirality in a deracemization process. Previously, Takahashi et al. reported the melting
points of the pure enantiomer and of the racemic mixture, respectively 122°C and 103°C
implying the presence of a eutectic transition at the racemic composition.'?” Because of its
conglomerate, which makes the system amenable for resolution by crystallization, BINOL-OBn
seemed to be a good candidate for any variant of Deracemization Induced by a Flux of Energy
Crossing the Suspension (DIFECS) see part 1.3.1.1 for more information.

BINOL-OBn is an atropisomer, which means that it exhibits axial chirality. The rotation of the
bond connecting the two naphthyl groups is inhibited because of the steric hindrance caused
by the two oxygen groups so that two conformers can be isolated.

(S)-BINOL-OBn (R)-BINOL-OBn

Figure 2.1: Cram’s representation of the two enantiomers of 2’-benzyloxy-1-1’-binaphtalene-2-ol
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2.2 Synthesis and characterization

Pure R enantiomer, S enantiomer and racemic BINOL-OBn were synthesized according to a
previously reported procedure.!?® Pure enantiomers of BINOL and its racemic mixture were
subjected to a Mitsunobu coupling reaction to convert one of the hydroxy group into an ether
using triphenylphosphine (PPhs) and an oxidizing azo reagent in the form of an
azodicarboxylate like diisopropyl azodicarboxylate (DIAD).

The typical protocol of a Mitsunobu reaction is to add the phosphine and azodicarboxylate
together until the formation of the ylide. Then solutions containing the nucleophile on one
side and the alcohol on the other side are added together and the reaction medium is usually
heated to reflux. The alcohol reacts with the phosphine to create a good leaving group and
then undergoes an inversion of stereochemistry in classic SN, fashion as the nucleophile
displaces the leaving group. Besides the desired coupled product, a hydrazide such as
diisopropyl hydrazinedicarboxylate (DIAD-H2) from DIAD and a phosphine oxide such as
triphenylphosphine oxide from PPhs are also formed as by-products.??®

Herein, we use an expedient method for the monoetherification of BINOL in agreement with
some modifications of the Mitsunobu procedure previously reported (Figure 2.2).}%
Interestingly, no inversion of the stereogenic center was observed on the derivatives of Binol
atropisomers and the stereochemical profile of the reaction was only dependent on the
stereochemistry of BINOL used as the starting material.'?’

l l OH OH PPH3 DIAD,
+
l l OH THF, 0°C then RT, 48h

Figure 2.2: Synthesis of racemic BINOL-OBn

As the reaction is sensitive to water (R)-BINOL (5.0 g, 17 mmol) was dried azeotropically with
toluene. It was dissolved in 100 ml of distillated tetrahydrofuran (THF), triphenylphosphine
(PPhs3) (4.5 g, 17 mmol) and benzyl alcohol (2.1 ml, 20 mmol) were added to the stirred
solution. Diisopropyl azodicarboxylate (DIAD) (3.35 ml, 17 mmol diluted in THF 5 ml) was
slowly added dropwise, at 0 °C and then the mixture was stirred at room temperature for 48h.
The reaction's progress can be followed by TLC (CH2Cl2/n-hexane 2:1). After near completion,
the reaction was quenched by addition of a few drops of distilled water. The solvent was
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evaporated under reduced pressure and the crude mixture was dissolved in dichloromethane
(50 ml). The organic layer was washed with water and brine (3x50 ml). The organic layer was
then dried over anhydrous MgSOa. After solvent removal under reduced pressure, the product
BINOL-OBn was isolated by column chromatography on silica gel, using a gradient mixture of
CH,Clz/n-hexane as eluent, and further purified by crystallization from CH:Cl/n-hexane.
(Colorless crystals, 5.696 g, 89% yield).

The Mitsunobu coupling on enantiopure BINOL gave satisfying results, however, the synthesis
of racemic BINOL-OBn first gave rise to a viscous oil and crystallization was not straightforward
despite the absence of an apparent purity problem. However, after a month at room
temperature, a stable racemic compound appeared. This new racemic compound was
characterized by means of Differential Scanning Calorimetry (DSC), InfraRed spectroscopy (IR),
Powder X-Ray diffraction (PXRD), Second Harmonic Generation (SHG) and Single Crystal X-Ray
Diffraction (SC-XRD).

B (rac)-BINOL-OBn

B R-BINOL-OBn

Courts

e i o S A et i e e gl dopoed el il vl b ke

2Theta (Coupled TwoTheta/Theta) WL=1,54080

Figure 2.3: X-Ray powder diffraction patterns of racemic and enantiopure BINOL-OBn
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Figure 2.4: Infrared spectra of racemic and enantiopure BINOL-OBn

Clearly, the PXRD patterns of the enantiopure and of the racemic crystals do not overlap
(Figure 2.3). Moreover, the infrared spectrum of the racemic compound (Figure 2.4) shows
three bands for the OH stretching vibrations at vOH = 3413 cm™, vOH =3482 cm™* and vOH =
3529 cm™ implying that there are three hydroxyl groups with different interactions in the
structure, whereas for the enantiopure structure a single OH stretching band exists at vOH =
3515 cm™. The differences between the spectra and diffraction patterns prove the existence
of two different phases of which the (rac)-BINOL-OBn has never been observed before. The
centrosymmetry of the crystals was investigated by SHG. While irradiating at 900 nm, no SHG
signal at 450 nm was observed confirming the heterochiral packing of this new phase.
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2.3 Phase diagram

Considering the appearance of the racemic compound, the previously reported phase diagram
needed to be revised. Pure enantiomer, racemic compound and their mixtures were analyzed
by DSC (heating rate = 5 K/min), the resulting curves can be found in the appendices. Mixtures
with different enantiomeric compositions were prepared by manual grinding assisted by a
small amount of solvent either between the pure R enantiomer and the racemic compound
or between the pure enantiomers together. Similarly, an artificial conglomerate was prepared
by mixing rigorously weighted 200 mg of (R)-BINOL-OBn crystals and 200 mg of (S)-BINOL-OBn
crystals and the physical mixture was gently grinded. The results are summarized in Table 2.1
and Table 2.2. Only one side of the phase diagram was investigated due to the mirror
relationship between the two atropisomers.

Table 2.1: Temperature of solidus and liquidus for binary mixtures between the pure enantiomer and the
racemic compound of BINOL-OBn

X(R)-BINOL-0Bn  Tsolidus /K Tiiquidus /K Enthaply of

fusion /).g*
1 393.8° 76.9+£5?
0.919 380.2 391.2
0.872 381.4 388.1
0.791 381.6 386.0
0.752 382.1 382.4
0.656 382.1 386.9
0.57 383.1 388.4
0.5 388.82 79+ 5°

@ Results are the mean of n = 4 experiments. Temperatures are given with an uncertainty of + 0.5K.

Table 2.2: Temperature of solidus and liquidus for metastable binary mixtures between the pure
enantiomers R and S-BINOL-OBn

X (R)-BINOL-OBn Tsolidus /K Tiiquidus /K Enthaply of

fusion /J.g*
1 393.8° 76.9 £ 5°
0.817 364.6 385.7
0.62 366.2 376.6
0.5 365.1 72.7%5

@ Results are the mean of n = 4 experiments. Temperatures are given with an uncertainty of + 0.5K.
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The liquidus of the racemic compound was calculated using its melting point (388.7 + 0.5 K)
and enthalpy (79 + 5 J.g!) assuming an ideal behavior (Prigogine-Defay).'3° The metastable
eutectic liquid between the pure enantiomers corresponds to the racemic composition
(Xmetastable eutectic = 0.5) with a melting temperature experimentally found at 365.1 £ 0.5 K, equal
within error to the temperature obtained by the intersection of the Schrdoder equation
(Tealculated eutectic = 366 £ 1 K) for the liquidus lines of the R and S enantiomers. The eutectic
transition between the enantiomer and the racemic compound is obtained through the
intersection of the two equations (Prigogine-Defay for the racemic compound liquidus and
Schréder for the liquidi of the pure enantiomers) at 382 + 1 K and it was experimentally found
at 381.7 + 0.5 K indicating no significant deviation from ideality. The phase diagram for the
BINOL-OBnN system based on these equations and confirmed by experimental points, is shown
in Figure 2.5.
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Figure 2.5: Binary phase diagram of BINOL-OBn based on the experimental data in Tables 1 and 2. The
liquidus lines of the enantiomers are obtained by the Schréder equation and the liquidus line of the racemic
compound has been calculated with the Prigogine-Defay equation. They have not been fitted to the liquidus

points.

To test the stability of the conglomerate versus the racemic compound, ‘artificial’
conglomerate was prepared mixing powdered crystals of R and S enantiomers rigorously
respecting the <1-1> composition. A cross-seeding experiment was conducted at -10°C in
diethyl ether. After 48 hours, the diffractogram showed that the suspension was exclusively
composed of the racemic compound indicating that it is the stable phase at -10°C (Figure 2.6).
Therefore, BINOL-OBn is not amenable to resolution by preferential crystallization.
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Figure 2.6. Diffractograms of a) (R)-BINOL-OBn, b) (rac)-BINOL-OBNn, c) cross-seeding experiment after 6
hours, d) cross-seeding experiment after 48 hours.

Taking into consideration the cross-seeding experiment and the fact that the racemic
compound has a melting point of 115.6 + 0.5°C with a melting enthalpy of 79 + 5 J/g, whereas
the eutectic temperature of the conglomerate is found at 92°C with a melting enthalpy of 73
+5 /g, the racemic compound is clearly the more stable phase at room temperature. It is even
likely that this stability is ‘monotropic’ in nature (i.e. the phase is stable over entire
temperature range), considering that the melting enthalpy of the racemic compound appears
to be 6 J/g higher than that of the conglomerate —however, strictly speaking this is not
polymorphism since the following irreversible transformation (AG < 0): <S> + <R> —> <RS>
involves three solid phases, nevertheless, by analogy with a genuine monotropy we use that
term. Nonetheless, the enthalpies have overlapping experimental errors, so a stable
temperature domain for the conglomerate below — 10°C cannot entirely be excluded (through
a eutectoid invariant).

It is surprising however, that the conglomerate has been observed in the first place and even
by two groups independently,’?**?” because the newly identified racemic compound melts
more than 20 degrees higher than the racemic conglomerate and is the more stable form at
room temperature. The complexity of the structure of the racemic compound with three
molecules possessing different conformations in the asymmetric unit (Z’' = 3) might justify this
behavior.
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2.4 Structural aspects

Single crystals of (rac)-BINOL-OBn were obtained by evaporation crystallization from
chloroform/n-hexane and the crystalline structure was resolved by single crystal X-ray
diffraction.

Table 2.3 Crystal data for (rac)-BINOL-OBn compared to the pure enantiomer

(rac)-BINOL-OBn  (S)-BINOL-OBn??®

CCDC Ref code 1949382 1443741
Molecular Weight / g.mol? 376.4 376.4
Crystal System Monoclinic Orthorhombic
Space Group P21/n P212121
Z,7 12,3 4,1
a/A 10.2821(7) 8.4850(3)
b/A 40.035(3) 11.3174(3)
c/A 14.808(1) 20.5379(7)
Bl° 92.216(2)
v /A3 6091.0(7) 1972.22(12)
dealc / g.cm?3 1.231 1.264
F(000) / e 2376 788
Absorption coefficient p (MoKai1) / mm™ 0.076 0.079
Temperature / K 293 293 +2

As shown in the crystallographic data collected in Table 2.3, in the crystal lattice of the racemic
compound, three independent molecules with different conformations are present in the
asymmetric unit (see Figure 2.7) as inferred from the infrared spectrum (Figure 2.4). When
considering the energies of isolated molecules in vacuum, one of the conformations displays
a higher energy than the others (about 1.3 times higher for so-called MolA represented in
yellow in Figure 2.7). The other two conformations (MolO and MolB) form dimers together
through hydrogen bonds (Figure 2.8). These dimers exhibit 1 - 1t interactions with adjacent
dimers along the c axis giving rise to periodic bond chains (PBCs) in this direction (Figure 2.9).
The interaction between adjacent PBCs along the b and a axes is ensured by MolA through 1t
- Tt interactions. The packing diagram is shown in Figure 2.10.
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Figure 2.7: The three independent molecules in (rac)-BINOL-OBn asymmetric unit (MolA in yellow, MolO in
blue and MolB in grey)

Figure 2.8: One dimer formed by the hydrogen-bond interaction (dashed pink line) between MolO (blue) and
MolB (grey)

Whereas the pure enantiomer structure contains only 1 - m and Van der Waals interactions,
the racemic compound exhibits hydrogen bonding too. The cost in energy required to put one
third of the molecules in the conformation A and the global lower density seems balanced by
the gain in stability created by hydrogen bonds. However, kinetically this new phase is not
favored because of the lower probability for the molecules to occur in three different
conformations during crystallization, which may in particular be difficult for conformation A.
This could explain why a metastable conglomerate has been observed before the racemic
compound. The belated crystallization of the racemic BINOL-OBn is reminiscent of the
molecules discussed in the papers by Bernstein on disappearing polymorphs mostly involving
molecules that can adopt different conformations (i.e. conformational freedom).13¥7133 This
case shows that the lack of hydrogen bonds in the conglomerate and the flexibility of the
molecule are telltale signs of the possible crystallization of a racemic compound.
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Figure 2.9. Consecutive dimers (red, blue, green and light grey) along c, establishing n interactions (dashed
red lines) at multiple points forming a PBC

Figure 2.10. Projection along a of the cell packing diagram (one ribbon is displayed in light blue, in yellow
MolA)

It is possible to anticipate this threat by challenging the stability of the conglomerate
phase implementing the following procedure:

(i) Introduce as many variations of crystallization as possible with oscillatory physical
stimuli (temperature cycling, spells of ultrasounds, rubbing effects on the inner wall of
the container, different solvents and supersaturation, etc.).

(ii) Use different routes for the synthesis of the racemic mixture. Indeed, different
impurity profiles could change the nucleation and crystal growth rates drastically.

(iii) Seed with racemic compounds of related chiral molecules.

(iv) Compute possible racemic compounds especially with common space groups (e.g.
P21/c; P-1; C2/c) and with Z’>1 and different conformations and assess their energies
versus the energy of the pure enantiomer.

(v) Above all, the time is essential here as a metastable form can be kinetically favored.'**
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So far, the ‘reappearing’ conglomerate has not been observed. Considering its relative
stability, it will not be easy to obtain it again, even if it has been demonstrated that it is
possible to obtain and to work on a metastable phase once a more stable one has been
observed.®> To do so, the right experimental conditions must be found (e.g. a solvent or an
impurity that inhibits the formation of nuclei of the stable form).>7.136.137

Before adding some concluding remarks, it should be noted that independently and
simultaneously to the present study, Vlieg’s group obtained the same results. In addition, they
found a metastable conglomerate solvate which could be deracemized by Viedma ripening in
an alkali medium.>®

2.5 Conclusion

This work demonstrates that pure racemic BINOL-OBn, as is, does not constitute a suitable
system for deracemization because, contrary to earlier reports, a racemic compound appears
to be more stable than the conglomerate. The melting point of the racemic compound exceeds
by 20°C the eutectic temperature of the conglomerate. However, an alternative conglomerate
can be obtained with an appropriate solvent or coformer.>® As with any crystallization process,
it is difficult to predict such behavior and chemists should be aware of the possibility that a
more stable form may appear. The risk may be more pronounced if the crystal structure mainly
depends on Van der Waals interactions, whereas H-bond donors and acceptors are available
in the molecule in particular when combined with molecular flexibility.
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3.1 Introduction

Sulfoxides are chemical compounds containing a sulfinyl functional group bonded to two
carbon atoms (Figure 3.1). The sulfur atom possesses 16 electrons; its valence band
configuration is 3s?, 3p* so its valence could be expected to be 2 like oxygen just above it in
the same column or group of the periodic table of elements. It is usually 4 to 6, so sulfur is
hypervalent. As is the case for the sulfoxide, in which additionally a lone pair of electrons can
be found in a molecular orbital on the sulfur atom, giving it a tetrahedral geometry and a
trigonal pyramidal shape similar to an sp> hybridized carbon. If the R and R’ groups (Figure 3.1)
are inequivalent, the sulfur atom will be a stereocenter. The energy barrier required to invert
this chiral center is sufficiently high so that sulfoxides are usually optically stable at room
temperature.'38139 The activation enthalpy of racemization is found between 35 to 42
kcal/mol, while for allylic and benzylic substituents, the activation barriers are lower.'*° The
Cahn-Ingold-Prelog priority rule applies to decide the stereochemistry of chiral sulfoxide

compounds with the lone pair of electrons assigned as the lowest priority group.'#!

n—2~=~0

R R

Figure 3.1: Sulfoxide group

Chiral sulfoxides are efficient chiral auxiliaries able to promote important asymmetric
transformations. Since the 80’s, they are frequently used in asymmetric synthesis, the chiral
sulfinyl group being seen as one of the most efficient and versatile chiral controllers in C-C
and C-X bond formations.'*? Therefore, the production of enantiopure sulfoxides became an
area of considerable interest. 1437145

Besides their application in asymmetric synthesis, chiral sulfoxides are also encountered as
Active Pharmaceutical Ingredients (API) in their enantiopure form.!*! One can cite the
examples of esomeprazole (medication which reduces stomach acidity),}*® armodafinil (a
stimulant approved for treatment of sleep disorders),’’ aprikalim (an antihypertensive
drug)**® or whether oxisurane (an immunosuppressor).141>0 Among them, enantiomers of
armodafinil™®>! and omeprazole!'* have been separated in industrial scale by preferential
crystallization.
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(o]
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Figure 3.2: Cram’s representation of 1-(benzylsulfinyl)-4-methylbenzene

In 2008, Fuller et al. investigated the structures of a range of sulfoxides containing aryl and
alkyl substituents.’>> Among them, they found that benzyl phenyl sulfoxide (Figure 3.2)
crystallizes in a P212121 space group (i.e. a chiral space group) with Z’=1 (i.e. there is only one
molecule in the asymmetric unit, excluding the possibility of a kryptoracemic compound)
implying a chiral discrimination in the solid state. Moreover, this sulfoxide possesses two
different substituents; thus, the sulfur atom is a stereocenter implying that it crystallizes in a
conglomerate forming system. Accordingly, the system meets the crystallographic
requirement for resolution by crystallization, which attracted our interest.

It is worth noting that the nature of the S=0 bond is debated. Compared to other molecules
with an equivalent C=0 bond, it shows atypical behavior. Unlike carbon, sulfur does not form
a typical t bond with oxygen®? and its bond possesses significant ionic character as depicted
in Figure 3.3.1>%

f — ]

‘

~—

7))

S
~
a R' R~ * YR

Figure 3.3: Two resonance structures of the sulfoxide bond
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3.2 Synthesis

Benzyl 4-methylphenyl sulfoxide (hereafter called the sulfoxide) is obtained through a two-
step synthesis (Figure 3.4): first alkylation of the thiol is carried out in a green medium to
produce a sulfide, followed by the oxidation of the sulfide to sulfoxide in the presence of
hydrogen peroxide.

SH Cl i)l
+ s S
Alkylation /O/ Oxidation /@/
—_— _——
93%

72%

Figure 3.4: Synthetic route to benzyl 4-methylphenyl sulfoxide

The first part of the synthetic route, the alkylation represented in Figure 3.5, is conducted
according to a procedure previously reported by Azizi et al.’®> The synthesis was first
conducted at a small scale (3 mmol) with a yield of 96% and reproduced at a bigger scale
afterwards (60 mmol) with a very acceptable yield of 93.9%.

SH CI

93%

Figure 3.5: Alkylation of the thiol

To a mixture of benzyl chloride (7.595 g, 60 mmol) and p-thiocresol (7.452 g, 60 mmol), in
water (40 ml), EtsN (8.64 ml, 64 mmol) was added and stirred at room temperature for 2 hours.
The progress of the reaction was monitored by TLC. The thioether was extracted by ethyl
acetate (EtOAc) and dried over MgSOa.. Evaporation of the organic layers under reduced
pressure afforded the desired product as a colorless oil that crystallizes upon standing (56.37
mmol, 12.984 g). Drying under reduced pressure needs to be carried out with care since this
compound is prone to sublimation.

The second part of the synthetic route, i.e. the oxidation of the sulfide to the sulfoxide, has
received some attention in the past decades because it can be challenging to stop the
oxidation at the sulfoxide and not to overoxidize the sulfide into a sulfone.*671%0 Among the
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oxidation methods, cyanuric chloride promoting oxidation in the presence of hydrogen
peroxide suggested by Lakouraj et al.1> gave the best results (Figure 3.6). Several batches of
oxidation were necessary to produce sufficient sulfoxide for our investigations. This is due to
difficulties with scaling-up of the reaction; a 10 mmol scale proved to be an acceptable balance
between the amount of side products and yield of desired product.

s s S
30% H,0, CC N
—_—
THF, 45 min, RT
18% 10%

72%

6

/O
8
+

Figure 3.6: Oxidation of the sulfide

A solution of sulfide (2.15 g, 10 mmol) was prepared in THF (40 ml) and 30% w/w H,0: in H,0
(1.03 ml, 1 equivalent) and cyanuric chloride (CC) (737 mg, 4 mmol) was added to start the
reaction. The reaction medium was stirred magnetically at room temperature for 45 minutes.
The progress of the reaction was monitored by TLC (solvent n-heptane/EtOAc 2:1). After
completion of the reaction, solid cyanuric acid (CA), i.e. the oxidation byproduct, precipitated
and was filtered and washed with a small amount of dichloromethane (DCM). The filtrate was
neutralized by adding a 10% w/w solution of NaHCO3s in water. The product was extracted with
DCM (3 x 50 ml) and the combined extracts were dried over MgSQa. The solvent was removed
under reduced pressure to give the corresponding sulfoxide, the main impurity —the sulfone—
and unreacted sulfide. Further purification was achieved by short-column chromatography on
silica gel with a solvent gradient (n-heptane/EtOAc) as the eluent. Pure sulfoxide was obtained
as white needles (1.658 g, 7.2 mmol) while sulfone was obtained as a white powder (432 mg,
1.76 mmol) and sulfide as a highly viscous oil (209 mg, 9.8 mmol). A purification by
recrystallization was not an option as it does not remove the sulfone byproduct.

The three compounds were characterized by comparisons of their NMR spectra, melting
points and Powder X-ray Diffraction (PXRD) patterns to those in the literature.
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3.3 Structural aspects

The crystallographic data collected in Table 3.1, demonstrates that the crystal lattices of the
sulfoxide and of the sulfone are extremely close. It is interesting to note that the crystal
structure of the sulfone is chiral (i.e. the space group P212121is chiral), although the molecule
itself has no chiral center. Likewise this sulfone, prochiral molecules that crystallize in a chiral
space group could predict conglomerate forming systems of closely related chiral molecules.??

Table 3.1: Crystallographic data of the sulfoxide and its related sulfone

Sulfoxide!>? Sulfone!®!
CCDC Ref code 689270 282551
Molecular Weight / g.mol? 230.32 246.31
Crystal System Orthorhombic Orthorhombic
Space Group P212124 P212124
2,7 4,1 4,1
a/A 5.7569 (6) 5.7135 (5)
b/A 12.2139 (12) 12.6191 (10)
c/A 17.5974 (18) 17.1549 (14)
v/ A3 1237.35 (2) 1236.85 (18)
deatc / g.cm?3 1.236 1.323
Temperature / K 293+1 298+ 2

If sulfur is attached to an aryl group, the structure will be stabilized due to a weak conjugation
of the double bonds with the aryl group and due to an intramolecular interaction between the
sulfoxide oxygen and the o-hydrogen (Haryi) on the neighboring aromatic ring.'®? The strength
of the O~Hary interaction influences how the aromatic ring is oriented in the molecule. A
stronger interaction will result in a shorter O~Hary distance and a smaller torsion angle.!>?

Figure 3.7: Comparison between the conformation of the sulfoxide (in green) and the sulfone (in grey); the
torsion angle is represented in blue
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In this study, the sulfoxide (represented in green in Figure 3.7) has a tight torsion angle
(8.16°represented in blue in the Figure 3.7) meaning strong intramolecular interactions.’>? The
S-O bond in the sulfoxide measures 1.5032(16) A. The two aromatic rings are almost in the
same plane with a small angle of 2.25°. In the sulfone (represented in grey in Figure 3.7), the
S-0 bond lengths are 1.4252 (16) A and 1.4370 (17) A, the torsion angle is 17.97° (represented
in blue in the Figure 3.7) and the angle between the planes of the aromatic rings is 5.44°.
Therefore, except a tilt of the aryl group, the sulfoxide conformation is highly similar to that
of the sulfone, meaning that the double bond with the second oxygen in the sulfone can
replace the lone pair of electrons, almost without change in molecular volume.

Figure 3.8: Hydrogen bonds in the sulfoxide structure forming a Periodic Bond Chain (PBC) along a

Moreover, intermolecular hydrogen bonds are present in the crystal structures of both the
sulfoxide and the sulfone (Figure 3.8). The intermolecular Caiy-H~O hydrogen bond links the
molecules to establish a Periodic Bond Chain (PBC) in the form of a zigzag chain along the a
axis (see Figure 3.9 for the sulfoxide and Figure 3.10 for the sulfone). The structures of the
sulfone and the sulfoxide are very similar even if the origins of the respective crystal lattices
are displaced.
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Figure 3.10: Projection along a of the cell packing diagram of the sulfone
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3.4 Heterogeneous equilibria

3.4.1 Binary section between the two sulfoxide enantiomers

The racemic mixture of the sulfoxide crystallizes in a chiral space group, i.e. the crystals are
homochiral. Since the sulfoxide presents a total chiral discrimination in the solid state, this
system meets the crystallographic requirement for a resolution by crystallization. The phase
diagram associated with this conglomerate forming system is presented in Figure 3.11. The
melting temperatures have been found by Differential Scanning Calorimetry (DSC) and the
Powder X-Ray Diffraction (PXRD) patterns of the racemic mixture and of the pure enantiomer
indicate the conglomerate nature of this system (available in the appendices). The liquidus
curves have not been fitted and are only placed as a guide for the eye.

Temperature (°C)

170 170

145 .V—. 145
L _J
120 120
95 o5
70 70
45 45
20 20
Composition (% mol)
S-Sulfoxide R-Sulfoxide

Figure 3.11: Binary section between the two sulfoxide enantiomers

3.4.2 Binary section between the related sulfone and racemic sulfoxide

The similarities in the crystallographic parameters of the sulfone and the sulfoxide resulted in
purification issue during recrystallization (i.e. impurities of sulfone could not be removed from
the sulfoxide by recrystallization) foreshadowed the presence of a solid solution between the
two related compounds. The binary phase diagram between the racemic sulfoxide and its
corresponding sulfone was investigated by means of PXRD and DSC analyses. The PXRD
patterns of binary mixtures confirmed the presence of a solid solution over the entire
composition range (Figure 3.12). There is a clear continuity between the pattern of the pure
sulfoxide up to the pure sulfone. The peak at 8.85° representative of the sulfoxide moves to
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8.70° representative of the sulfone as the mixture becomes richer in sulfone; the peak at 10°
in the pure sulfoxide PXRD shifts towards 10.4°, if the percentage of sulfone in the mixture
increases. The absence of the emergence of a new phase confirms that the solid solution is
total at room temperature. The solidus and liquidus points could not be extracted from the
DSC analyses due to chemical degradation upon heating. The melting transition in the phase
diagram could not be established accurately.

Courts

B i ot e i 4 et it

ZTheta (Coupled TwoThetaTheta) WL=1.54060

Figure 3.12: PXRD of binary mixtures of (rac)-sulfoxide and (rac)-sulfone obtained by solvent evaporation
crystallization. The arrows indicate the shift in the peaks of interest.

Even though the heterogeneous equilibria at high temperature are not accessible, some useful
information can be extracted. Sulfone molecules can replace sulfoxide molecules in the crystal
lattice when the overall mixture is racemic.

If the supramolecular chirality of the sulfone is taken into account, the system becomes more
complicated and the chiral compatibility must be considered. This compatibility issue is
discussed and rationalized by phase diagrams in the next part of this chapter.
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3.4.3 Phase diagrams of the system

Phase diagrams are a powerful tool to rationalize crystallization processes; in this case, even
though the heterogeneous equilibria were not accessible, schematic phase diagrams are
proposed in order to acquire a better understanding of the system. Several cases are depicted,
from the simplest to the more elaborated one (i.e. taking into account both supramolecular
chirality and racemization).

The enantiomers of the sulfoxide are represented as S and R. The sulfone is called A hereafter.
A schematic phase diagram of the system in case of no solid solution between R and S but two
complete solid solutions between A and S and between A and R, is suggested in Figure 3.13.
In this first figure, the chirality of the sulfone in the solid state was not taken into account and
it is assumed that R and S enantiomers do not racemize. Another possibility consistent with
the structural and experimental observations (see part 3.3 and 3.4.1) would have been the
presence of a solid solution between the enantiomers with a miscibility gap at room
temperature similarly to the case presented by Gendron et al*® or minute solid solutions
between the enantiomers enlarging with the presence of sulfone.

T A
Tf(s)

>
b
>

Tf(R)

Te

A

Figure 3.13: Schematic phase diagram of the system in case of a complete solid solution between A and S and
also between A and R. R and S enantiomers form a conglomerate and do not racemize. The liquidi are
represented in black and green, the solidi are represented in red. The tie-lines connecting the composition of
two phases in equilibrium are represented as blue segments. Two isopleth sections at different temperatures
are also presented.

68



Continuum between supramolecular and intrinsic chirality: Transfer of chirality between a sulfoxide and its corresponding
prochiral sulfone

Compounds exhibiting supramolecular chirality are, usually, represented as one and only one
component in phase diagrams (Figure 3.13), although there are composed of two
supramolecular chiral entities in the solid state (i.e. right-handed and left-handed crystals).
Therefore, the sulfone can be decomposed in A\\ and //A (standing for left-handed and right
handed respectively) and the phase diagram exploded as proposed in Figure 3.14.

The supramolecular chirality of component A\\ (in the solid state only) gives a complete solid
solution with the enantiomer S and A// gives a complete solid solution with R. The sulfone can
enter the crystal lattice of the sulfoxide whatever the handedness of the sulfoxide, it
interconverts to fit the requirements of the sulfoxide chirality. The reverse (i.e the sulfoxide
entering the crystal lattice of the sulfone) is not necessarily true, depending on the
handedness of the crystals A and the chirality of the sulfoxide. The sulfoxide, with its intrinsic
chiral center, is not capable to racemize and, therefore, controls the chirality of the system. S
is able to interchange with the sulfone only in the left-handed crystal lattice A\\ to give a solid
solution SSs-a\, alike R can exclusively enter A// to form the solid solution SSr-//a. However,
S will not be able to crystallize within the right-handed crystal of sulfone //A, similarly R and
A\\ are incompatible in the solid state due to their antipodal chirality. The symmetry axes by
which they repeat in the crystal lattice rotate in different directions, alike screws in which the
screw thread would be opposite, they cannot enter the crystal lattice of each other. The
schematic phase diagram proposed in Figure 3.14 seems the most relevant to the system
studied compared to experimental observations.

TA A
Tf(R)

Te

Tf(A)

A\\ //A

Figure 3.14: Schematic phase diagram of the system when taking into account the supramolecular chirality of
component A in the solid state. A\\ and S, and A// and R form a complete solid solution. Rand S
enantiomers form a conglomerate and do not racemize. The liquidi (in black) and the solidi (in red) are not in
the same plane. The liquid A is not chiral, thus, the composition of the liquid is lying in the triangle S-R-A. The
doted blue segments connect the opposite supramolecular entities A\\ and //A.
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The corresponding isothermal sections are represented in Figure 3.15. The areas delineated,
even partially, by dashed lines are physically inaccessible due the absence of chirality in the
molten state of the sulfone. The tie-lines (in purple) connect the opposite solid solutions SSs-
A\ and SSg- //a.

T,<T, T,<T,<T. Trin<T3<T,<T,<T,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3.15: Isothermal sections between supramolecular Chirality (A is either A\\ or //A) and intrinsic
chirality (R and S enantiomers).

To go further, one can envisage the effect of the racemization of the enantiomers in the
molten state on the system proposed in Figure 3.14. In this case, the system would meet all
the requirements for a complete chiral symmetry breaking and would tend towards the
complete deracemization and the formation of either a solid solution SSs- a\\ or SSr-//a (Figure
3.16 a and b respectively). This system would be a valuable candidate for Second-Order
Asymmetric Transformation (SOAT).

a: towards the solid b: towards the solid
solution S-A\\ solution R-//A

T

AN i

AN /I

Figure 3.16: Schematic phase diagram of the system taking into account the chirality in the solid state of the
component A and if R and S enantiomers rapidly racemize in the liquid state. The two cases depict the
stochastic final evolution to the complete deracemization (in case a: towards the solid solution S-A\\; in case
b: towards the solid solution R-//A). The liquidus (in black) and the solidi (in red) are not in the same plane.
The liquid A is not chiral and R and S racemize rapidly in the molten state. Thus, the composition of any
liquid is lying within the vertical plane rac-(RS) — A (+) - T.
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3.5 Preferential Crystallization of the sulfoxide

Once the conglomerate of the sulfoxide confirmed, an assessment of the feasibility of
resolution by preferential crystallization should be carried out.'®® The AS3PC mode of
preferential crystallization has been chosen and the corresponding procedure for the
validation runs is presented below. Then the crystallization parameters have been tuned to
achieve an efficient entrainment effect.

3.5.1 Preferential Crystallization procedure

(i) A volume V (8 ml) of a doubly saturated solution of racemic sulfoxide is prepared at Tdoubly
sat. The solution is placed in a closed cylindric tube (25 mm in diameter and 80 mm in length)
called the reactor hereafter with a cross-shaped magnetic stirring bar for agitation.

(ii) Between 10 to 25 mg (about 2 to 5% of the racemic mass) of enantiopure sulfoxide
(obtained from a ground single crystal) is introduced in the reactor.

(iii) The suspension is slightly heated to Tinitial = Tdoubly sat + 0.1°C for a short period of time to
ensure a partial dissolution of the seeds (in this case 1 h). The system is now a light suspension
of the enantiomer corresponding to the remaining seeds of R-sulfoxide and a S-sulfoxide
undersaturated solution (saturated in R). The seeding of the first run is over and the
stereoselective crystallization can start.

The step (i) to (iii) are relevant only for the first run of an experiment; in AS3PC, only the first
run is manually seeded and the following runs are autoseeded.
(iv) The supersaturation is induced by cooling from Tinitial to Tsinat With a controlled cooling ramp

dT/dt' R-sulfoxide starts to crystallize, whereas the nucleation of S-sulfoxide is delayed.

(v) The suspension is filtrated at Ttinal. The solid is dried and weighed (m.,,,). At this stage the
first PC run is completed.

(vi) The mother liquor is recycled in a clean reactor and the exact same mass of racemic
sulfoxide as the mass of the crops (m,,p) is added to compensate the loss and solvent is
refilled to V.

(vii) Temperature is set back to Tinitial for a time t to reach thermodynamic equilibrium. At this
step the system is the mirror image of step (iii), i.e. a light suspension of S-sulfoxide and an
undersaturated solution in R-sulfoxide.

(iix) The same temperature program as used in step (iv) is applied. S-sulfoxide crystallizes while
R-sulfoxide remains in solution.

(ix) At Trinal, the suspension is filtrated. Crops are dried and weighed. The second run has been
completed.
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(x) Yet again, the mother liquor is recycled by means of an addition of the same mass of
racemic sulfoxide as the crops and the loss of solvent is compensated up to volume V.

(xi) After time t at temperature Tinitial, the system is back to the same equilibrium as in step (iii)
and the first cycle of PC is completed. Steps (iv) to (x) are repeated to produce successively R-
and S-sulfoxide crystals.

3.5.2 Determination of suitable Preferential Crystallization parameters

Every crystallization process is thermodynamically driven, i.e. the system tends to reach a
more stable state. Nevertheless, preferential crystallization is performed out of equilibrium,
thus, kinetics play an important role during stereoselective crystallization. Various other
parameters —such as the solvent, the cooling ramp, the initial and final temperatures—
influence the PC and require a fine tuning. The determination of suitable crystallization
parameters is discussed in the following subsections.

3,521 Solvent screening

The solvent used for preferential crystallization must fulfill several requirements (in
descending order of importance):

(i) No chemical reaction must occur between the solvent and the solute to be
resolved.

(ii) The solute must not form an undesired solvate with the solvent (unless the
conglomerate is a solvate).114164

(iii) As a rule of thumb, the higher the solubility, the higher the productivity. However,
at high concentration, problems of viscosity and filtration can be encountered.

Typical solvents were screened for solubility and it was found that the racemic mixture of
sulfoxide is poorly soluble in most solvents. Solubilities were determined by the dry extract
method and the results presented in Table 3.2 are the mean values over 10 experiments. None
of the tested solvents induced the appearance of a new phase nor caused chemical
degradation.
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Table 3.2: Solubilities of rac-sulfoxide in organic solvents at 20°C

Solvent Solubility w/w%
Acetone 3.37
Acetonitrile 4.29
DCM >30
Diethyl ether 3.58
Ethyl acetate 2.42
THF 6.82
Toluene 2.16

Regarding the requirements mentioned above, the best solvent would be dichloromethane
(DCM), however, the solutions in DCM resulted in a viscous oil, impossible to filter. The
second-best solvents were acetonitrile and tetrahydrofuran (THF). Through observation by
microscope of the growing crystals in both solvents (Figure 3.17), THF was chosen over
acetonitrile. The morphology of the crystals extracted from a suspension of THF was nicer,
with bigger crystals and less defects than those grown in acetonitrile. In addition, the solubility
is somewhat higher in THF.

A

Figure 3.17: Crystals grown from a supersaturated solution at B = 1.1 in A. acetonitrile and B. THF
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3.5.2.2 Kinetic aspects

In the AS3PC mode of preferential crystallization, the supersaturated solution is seeded the
first time and auto seeded afterwards, hence, nucleation of the conglomerate does not impact
the feasibility of stereoselective crystallization. However, it is very important to avoid
nucleation of the opposite enantiomer during the process. Nucleation experiments were used
to establish the metastable zone width (MSZW) and the Ostwald limit.

At first, experiments were conducted to determine if the sulfoxide could be subjected to high
supersaturation to facilitate the entrainment effect during PC. A defined mass of racemic
sulfoxide was dissolved in THF at 30 °C. Once complete dissolution was observed, the solution
was cooled rapidly to 20 °C. As soon as crystallization was observed, the solid was collected
by filtration and PXRD analysis was carried out to rule out crystallization of another phase (e.g.
an undesired racemic solvate). The results are summarized in Table 3.3. The conglomerate
phase crystallizes at all observed supersaturations, however, it is not possible to reach high
supersaturation for this system, which may limit the efficiency of the application of
preferential crystallization.

Table 3.3: Summary of the nucleation experiment as a function of supersaturation

B Induction time
1.1 50 min
1.15 45 min
1.2 20 min
1.25 15 min
1.5 5 sec

Secondly, experiments were conducted in a Crystall6 parallel crystallizer to determine the
Ostwald limit with a cooling rate of 0.1 °C per minute, which is lower than the standard cooling
ramp for PC, however, higher cooling rates did not lead to consistent results in the Crystall6
(Figure 3.18). The MSZW seems sufficient to run preferential crystallization.
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Solubility and M3ZB Curves for MH Sulfoxide cooling rate 0

Concentration{masfa)
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—&— THF Clear Quadratic 0.9933
— THF Cloud Quadratic 0.7627

Figure 3.18: Solubility and Ostwald curves of the sulfoxide in THF (heating rate = 0.3 °C/min and cooling rate
= 0.1 °C/min), the quadratic function was chosen to fit the curves because it gave the best coefficient of
determination

3.5.23 Determination of the temperatures and filtration window

Because sulfoxide cannot be maintained at high supersaturation, the initial temperature,
Tinitial, Was chosen close to room temperature. Therefore, 25 °C was selected to be Tdoubly sat-

The cooling ramp dT/dt and Tsinal Were determined by carrying out several crystallizations.

Figure 3.19 illustrates the influence of the theoretical final temperature on the outcome of
the preferential crystallization and more particularly ‘the filtration window’.

Filtration window

e.e. e.e. e.e. e.e.

Time / Time _';‘" Time L/ Time

Decreasing T ¢nal -~
rd

Figure 3.19: Theoretical influence of the final temperature on the preferential crystallization
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In the first depicted case of Figure 3.19, the final temperature is not low enough. As a
consequence, the entrainment effect is limited, but the filtration window is large. The second
and third representations illustrate two possibilities of usable final temperatures. In the third
case, the final temperature is lower and the entrainment effect is higher but the filtration
window has shrunk so that scale up might be jeopardized. In the last case, the final
temperature is definitely too low and the counter enantiomer nucleated early in the process.
The first part of the curves correspond to the preferential crystallization of the enantiomer
initially in excess whose concentration decreases in solution. The change in the sign of optical
rotation a of the mother liquor indicates that the counter enantiomer starts to be more
supersaturated (i.e., passing the 50-50 composition) but its nucleation does not occur
immediately. This is the filtration window in which the best results can be obtained (best mass
and e.e. of the crop, represented in blue in Figure 3.19). The last part of the curves correspond
to the return to equilibrium for the system due to the nucleation and crystallization of the
counter enantiomer.

Accordingly, liquid samplings were performed during three cooling runs with different cooling
ramps and final temperatures to determine the optimal final temperature and cooling
program. The optical rotations of the mother liquors vs. time obtained during the preferential
crystallization test runs for different cooling rate are presented in Figure 3.20. It can be seen
in Figure 3.20 that the cooling ramp of 0.35 °C/min gave the best results. The temperature of
the filtration window for this cooling ramp f is situated between 18.7 °C and 18 °C.
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Figure 3.20: Monitoring of different cooling ramps for optimal PC (T initial = 25.1 °C)
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3.5.3 Results

Once suitable conditions were established, a cycle of preferential crystallization was
conducted in AS3PC mode (see part 1.3.3.2 for more information). The parameters are:
* DrySolvent = THF
. dT; _ ° :
/4¢ =035 °C/min
*  Tinitia= 25.1°C
* A ground single crystal as seeds for the first run (7.2 mg)

The enantiomeric excess was determined by polarimetry.

The results of the PC cycle are presented in Table 3.4. Two consecutive and successful runs
have been performed. In the first run, even though there is an entrainment effect, the e.e. of
the crops is not satisfactory but it increases in the second run. It seems that the seeds were
not pure enough in the first run. In the second run, the mass of crops is higher than in the first
run as it is usually the case.

Table 3.4: Results of two consecutive runs of ‘classical’ AS3PC for the sulfoxide

PARAMETERS SOLUTION SOLID
Temperature Time Mass —
o . o Chiralit e.e. (%
(0) (min) (mg) v S
INITIAL STATE e 8mlof doubIY satura.ted solution at 25°C
* 7.8 mgof a grinded single crystal
23.25 5 0.004
215 10 0.012
Run 1

19.75 15 0.036

18 20 0.059 35 S(-) 78.1

. * 33 mg of racemic sulfoxide
Compensation

e 4hat 25°C
23.25 5 0.002
21.5 10 -0.009
Run 2
19.75 15 -0.037
17.5 215 -0.062 47 R (+) 91.1
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3.6 Transfer of chirality from supramolecular chirality to intrinsic chirality

3.6.1 Deracemization of the sulfone

A suitable solvent for deracemization must fit similar requirements as for PC (see part 3.5.2.1),
i.e. inducing no chemical reaction, nor forming an undesired solvate, nor dissolving too little
of the solute as this diminishes the productivity of the process.'®> On the contrary, if the
solubility is high, a major part of the solute remains in solution and is not recovered as
enantiopure. Solubilities in various solvents were measured. Despite exhibiting similarities
with the sulfoxide, the sulfone is more soluble (Table 3.5).

Table 3.5: Solubilities of the sulfone in organic solvents at 20 °C

Solvent Solubility w/w%
Acetone 6.78
Acetonitrile 6.51
THF 11.30

The solubility of the sulfone in acetone was suitable for Viedma ripening; therefore, four
Viedma ripening experiments were conducted simultaneously as represented by Figure 3.21,
according to the parameters presented in Table 3.6.

Table 3.6: Viedma ripening parameters for the sulfone

Parameters
Sulfone 150 mg
Solvent Acetone (2 ml)
Glass beads 200 mg (@ 1,5 mm)
Stirring rate 750 rpm
Time 4 days
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Racemization

EE
EE

Figure 3.21: Viedma ripening of the sulfone

After 4 days, the crystals were collected by filtration; however, the optical purity could not be
measured by conventional methods, because they are carried out in the liquid state and
sulfone chirality is only supramolecular. Other methods exist, for instance, the recognition of
the handedness of the crystals can be observed under the polarized light of a microscope.'®
However, due to the small size of the present crystals and their inadequate morphology, this
method could not be employed. Another technique, not available in the lab at the time of the
experiment, would be solid state Circular Dichroism (both vibrational or electronic) which is a
spectroscopy method capable of providing detailed information regarding the molecular
conformation (e.g. chirality, special conformation, etc).167.168

As the related sulfoxide and sulfone form a complete solid solution and in regard to the phase
diagrams proposed in part 3.4 dedicated to heterogeneous equilibria, it was assumed that the
use of the collected crystals of sulfone as seeds in the PC of the sulfoxide will induce the
stereospecific crystallization of only one of the enantiomers if the sulfone crystals were,
indeed, deracemized. This last option was chosen to verify the enantiopurity of the crystals of
sulfone after deracemization.

3.6.2 Chirality transfer and discussion
An experiment of AS3PC -in accordance with some modification- was designed to establish

the possibility of a chirality transfer between the sulfone exhibiting supramolecular chirality
and the intrinsic chiral sulfoxide. Its schematic representation is given by the Figure 3.22.
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Figure 3.22: Transfer of chirality during the preferential crystallization of the sulfoxide

The exact same PC procedure (see part 3.5.1) was applied with two exceptions. The inoculated
seeds came from the deracemization experiment of the sulfone and not from a single crystal
of the sulfoxide. Also, step (iii) in the procedure (i.e. increasing the temperature after the
seeding to dissolve part of the solid to obtain highly pure seeds) was skipped because the
seeds dissolved already due to the fact that the mother liquor is not supersaturated in sulfone.
The cooling step (corresponding to step (iv)) was initiated just before the inoculation of the
seeds. The results of two AS3PC experiments seeded with two different solid samples of
sulfone are presented in Table 3.7. Several runs were conducted each time and the e.e. was
determined by chiral High Performance Liquid Chromatography (HPLC). This method was the
most relevant because the presence of the sulfone would have distorted the precise mass
weighted for the optical rotation measures, also chiral HPLC provides more accurate e.e.. The
chiral HPLC conditions suggested by Kelly et al. have been used according to some
modifications.%°

Table 3.7: Preferential crystallization of the sulfoxide induced by sulfone seeds

PARAMETERS SOLID
Temperature Time Mass .

o . Chiralit e.e. (%
Q) (min) (mg) ! -

FIRST * 8 ml of doubly saturated solution at 25°C

EXPERIMENT .
" * 10 mg of deracemized crystals of sulfone (sample 1)
Initial State
Run 1 18 20 ‘ 22 S 90.8

20 mg of racemic sulfoxide

Compensation 4h at 25°C

Run 2 17.8 20.5 ‘ 36 R 90.9
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SECOND * 8 ml of doubly saturated solution at 25°C
EXPERIMENT .
o * 7 mg of deracemized crystals of sulfone (sample 3)
Initial State
Run 1 18 20 13 R 98.3

* 10 mg of racemic sulfoxide

Compensation «  4hat 25°C
Run 2 18 20 25 S 98.3

* 22 mg of racemic sulfoxide

Compensation «  4hat 25°C

Run 3 18 20 47 R 91.1

In the first experiment, the seeds induced the crystallization of the S enantiomer with a good
e.e. of 90.8% meaning the crystals of sulfone were certainly right-handed, the second run
produced the R-sulfoxide with a e.e. of 90.9%. A second PC experiment was conducted with
another sample of solid sulfone as seeds. This sample was probably enantiomerically purer
than the first one because it promoted the crystallization of the R-sulfoxide with a higher e.e.
of 98.3%. A second and a third run gave respectively the S enantiomer with a e.e. of 98.3%
and the R enantiomer with a e.e. of 91.1%. The reason behind the lower e.e. of the last run
was not investigated further but the nucleation and crystallization of the S enantiomer explain
the higher mass obtained.

The success of the entrainment effect implies that the seeds of sulfone were enantiopure and
thus, the complete deracemization has been achieved. The chirality of the seeds induces the
control of the chirality of the sulfoxide; a transfer occurs between the supramolecular chirality
of the sulfone towards the intrinsic chirality of the sulfoxide. This is not a template effect
because the sulfoxide does not only crystallizes on the sulfone but it enters the crystal lattice
of the sulfone if they are chiral compatible. It is in accordance with the phase diagrams
proposed in part 3.4.3. This work demonstrates the concept of a continuum between
supramolecular and intrinsic chirality.

Chirality transfers have already been observed in various areas of chemistry like in the field of
coordination complexes,*’® 172 and in liquid crystals'’? but, to the best
of our knowledge, it is the first reported case of a chirality transfer used for resolution

in gels,*’t in monolayers
purposes. Without doubt, chirality transfer between related materials will find an application

to bypass asymmetric synthesis to obtain enantiopure seeds when implementing the
preferential crystallization of a new system.
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3.7 Conclusion and prospects

Both the sulfoxide and the sulfone presented here meet the crystallographic requirements for
crystallization-based resolution due to their total chiral discrimination in the solid state.
Despite having no chiral center, the sulfone crystallizes in a Sohncke space group inducing a
supramolecular chirality; by contrast, the asymmetry of the sulfur atom in the sulfoxide
corresponds to an intrinsic chiral center.

The sulfoxide has been resolved by preferential crystallization and the sulfone, having no
chirality in the liquid state, was deracemized by Viedma ripening. Suitable parameters for
preferential crystallization and deracemization have been established.

The related sulfoxide and sulfone form a complete solid solution, i.e. left-handed crystals and
right-handed crystals of sulfone with respectively S and R sulfoxide can specifically substitute
each other in the same crystal lattice. It is worth to note that the supramolecular chirality is
always compatible with the handedness of the crystal lattice of the intrinsic chiral molecule,
even though the reverse is not necessary true. Therefore, it was assumed that one should be
able to stereoselectively grow with the other under specific conditions. More precisely, a given
sulfoxide enantiomer should be able to preferentially crystallize with enantiopure seeds of
sulfone. A preferential crystallization experiment has been conducted on the sulfoxide with
seed crystals of sulfone previously deracemized by means of Viedma ripening. The sulfone
seeds did transfer their chirality to promote the stereoselective crystallization of the sulfoxide.
It implies that the seeds were enantiopure and this work therefore demonstrates the concept
of a continuum between supramolecular chirality to intrinsic chirality. New kind of ‘phase
diagrams’ taking onto account the handedness of the solid phase of non-intrinsically chiral
molecule are able to illustrate this relationship. Extensions of them could serve to represent
the case where the intrinsic chiral component could be deracemized. The prochiral sulfone
plays in this case a useful role in the selective crystallization of the chiral sulfoxide. Such
chirality transfer could find an application in bypassing asymmetric synthesis to obtain
enantiopure seeds when implementing preferential crystallization in new systems.

The prospects of this work are listed below.

First, it would be of interest to optimize the preferential crystallization parameters of the
sulfoxide to improve the yield and scale-up the process. In view of a possible scale up to an
industrial process, 2-methyltetrahydrofuran could replace the tetrahydrofuran as a solvent,
to limit the toxicity.’* Secondly, it would be compelling to run the reverse experiment, i.e.
inducing a chiral break of symmetry of the sulfone by means of enantiopure seeds of sulfoxide.
This experiment could be run as a Second Order Asymmetric Transformation as there is no
chirality in the solution state. The enantiopurity of the sulfone would have to be checked by a
solid-state technique like the Vibrational Circular Dichroism.
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General conclusion

This work is dedicated to the understanding of crystallization-based resolution methods.
Synthesis and solid-state characterization of two model compounds have been conducted.

BINOL-OBn, a compound exhibiting axial chirality, is not commercially available and had to be
synthesized and then characterized by complementary methods. Despite having been
reported as a conglomerate forming system, this compound presents a stable racemic
compound up to its melting point. This heterochiral phase appears to be more stable than the
conglomerate irrespective of the temperature. The binary phase diagram between this pair of
enantiomers has been revised. Furthermore, the crystal structures of the racemic compound
and of the pure enantiomer have been compared in an attempt to understand the late
emergence of the new heterochiral phase. It was found that, in the structure of the racemic
compound, hydrogen bonds are present, whereas in the structure of the pure enantiomer
only Tt—Tt and van der Waals interactions are observed, which explains the higher stability of
the racemic compound over that of the conglomerate. An explanation of the delayed
crystallization of the heterochiral phase resides in the complexity of its crystalline structure.
With three molecules in the asymmetric unit, with three different conformations (one of them
possessing a relatively high energy), the probability for this form to spontaneously nucleate
was low. One should be aware of the threat of the appearance of a more stable racemic
compound, especially when working with conglomerates whose structure mainly depends on
Van der Waals interactions, whereas H-bond donors and acceptors are available in the
molecule, in particular when combined with molecular flexibility.

The second part of this work was devoted to a chiral aryl sulfoxide and its corresponding
prochiral sulfone. The two components meet the crystallographic requirements for a
crystallization-based resolution owing to their total chiral discrimination in the solid state.
Suitable parameters for Preferential Crystallization of the sulfoxide have been established;
and the sulfone, having no chirality in the liquid state, was deracemized by Viedma ripening.
However, no conventional method was available to assert the result of the deracemization. A
new stereoselective crystallization of the sulfoxide had to be implemented to verify the
enantiopurity of the crystals of sulfone. This process is based on the complete solid solution
linking the sulfoxide to its corresponding sulfone and rationalized by phase diagrams.
Accordingly, the last part of this work was devoted to the implementation of a chirality
transfer from supramolecular chirality to intrinsic chirality to induce stereoselective
crystallization. The success of the stereoselective crystallization of the sulfoxide triggered by
deracemized seeds of sulfone proves the concept of a continuum in chirality between a
prochiral molecule and a related chiral compound. The chirality transfer depicted in this study
will probably find more applications in bypassing asymmetric synthesis to obtain enantiopure
seeds when implementing preferential crystallization in new systems.
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Appendices

A. Experimental part

Many different techniques were used during this PhD. The order of presentation of the
techniques is intended to guide the reader through the two studies presented previously.
After the compounds were synthetized, it had to be confirmed that the desired molecule was
produced. To do so, a TLC procedure was implemented to monitor the reaction advancement;
at the end of the synthesis, the crude product was either recrystallized or subjected to column
chromatography. It was then characterized by NMR. If the interpretation of the NMR spectrum
was consistent with the desired molecule, the next step was to characterize the solid state by
running DSC and PXRD analyses, sometimes infrared measurements were also used.
Moreover, a visual investigation of the crystals under a microscope can also be very valuable.
Analysis techniques related to the chiral resolution and the determination of suitable
crystallization parameters for PC are presented in the part of the appendix part related to
chapter 3.

Chromatography

Thin Layer Chromatography and column Chromatography are based on the same principle.
Both are techniques used to separate the components of an impure mixture. A stationary
phase retains the components depending on their affinity as a mobile phase carries them
through it resulting in a separation. In this work, three different variations of chromatography
were used, Thin Layer Chormatography (TLC), silica gel column chromatography and chiral
High-Performance Liquid Chromatography. The employed stationary phases were made of
silica gel whether it was for thin layer chromatography or preparative column
chromatography. Silicagel 60, F254, 0.2 mm TLC plates from Merck were used for TLC and
were revealed under UV. Silicagel 60, 230-400 mesh, particle size 40-60 um was used for flash
column chromatography.

Nuclear Magnetic Resonance

NMR is an analytical technique used to determine the structure of organic compounds. It can
be realized on either solids or liquids but the probe in the equipment differs. In this study only
liquid *H NMR was used. The analysis is based on the properties of specific atomic nuclei to
absorb and re-emit electromagnetic radiation when they are in a magnetic field (*H, *3C, *°F).
When the spin returns to its base level after absorbing energy in the magnetic field, the excess
energy is emitted at a given frequency. The resonance frequency of an observed nucleus is
dependent on the effective magnetic field around the nucleus, electron shielding altering this
field. Thus, the resonance frequency is highly dependent on the chemical environment, it is
measured in Hertz but represented as a chemical shift in ppm on the NMR spectrum to

eliminate the strength of the magnet dependence of the value. When the nucleus is closely
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related to other nuclei reacting to the magnetic field, its effective magneticfield is also altered.
The spin-spin coupling effect generates a signal split. The size of the splitting is the coupling
constant and the number of splitting indicates the number of chemically bonded nuclei in the
neighborhood of the nucleus. The intensity of the peaks corresponds to the number of nuclei
emitting at this precise frequency. The NMR spectra were recorded on a Bruker spectrospin
300 MHz Instrument and were calibrated with the solvent (CDClz: 7.27 ppm and DMSO-d6:
2.50 ppm for *H NMR). The deuterated solvent’s purity was 99.9%. The data was treated with
the software ACD/NMR Processor.

Microscopy

Optical microscopy pictures were obtained on a Nikon Eclipse LV100 optical microscope
equipped with a pair of cross polarizers.

Differential Scanning Calorimetry

DSC is an analytical technique used to determine the temperature of phase transitions and
their corresponding enthalpy, for instance, the fusion, crystallization, glass transitions and
solid-solid transitions can be characterized. The measurement is based on the difference in
the quantity of heat needed to increase the temperature of a sample compared to a reference.
In an oven, the two crucibles are heated or cooled at a controlled rate. When the sample
undergoes a phase transition, it either releases or produces heat, whether it is an exothermic
or an endothermic event, respectively. Therefore, the heat required to maintain the sample
crucible at the same temperature as the reference is not the same. The result of a DSC
experiment is a thermogram of the compensated heat between the two crucibles versus
temperature or time. DSC experiments were performed using a Netzsch DSC 214 Polyma
apparatus on powdered samples in pierced aluminum crucibles under a controlled
atmosphere of nitrogen. The Netzsch Thermal Analyses Proteus Software was used to treat
the data.

X-Ray diffraction

X-ray diffraction techniques are used to obtain information about the crystal structure and to
identify crystalline phases of the materials. These techniques are based on observations of the
diffracted X-Ray beam hitting a sample as a function of incident angle and wavelength. The
condition for diffraction is defined by Bragg’s law (Eq. 6):

nA = 2dsin6 Eq.6
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nis aninteger
A is the characteristic wavelength of the X-rays hitting the sample
d is the distance between plans of high electronic density

0 is the angle of the X-ray beam

When this equation is fulfilled, the interferences are in phase and diffraction arises on the
plane of the periodic structure for an angle 6. It is a very suitable method to study crystals
because they are periodically arranged with high electronic density crystal planes
(characterized by their Miller indexes).

Powder X-Ray Diffraction (PXRD)

In a powdered sample, numerous small crystallites exist with many different orientations so
that there will always be planes fulfilling bragg’s condition for diffraction. PXRD experiments
provide a set of diffraction intensities as a function of the angles at which they are observed.
The diffraction pattern is the fingerprint of a single given structural packing. Identification can
be conducted by comparing diffractograms. This is why, X-ray powder diffractograms are
widely used to identify polymorphs. PXRD analyses were performed using a D8-Discover
diffractometer (Bruker, Germany) equipped with a goniometer of geometry (6/6). The
incident X-ray beam consisted of the Cu Ka radiation (A=1.5418 A). The X-ray diffraction
patterns were collected with a Lynx Eye® linear detector (Bruker, Germany). The X-ray
diffraction patterns were recorded by steps of 0.04° over the angular 26 range 3-30° with a
counting time of 0.5 second per step with a sample rotation of 20 rpm to reduce preferential
orientation only for experiments corresponding to the third chapter (the sulfoxide and the
sulfone crystallize with a needle morphology). The position of characteristic powder
diffraction peaks are expressed in degrees 2-theta. The EVA software (Bruker) was used for
the treatment of the data.

Single Crystal X-Ray Diffraction (SC-XRD)

SC-XRD provides more detailed information than PXRD. A single crystal is rotated in the
apparatus in order to record intensity and angles of diffraction for every plane of the crystal.
It allows to study the crystal lattice precisely by providing a 3D image of the electron density
in the crystal which facilitates determining the unit cell parameters, and the bond-lengths and
angles of the molecules. After the refinement of the crystal structure (cell parameters, space
group...), the electronic densities can be interpreted to resolve the chemical structure and find
the 3-dimensional position of every atom in the structure. The crystal structures were
determined from single crystal diffraction on a SMART APEX diffractometer (with Mo Kal
radiation: A=0.71073A). The cell parameters and the orientation matrix of the crystal were
preliminary determined by using the SMART Software. Data integration and global cell
refinement were performed with the SAINT Software. The structures were solved by direct
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methods (SHEL-XS3). Anisotropic displacement parameters were refined for all non-hydrogen
atoms using SHEL-XL available with the WinGX package.

Infrared Spectroscopy

Infrared spectroscopy is the measurement of the interaction of infrared radiation with matter
by absorption, emission, or reflection. It is based on the fact that molecules absorb
frequencies that are characteristic of their structure. The frequency of the absorbed radiation
matches the vibrational frequency of the molecule. Each functional group in the molecule will
present vibrations (e.g. stretching, scissoring, twisting, ...) resulting in various absorption
frequencies with diverse intensities. It is possible to plot these to produce an absorption or
emission spectrum which will represent the chemical conformation and functional groups of
the sample. The method can be conducted on solid, liquid, or gaseous forms. It is possible to
detect polymorphism via infrared spectroscopy if there are changes in the molecular
conformations or hydrogen bonding in the different forms. Infrared spectra were acquired
using an ATR-FTIR spectrometer (Alpha FT-IR spectrometer, Bruker). The powdered samples
were slightly ground before being deposited on the ATR. For each spectrum, a total of 64 scans
were recorded at room temperature between 4000 and 400 cm™. The Opus software from
Bruker was used for the data treatment.

Materials Studio

The software Materials Studio from Dassault Systemes is a modeling and simulation suite that
was selected for the visualization of the molecules in order to measure the bond distances,
the torsion angles and the energy of the conformation in the crystal packings. For the
conformational energy measurements, the molecules were considered in vacuum.

Materials

Chemical starting materials and reagents were acquired from Alfa Aesar, Sigma Aldrich or
VWR™. All the solvents were acquired from Fisher Scientific™ or VWR™ and were HPLC grade.
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B. A disappearing conglomerate: BINOL-OBn

Synthesis of (R)-2’-benzyloxy-1-1’-binaphtalene-2-ol (CAS: 133942-18-4)

‘ l OH OH PPH3, DIAD, ‘ OH

+ _ >

l I OH THF, 0°C then RT, 48h | 0]

Figure B.1: Synthesis of (R)-2’-benzyloxy-1-1’-binaphtalene-2-ol

(R)-BINOL (5.0 g, 17 mmol) was dried azeotropically with toluene. It was dissolved in 100 ml
of distilled THF and triphenylphosphine (PPhs) (4.5 g, 17 mmol) and benzyl alcohol (2.1 ml, 20
mmol) were added to the stirred solution. Diisopropyl azodicarboxylate (DIAD) (3.35 ml, 17
mmol diluted in THF 5 ml) was slowly added dropwise at 0 °C. Then the mixture was stirred at
room temperature for 48h. The reaction's progress was followed by TLC (CH,Clz/n-hexane
2:1). At near completion, the reaction was quenched by addition of a few drops of distilled
water, the solvent was evaporated under reduced pressure and the crude mixture was
dissolved in dichloromethane (50 ml). The organic layer was washed with water and brine
(3x50 ml). The organic layer was then dried over anhydrous MgSQOa. After solvent removal
under reduced pressure, the product BINOL-OBn was isolated by column chromatography on
silica gel, using a gradient mixture of CH,Cl,/n-hexane as eluent, and further purified by
crystallization from CH2Clz/n-hexane. (Colorless crystals, 5.696 g, 89% yield) (Note: DIAD is
toxic, so the appropriate safety procedures must be taken for its manipulation).

IH NMR (300 MHz, chloroform-d) 6=8.01-7.88 (m, 4 H, Ar-H), 7.49-7.30 (m, 5 H, Ar-H), 7.19—
7.06 (m, 8 H, Ar-H), 5.16-5.06 (m, 2 H, CH2), 4.93 (s, 1 H, OH) ppm.
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Figure B.2:'H NMR spectrum of (R)-BINOL-OBn in CDCl3, 300 MHz
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Synthesis of (rac)-2’-benzyloxy-1-1’-binaphtalene-2-ol (CAS: 181767-12-4)

OH OH PPH3, DIAD, OH
+
OH THF, 0°C then RT, 48h 0

Figure B.3: Synthesis of (rac)-2’-benzyloxy-1-1’-binaphtalene-2-ol

The same procedure was applied to the racemic starting material to give (rac)-2’-benzyloxy-1-
1’-binaphtalene-2-ol as white crystals (4.9917 g, 78% yield).

'H NMR (300 MHz, chloroform-d) 6=8.01-7.87 (m, 4 H, Ar-H), 7.49-7.32 (m, 5 H, Ar-H), 7.18-
7.07 (m, 8 H, Ar-H), 5.16-5.06 (m, 2 H, CH2), 4.93 (s, 1 H, OH) ppm.
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Figure B.4: 'H NMR spectrum of (rac)-BINOL-OBn in CDCl3, 300 MHz

Synthesis of (S)-2’-benzyloxy-1-1’-binaphtalene-2-ol (CAS: 89867-54-9)

I I OH OH PPH3, DIAD,
+
I OH THF, 0°C then RT, 48h

Figure B.5: Synthesis of (rac)-2’-benzyloxy-1-1’-binaphtalene-2-ol

The same procedure was applied to the S-enantiomer starting material to give (S)-2’-
benzyloxy-1-1'-binaphtalene-2-ol as white crystals (2.8012 g, 80% vyield).
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'H NMR (300 MHz, chloroform-d) 6=8.02—7.89 (m, 4 H, Ar-H), 7.50-7.07 (m, 13 H, Ar-H), 5.17—
5.07 (m, 2 H, CH2), 4.94 (s, 1 H, OH) ppm.
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Figure B.6: 'H NMR spectrum of (S)-BINOL-OBn in CDCl3, 300 MHz

Thermal analysis:

All the samples at different enantiomeric compositions were prepared by grinding either
between the pure R enantiomer and the racemic compound or between the pure enantiomers
together. Similarly, an artificial conglomerate was prepared by mixing rigorously weighted 200
mg of (R)-BINOL-OBn crystals and 200 mg of (S)-BINOL-OBn crystals and the physical mixture
was gently grinded.
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Figure B.7: TG-DSC Thermogram (heating rate 5 k/min) of (rac)-BINOL-OBn
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Complex Peak: Complex Peak o
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Figure B.8: DSC curves obtained for (rac)-BINOL-OBn, (R)-BINOL-OBn and the artificial conglomerate at a
heating rate of 5k /min
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Figure B.9: DSC curves obtained for enantiomeric mixtures from (R)-BINOL-OBn to (rac)-BINOL-OBn at a
heating rate of 5 k/min
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Figure B.10: DSC curves obtained for enantiomeric mixtures from (R)-BINOL-OBn to (rac)-BINOL-OBn
obtained by grinding pure enantiomers at a heating rate of 5 k/min

Cross-seeding experiment between artificial conglomerate and racemic 2’-benzyloxy-1-1’-
binaphtalene-2-ol:

A saturated solution of racemic BINOL-OBn was prepared in 5 ml diethyl ether at
— 10°C. 200 mg of powder of artificial conglomerate and 200 mg of powder of racemic
compound were added. A sample was taken after 6 hours showing the coexistence of the two
phases. After 48 hours the suspension was exclusively composed of the racemic compound.
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C. From supramolecular chirality to intrinsic chirality: transfer of chirality
between a sulfoxide and its corresponding prochiral sulfone

Characterization of the compounds

Synthesis of sulfide (CAS: 5023-60-9)

SH CI

Et5N
—_—
H,0, RT, 2h
93%

Figure C.11: Synthesis of benzyl(p-tolyl)sulfide

The procedure reported in the main text gave the sulfide as a viscous oil (12.984 g, 56.37
mmol).

'H NMR (300 MHz): § =7.39-7.20 (m, 7 H, Ar-H), 7.02-7.06 (m, 2 H, Ar-H), 4.07 (s, 2 H, SCH2),
2.31 (s, 3 H, Ar-CH3) ppm.

520 - Sulfide .esp N
~
104
E &
09 b
084 5
3 <
0.7

Normalized Intensity
o
(&
|

L 460
%\
Lﬁ\
L 201

7.91 2.09 2.00 3.1

[——— — —
N R o o o L LI L e o o e SRR R
9.0 8.5 8.0 75 7.0 6.5 6.0 55 4.0 35 3.0 25 2.0 15 1.0 0.5

5.0 4.5
Chemical Shift (ppm)

Figure C.12: 'H NMR spectrum of benzyl(p-tolyl)sulfide in CDCls, 300 MHz (the aromatic integration is off due
to the solvent peak)

Synthesis of (rac)-Sulfoxide (CAS: 10381-70-1)

o o\\ /o
s s s/ s
30% H,0, CC . +
_—
THF, 45 min, RT
18% 10%

72%

Figure C.13: Synthesis of benzyl(p-tolyl)sulfoxide and its by-products
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The procedure reported in the main text afforded the sulfoxide as well as by products. Further
purification was achieved by column chromatography and the pure sulfoxide was obtained as
white needles (1.658 g, 7.2 mmol, 72 %).

'H NMR (300 MHz): 6 = 7.24-7.18 (m, 7 H, Ar-H), 6.97—6.98 (m, 2 H, Ar-H), 4.13-3.94 (dd, J =
12.5 Hz, 2 H, SCH2), 2.36 (s, 3 H, Ar-CH3) ppm
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Figure C.14: 'H NMR spectrum of benzyl(p-tolyl)sulfoxide in CDCls,300MHz (the aromatic integration is off
due to the solvent peak)

The R-sulfoxide CAS is 4820-07-9 and this enantiomer induces a (+) rotation of the polarized
light at 589 nm. The S-enantiomer CAS is 4820-08-0 and it induces a (-) rotation at 589 nm.

The sulfone (CAS: 5395-20-0) was obtained from the purification of the sulfoxide as a white
powder (432 mg, 1.76 mmol, 18%).

1H NMR (300 MHz): & = 7.50-7.52 (d, 2 H, Ar-H), 7.32-7.26 (m, 6 H, Ar-H), 7.11-7.09 (m, 2 H,
Ar-H), 4.30(s, 2 H, SCH2), 2.43 (s, 3 H, Ar-CH3) ppm.
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Figure C.15: 'H NMR spectrum of benzyl(p-tolyl)sulfone in CDCl3, 300 MHz (the aromatic integration is off due
to the solvent peak)
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Characterization of the solid phases
Powder X-ray diffraction

The PXRD pattern of the enantiopure sulfoxide is similar to the pattern of the racemic mixture.
It confirms the conglomerate nature of the system.
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Figure C.16: PXRD patterns of racemic and S-Sulfoxide (coming from a single crystal with &, g1 crystar = -
136°)

All the samples at different compositions were prepared by solvent evaporation of definite
mixtures between racemic sulfoxide and racemic sulfone. The mixtures were analyzed by
PXRD.

Pure Sulfone
80% Sufone
90% Sufone
70% Sdfone
60% Sufone
50 % Sullone
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Figure C.17: PXRD of binary mixtures of (rac)-sulfoxide and (rac)-sulfone obtained by solvent evaporation
crystallization (the arrows mark the peak of interest)
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The PXRD pattern upon heating of a mixture of R-sulfoxide and R-sulfone (37-63 mol%) (Figure
C.18) is compared to the pattern of S-sulfoxide and R-Sulfone (41-59 mol%) ( Figure C.19). R-
sulfone comes from the sample 3 of deracemization (the one that induced the preferential
crystallization of R-sulfoxide). In the PXRD pattern of the homochiral mixture no change can
be perceived, except an artifact at high temperature. In the PXRD pattern of the heterochiral
mixture, there are slight changes in the pattern. At room temperature, there is one more peak
at 23.5°. It could be explained by the chiral incompatibility. At 126°C, a change occurs and this
peak disappear and a new peak at 25.8° appears. This could be explained by the
interconversion of the sulfone at high temperature to be chiral compatible and enter the
lattice of the S-sulfoxide.
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Figure C.18: PXRD pattern of a mixture of R-sulfoxide and R-sulfone (37-63 mol%) from 25 °C to 141 °C
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Figure C.19: PXRD pattern of a mixture of S-sulfoxide and R-sulfone (41-59 mol%) from 25 °C to 141 °C
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Thermal analysis of the enantiomers of sulfoxide and of the racemic mixture:
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Figure C.20: DSC curves obtained for (rac)-Sulfoxide in green, S-sulfoxide in red and R-sulfoxide in blue
(heating rate of 5 k/min)

Thermal analysis of binary mixtures of rac-sulfoxide and sulfone:

All the samples at different compositions were prepared by solvent evaporation of mixtures
between racemic sulfoxide and racemic sulfone. The DSC experiments were run at a high
heating rate of 10 k/min because of the degradation concomitant to the fusion. At lower
cooling rates, the degradation was more important, the peaks were blurred and NMR analyses
of the solid collected after melting showed that too much degradation occurred to extract
information. However, the liquidus and solidus point must be taken very cautiously and an
attempt to plot the corresponding binary section is presented in Figure C.22.
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Figure C.21: DSC curves obtained for binary mixtures of (rac)-sulfoxide and (rac)-sulfone obtained by solvent

evaporation crystallization at a heating rate of 10 k/min
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Temperature (°C)
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Figure C.22: Binary section between the racemic sulfoxide and the racemic sulfone

Preferential crystallization parameters determination:

Suitable crystallization parameters for the resolutions were determined by solubility
measurements (dry extract method) and nucleation experiments (Crystal 16 or by eye).

Solubility

The dry extract method was employed to estimate the solubilities. For each solubility
measurement, five suspensions were stirred at 20°C. After 24 hours of stirring, it was assumed
that the suspensions had reached equilibrium and they were filtered on a 20um PTFE syringe
filter. The solids were analyzed by PXRD to identify the crystalline phase and to confirm the
absence of a new, unknown phase. The five filtrates were split into two batches each (10
samples in total) and weighed. Afterwards, they were dried under a nitrogen flux for 24 hours.
Once totally dried, the 10 solids were weighed and a mass solubility was obtained by the
following equation (Eq. 7):

m . .
Solubility w/w % = —ed%old , 100 Eq.7
mfiltrate

Nucleation experiments

The Crystall6 parallel crystallizer was used for the determination of the Ostwald limit via
turbidity measurements. It is a benchtop crystallization system comporting 16 agitated and
thermostated reactors of 1 ml. The solubility curve is obtained by heating the sample with a
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heating rate of 0.3 K/min and the nucleation curve is obtained upon cooling with a cooling
ramp of 0.1 K/min. The CrystalClear software was used for data processing.

Determination of the enantiomeric excess:

The synthetized compounds were submitted to different resolution techniques and their
optical purity was examined by polarimetry and by chiral HPLC.

Polarimetry

Polarimetry is a technique used to characterize the optical rotation of optically active
compounds. Chiral entities are optically active, they change the angular direction of polarized
light (the vibrations of the electromagnetic waves of this beam of light are restrained to one
plane). The polarimeter measures the angle of rotation of the plane of polarized light after it
passes through a solution with the chiral compounds under study. The sign of the rotation
depends on the enantiomer <+> or <->. The specific optical rotation is meaningful only at a
given temperature and wavelength of the light beam used. Biot’s law (Eq. 8) links the deviation
angle measured by the polarimeter to the specific optical rotatory power of a sample.
a
yl

alr = Eq.8

[al7 I C q
a is the measured rotation in degree
l'is the length of the cell: 1 dm
C is the concentration of the solution in g/ml at a given temperature T

The optical rotations were measured at 20 °C with an incident wavelength of A = 589 nm on
an Anton Paar 5100 polarimeter.

During the experiments designed to determine the filtration window, the optical rotation of
the mother liquor was measured by taking 25 uL samples of mother liquor and diluting it with
THF to 1 ml.

To measure the optical purity of the solid collected after the AS3PC of the sulfoxide, the
crystals were dried at 40 °C under vacuum for 24h. A precise mass was weighed (ca. 5 mg) and
dissolved in 1 ml THF. The specific optical rotations are calculated according to equation 7.
The enantiomeric excess is calculated according to the following equation (Eq. 9).

Amixture

Optical Purity = Eq.9

Opure

®pure Was obtained by dissolving a 4 mg single crystal in 1 ml THF, the measured optical
rotation was 0.556° SO Qsingie crystar = 139° ml.gh.dm™ in THF at 20 °C and A = 589 nm. This
single crystal was subjected to an HPLC analysis (Figure C.23, see conditions bellow) to
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precisely know its enantiomeric excess (98.16 %) and the specific optical rotation of the
enantiopure sulfoxide in these conditions is deduced |apure| =142°,

Chiral High Performance Liquid Chromatography (HPLC)

In the mode of Preferential Crystallization involving a chirality transfer, seeds of sulfone are
introduced during experiments. The mother liquor is not saturated in sulfone so the seeds
start to dissolve immediately, however, they do transfer their chirality and allow
stereoselective crystallization of one of the enantiomers of the sulfoxide. It is not known
whether they completely dissolve, they may remain in the crystals as little embedded
crystallites, so it is not clear how much sulfone remains in the solid by the end of a PC run. The
determination of the e.e. by polarimetry requires an accurate knowledge of the mass of the
solid, however, in this case, the solid consists of sulfoxide and a small, unknown part of
sulfone, thus polarimetry cannot be applied. Therefore, chiral separations were carried out on
a Chiralcel OD-H column from Daicel connected to a u-HPLC UltiMate® 3000 from Dionex. The
apparatus was controlled by the ChromQuest® software. The retention time for R-sulfoxide =
28 min, tr (S-sulfoxide) = 33 min (flow rate = 1.0 ml.min™%; solvent = n-heptane/2-propanol
95:5; temperature = 25 °C, detector wavelengh A=254 nm). Enantiomeric excess was
calculated according to the equation 1:
R| =[S

Enantiomeric excess (e.e.)(%) = % X 100

Chromatogram
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Integration Results

No. |Peak Name Retention Time Area Height Relative Area | Relative Height | Amount
min mAU"min mAU % % na.

1 26.087 49,894 70.807 98.92 99.08 na

2 31.613 0.544 0.657 1.08 0.92 na
Total: 50.438 71.464 100.00 100.00

Figure C.23: Chromatogram of the monocrystal used to determine the a,,,,..
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70,0-Sulcxyge #83 [modified by 2 peaks manually assigned] Uy VIS 1
AU VL2540
800 2 (S}-Benzyl phenyt sulfoxide - 34,663
500
40,0
300 ‘
200 \
1004
1-(R] phenyl suffoxide - 20,017
0 ‘f\‘
i
T T T T
00 100 200 00 400 500 40,0 700
No. | RetTime  Area Rel.Area Height Resolution Asymmetry Plates
min mAU*min % mAU (EP) (EP) (EP)
1 29,02 2,682 461 3,567 422 1,12 9257
2 3466 55,547 95,39 59,067 na. 1,33 8842

Figure C.24: Chromatogram of the solid obtained after experiment 1 run 1 of the Preferential Crystallization
with chirality transfer

ulfoxyde #84 [modified by 2 igned] UV VIS 1
O man WVL258 nm)
) 1 - {Rrbenzyl phenyt sulfoxdde - 28,053
40,0
30,0
200
10,0
2- (5)-Benzyl pheny! sulfoxid - 34.273
T
mi
00 10,0 200 300 400 500 0.0 700
No. | Ret.Time Area  RelArea Height Resolution Asymmetry Plates
min mAU*min % mAU (EP) (EP) EP)
1 28,05 38,088 95,44 48,510 467 142 8337
2 3427 1,820 4,58 2,004 n.a. 1.1 9060
Total: 100,000 50,514 467 2,531

Figure C.25: Chromatogram of the solid obtained after experiment 1 run 2 of the PC with chirality transfer

ufoxyde #88 [modified by Admini 2 igned] UV WIS 1
T mau WVL254 nn]
350 1.+ (Rj-benzyl pheng sulfoxide - 27,247
3004
250+
2004
1504
1004
50
A L2 B
min
! T T T T T T T T
0o 50 100 150 20 250 00 30 00 450
No. | Ret.Time Area  RelArea Height Resolution Asymmetry Plates
min__mAU'min__ % mAU EP) (EP) EP)
1 2725 26,348 99,14 34,663 475 1,36 8370
2| 3328 0228 0.86 0277 na. 0,86 9656
Total: 100,000 34940 475 2322

Figure C.26: Chromatogram of the solid obtained after experiment 2 run 1 of the PC with chirality transfer
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suiforyde #87 [modified by 2 assigned] UV VIS 1
Al WVL:254 |
2-(S)-Benzyl phenyi sulfoxid
3004
2504
04
15H
1004
504
LR sulfowide - 27,767
T T
min|
T T T T T T T T
00 50 100 150 200 250 300 350 400 450
No. | Ret.Time Area  RelArea Height Resolution Asymmetry Plates
min mAU*min % mAU (EP) (EP) EP
1 211 0,255 0,87 0338 4,16 109 8680
2 33.18 29,023 99,13 32136 na. 125 8751
Total: 100,000 32475 4,16 2347

Figure C.27: Chromatogram of the solid obtained after experiment 2 run 2 of the PC with chirality transfer

UV_VIS_t

sulfoxyde 485 | "
oy

WVL254 o
1 - (R)-benzyl phenyl sulfoxide - 27 05T
400
0
200 \
10,04 l
} 2- (S}Benzyl phenyt sufcxide
N Lot J K‘ AN
mi
00 50 Wo | 10 @0 20 W8 30 40 4o
No. Ret.Time Area RelArea Height Resolution Asymmetry Plates
min mAU*min % mAU EP) (EP) EP|
1 27,06 34,204 9556 44,918 467 1,39 8241
2 3308 1,588 44 1,825 na. 11 9003
Total: 100,000 46,743 4,67 2,502
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Figure C.28: Chromatogram of the solid obtained after experiment 2 run 3 of the PC with chirality transfer
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D. Scientific Production

1. Publications

* “Spontaneous and Controlled Macroscopic Chiral Symmetry Breaking by Means of
Crystallization”, Coquerel, G.; Hoquante, M., Symmetry (2020), Impact Factor: 2.71
(2020), Open access journal. This review is part of the special issue Chemical Symmetry
Breaking and was also printed as a book.
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Spontaneous and Controlled Macroscopic Chiral
Symmetry Breaking by Means of Crystallization
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marine.hoquante@univ-rouen.fr
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Abstract: In this paper, macroscopic chiral symmetry breaking refers to as the process in which a
mixture of enantiomers departs from 50-50 symmetry to favor one chirality, resulting in either a
scalemic mixture or a pure enantiomer. In this domain, crystallization offers various possibilities,
from the classical Viedma ripening or Temperature Cycle-Induced Deracemization to the famous
Kondepudi experiment and then to so-called Preferential Enrichment. These processes, together with
some variants, will be depicted in terms of thermodynamic pathways, departure from equilibrium
and operating conditions. Influential parameters on the final state will be reviewed as well as the
impact of kinetics of the R & S equilibrium in solution on chiral symmetry breaking. How one can
control the outcome of symmetry breaking is examined. Several open questions are detailed and
different interpretations are discussed.

Keywords: chirality; deracemization; preferential enrichment; thermodynamics; phase diagrams; kinetics
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*  “Temperature Cycle Induced Deracemization”, Intaraboonrod, K.; Lerdwiriyanupap, T.;
Hoquante, M.; Coquerel, G.; Flood, A. E., Mendeleev Communications (2020), Impact
Factor: 1.75 (2020).
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The problem of separation and purification of the
enantiomers of chiral species is a significant issue in the
production of modern chemicals of pharmaceutical,
agricultural and food industries. Efficient methods enabling

a complete conversion of a racemic mixture into the desired
enantiomer would be of great benefit to industry. Temperature 2
cycle induced deracemization (TCID), a process allowing an R
initially racemic crystal phase of a suspension to be converted l

into an i e state, phase racemi-

zation of the solute molecules and a series of temperature l
cycles inducing dissolution and crystal growth. The process
first described as a more convenient and scalable alternative . ' - — '

to Viedma ripening, has now been successfully tested on a -

wide range of chiral P that are 1 ate
forming and racemizable. This review discusses the origins
of TCID, p ial mechani responsible for the

deracemization, and also some related processes.

* “Disappearing Conglomerates, Assessment of the Threat”, Hoquante, M.; Sanselme,
M.; Rietveld, I. B.; Coquerel, G., Crystal Growth and design (2019), Impact Factor:
4.089 (2019).
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ABSTRACT: A racemic compound has been identified for the  *°]

system: (+) — (=) BINOL-OBn despite having been reported as a {

conglomerate. This heterochiral phase appears to be more stable than % | ", s
the conglomerate irrespective of the temperature. Its melting point [ AT, it NG,
exceeds by 20 °C that of the racemic eutectic. In conjunction with the o N, [ 7
revised phase diagram, the crystal structures of the racemic compound o Cr

and of the pure enantiomer have been compared. In the structure of
the racemic p d (2’ = 3), hydrogen bonds can be found,
whereas in the structure of the pure enantiomer (Z' = 1) only 7—x and
van der Waals interactions are observed. The likelihood that a more
stable racemic compound appears when processing a conglomerate
(e.g., in preferential crystallization) is discussed.

conglomerate
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Temperature /K
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2. Communications in conferences

Poster presentation:

* Disapearing conglomerates, Hoquante, M.; Sanselme, M.; Rietveld, I. B.; Coquerel, G.,
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* Theory and practice on the continuum between supramolecular chirality and intrinsic
chirality, Hoquante, M.; Rietveld, I. B.; Coquerel, G., ChiRaFun, 19-21 April 2021, online
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Abstract

Obtaining enantiopure chemicals is a major challenge in the chemical industry, in particular
for the agrochemical and pharmaceutical industries. In this thesis, crystallization of chiral
systems have been studied and two approaches are presented to cover various types of
chirality and their features. In chapter two, we propose a reassessed phase diagram of an
atropisomer that, despite having been reported as a conglomerate forming system, presents
a stable racemic compound. The emergence of the heterochiral phase is rationalized by
structural considerations. Moreover, the effect of the appearance of a more stable racemic
compound when using a conglomerate for resolution purposes is discussed. In chapter three,
we show that a chiral sulfoxide, forming a conglomerate system, and the corresponding non-
chiral sulfone exhibit an isostructural crystal packing. Consistently, the existence of complete
solid solutions between the prochiral sulfone and the enantiomers of sulfoxide have been
demonstrated. The sulfone was deracemized by Viedma ripening and the sulfoxide was
resolved by “classical” AS3PC mode of preferential crystallization. Moreover, a variation of the
AS3PC mode, in which control over the chirality is induced by seeding with enantiopure
crystals of a related compound, is proposed. Experiments demonstrate its feasibility and
illustrate the possibility of a continuum between supramolecular and intrinsic chirality.

Résumé

L'obtention de molécules optiqguement pure est un enjeu majeur pour I'industrie chimique,
en particulier pour les industries agrochimique et pharmaceutique. Dans cette thése, la
cristallisation de systémes chiraux a été étudiée et deux approches sont proposées afin de
couvrir plusieurs types de chiralité. Le chapitre deux porte sur un atropisomere qui, bien qu’il
ait été présenté comme un conglomérat dans la littérature, forme un composé racémique
stable. Conformément a cette observation, nous avons proposé la révision du diagramme de
phase des énantioméres. L'apparition de la nouvelle phase hétérochirale est rationalisée par
des considérations structurales. Nous avons également examiné la possibilité de I'émergence
d’un composé racémique plus stable lorsqu’un systeme formant un conglomérat est utilisé
dans le cadre d’une résolution par cristallisation. Le chapitre trois décrit I’étude d’un sulfoxyde
chiral et de la sulfone prochirale correspondante qui cristallisent dans le méme groupe
d’espace avec des parametres cristallins similaires. L’existence de solutions solides totales
entre ces deux composés a été démontrée. Ces composés cristallisant dans des systemes
formant des conglomérats, la résolution chirale par cristallisation est facilitée. La sulfone a été
déracémisée par murissement de Viedma et le sulfoxyde a été résolu par un mode de
cristallisation préférentielle « classique » : I’AS3PC. En outre, nous proposons une variation de
ce mode dans laquelle le controle de la chiralité est induit par des germes d’un composé
apparenté. Ces expériences semblent indiquer la présence d’un continuum entre la chiralité
supramoléculaire et la chiralité intrinséque.



