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“Despite knowing the journey... and where it leads... |
embrace it, and | welcome every moment of it.”

Villeneuve, D. (2016). Arrival. Paramount Pictures
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GENERAL INTRODUCTION

“All boundaries are conventions waiting to be transcended. One may

transcend any conventions, if only one can first conceive of doing so "

Tykwer, T., Wachowski, L., & Wachowski, L. (2012). Cloud Atlas. Warner Bros.



General introduction

The past decades have witnessed an increasing interest in the design of chiral materials.
Indeed, the use of enantiomerically pure chiral substances offers unique and innovative
properties to several products, including optical and electrochemical sensors, molecular
selectors, catalysts and bioactive substances. This allows the development of highly selective
chiral stationary phases, active pharmaceutical ingredients, asymmetric catalysts etc.

Accessing pure enantiomer is therefore of paramount importance.

Among the various chiral resolution methods developed so far (e.g. asymmetric or chiral pool
synthesis, preparative chromatography, biocatalysis etc.), the crystallization-based
approaches, for instance solid-state deracemization or preferential crystallization, stand out
as the most promising. Even though efficient and economically sustainable, it is commonly
admitted that most of these methods require the enantiomers to spontaneously sort into
separate enantiopure crystals (i.e. racemic conglomerates). Unfortunately, this behaviour is
rare and unpredictable: the overwhelming majority of enantiomeric mixtures crystallize
together into thermodynamically favoured racemic compounds (90-95%), which hinders such
separation. However, although the poor conglomerate prevalence stands as a severe
constraint for crystallization-based chiral resolution methods, this thermodynamic limitation
overlooks the inherent out-of-equilibrium nature of crystallization. This aspect will be
addressed in the present Ph.D. thesis through the study of three different families of

chemically related compound based on bio-relevant chiral cores.

Chapter | provides the fundamental concepts required for a comprehensive understanding of

this work and a literature review of key topics relevant to this study.

Then, the manuscript is divided in three chapters followed by a general discussion and

conclusion:

Chapter Il will cover new chiral resolution strategies adapted to systems unsuitable for
solid-state deracemization by (i) using an out-of-equilibrium asymmetric dissolution rate
between non-racemizable enantiomers forming a conglomerate and (ii) making use of a highly
discriminative chiral recognition phenomenon occurring during the formation of
conglomerate host-guest mixed crystal structures between chemically related chiral triazole

ketone. It presents the first result of an alternative chiral resolution of systems that exhibit a




General introduction

stable racemic compound but also a closely related conglomerate-forming system, renewing

interest in the study of libraries of chemically related compounds.

Chapter lll is devoted to the study of chemically related compounds based on the bio-
relevant chemical core praziquantel through a fruitful collaboration with Richard M. Kellogg
and Michel Leeman (Symeres company), as well as Sjoerd W. van Dongen and Willem L.
Noorduin (AMOLF). The results reported in this chapter represent the most important portion
of the results produced by this thesis, both in terms of scientificimpact and time spent. Several
chiral derivatives of Praziquantel are synthesized and thermodynamically characterized, with
their solid-state landscape investigated. The vast majority of these system formed racemic
compounds. However, the present work shows that a large proportion of these
“unfavourable” chiral systems are suitable for crystallization-based chiral resolution methods,
by taking advantage of the kinetics of crystallization. In particular, this work allowed the design
of what is likely the most important and innovative concept of this PhD work: among this
family of racemic compounds, we identify a thermodynamic quantity that is correlated to the
molecular features of the different derivatives of praziquantel. We show that this
thermodynamic quantity is a powerful tool to identify systems that can actually be resolved
by preferential crystallization, notwithstanding the quasi-systematic presence of stable
racemic compound. Thus, in view to elect a system that could undergo facile preferential
crystallization, we propose a directed evolution strategy that permits, starting from a given
racemic compound deemed unresolvable, to straightforwardly identify the most promising

chemical derivation. The generality of these finding is discussed in detail.

Chapter IV provides an application of this directed evolution strategy based on the
synthesis of a family of 1,3-dimethylxantine-based chiral derivatives. This family is made of
molecules built from a rigid xanthine core, with few H-bonding capabilities, and a flexible
moiety from which the H-bond character is chemically modulated. Two racemic compounds
of this family, proxyphylline and diprophylline, have already been investigated prior to this
PhD thesis: both compounds could actually be resolved by preferential crystallization by
maintaining long induction times for the spontaneous crystallization of the racemic
compounds. However, the solid-state landscape between proxyphylline enantiomers was
missing, and it was necessary to re-investigate their associated stable and metastable

equilibria. Then, since nucleation inhibitions have been attributed to the conformational

10



General introduction

features of these molecules, the present work aimed at modulating both their flexibility and
the H-bonding capacity. This allowed to study the impact of such chemical derivation on
racemic compound stabilities and polymorphism. In particular, we show that enhancing the
H-bonding capacity of these molecules permits the engineering of a stable conglomerate-

forming system. That is in good agreement with the theory developed in Chapter lll.

The study of chemically related derivatives and the chiral resolution by crystallization under
non-equilibrium conditions are thus at the centre of the present work. The general concept of
this Ph.D. manuscript is to show that the conventionally accepted boundaries of
crystallization-based chiral resolution methods can actually be bypassed by the clever use of

both thermodynamic and kinetics.

11




CHAPTER |

CRYSTALLOGENESIS AND THERMODYNAMIC
OF CHIRAL COMPOUNDS



Chapter I: Crystallogenesis and thermodynamic of chiral compounds

This first chapter is devoted to a broad overview of crystallogenesis (i.e., crystallization and
crystallography), chirality and thermodynamics of chiral compounds. While all aspects of
these vast scientific fields will not be exhaustively covered, the essential information required

for a good understanding of this work will be provided.
I.1 - Chirality

The story of chirality arises from an interplay between chemists, physicists, and biologists. The
inception of this exploration can be traced back to the observations of the French mineralogist
René-Just Hally, who, in noting symmetrical hemihedral facets on quartz crystals, set the stage
for the intricate study of chirality.! In 1815, further strides were made by the French physicist
Jean Baptiste Biot by announcing the discovery of optically active compounds, for instance
symmetrical quartz crystals rotating the plane of the polarized light in opposite direction.?
However, it was not until 1820 that this discovery took on new significance when Sir John
Herschel, an English polymath, demonstrated the correlation between the rotation of
polarized light and the symmetry of hemihedral facets, establishing the first relationship

between crystal morphology and the physical property of optically active compounds.?

Thereby, the French chemist Louis Pasteur worked on Tartaric acid in 1848, referred to as
'racemic acid' by French scientist Gay-Lussac due to its lack of deviation of the polarized light
whereas conventional Tartaric acid extract from wine did.* Pasteur noticed that the
tetrahydrated double salt Sodium-Ammonium of Tartaric Acid could crystallize into two
populations of mirror-images crystals. Emulating Herschel's approach with quartz crystals, he
manually separated the two populations of crystals and discerned their opposite deviations of
the polarized light. In achieving the first chiral resolution through crystallization, Pasteur not
only made a significant breakthrough but also postulated that these symmetric crystals were

composed of mirror-image molecules, laying the foundational understanding of chirality.>®

In 1874, Jacobus Henricus Van’t Hoff and Joseph Achille Le Bel independently proposed that
tetrahedral carbon atoms could be source of molecular chirality.®=*! Their insights posited that
a carbon atom bonded to four different substituents could give rise to non-superimposable
mirror image molecules. This conceptual leap marked a crucial advancement in the

understanding of molecular chirality.

13




Chapter I: Crystallogenesis and thermodynamic of chiral compounds

I.1.1 - Definition

The first definition of chirality was introduced by the English physicist Lord Kelvin. An object,
or group of objects, is defined as chiral if its image in a plane mirror cannot be brought to

III

coincide with itself.12 The terms “chiral” is derived from “cheir”, the Greek word for hand,

indeed one of the most familiar chiral objects (Figure | - 1).

), L0\

y
4
iy

Figure | - 1. Right and left hand are image of each other in mirror but cannot be superimposed.3

1.1.2 - Chirality in chemistry

Molecular chirality can arise from three distinct elements. The first element is a stereogenic
atom which is the most prevalent form of chirality in organic compounds (carbon, sulfur,
phosphorus, transition metal).2*7%6 A typical example is that of a tetrahedral carbon linked to
four different substituents. The second element is axial chirality which is commonly observed
in atropoisomeric substituted biaryl compounds wherein the aryl-aryl bond rotation is
constrained. The third element is a planar chirality which is well illustrated by substituted

Ferrocene derivative where the two non-coplanar rings are fixed in a specific configuration

(Figure |1 - 2).
i NN AN i Q 2
AN Nppn, NN Ho)p Q/KOH
A~ PPh, N\ -PP2 Fe Fe
SJ U N O
(R)-Limonene (S)-Limonene (aS)-BINAP (aR)-BINAP pS-Ferrocene pR-Ferrocene

Figure | - 2. Chirality induced by a stereogenic centre on Limonene (Left). Chirality induced by an axis of chirality (steric
strain) on 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP, middle). Planar chirality in substituted Ferrocene derivative
(right).
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Chapter I: Crystallogenesis and thermodynamic of chiral compounds

1.1.2.1 - Nomenclature

A chiral molecule with one stereogenic centre has two possible 3D configurations. The two
stereoisomers are mirror image of each other and are termed enantiomers. Various
nomenclatures are employed to describe the chirality of enantiomers. According to the Cahn-
Ingol-Prelog rules (CIP),*”1® an asymmetric carbon is assigned R for rectus (right) or S for

sinister (left) based on the priority of its substituents (Figure | - 3).

Figure | - 3. Determination of the configuration of an asymmetric carbon using the Cahn-Ingol-Prelog rules: clockwise R,

anti-clockwise S.

The CIP rules extend beyond stereogenic centres to include axial and planar chirality. In these
instances, enantiomers are designated as aR and a$ for axial chirality, and pR and pS for planar
chirality. The labels aR and aS denote configurations with distinct spatial arrangements around
the chiral axis, while pR and pS distinguish configurations in the context of planar chirality.
This comprehensive application of the CIP rules allows for precise characterization of

enantiomeric relationships in molecules exhibiting axial or planar chirality.

v v

PPh,  PhoP O Ho)\@ q(
PPh, Fe
Jd o o
(o]

-
O O
AN ORI BRI

Figure | - 4. Configuration of BINAP (left) : order of priorities of the groups attached to the axial section viewed along this

axis. Configuration of substituted Ferrocene derivatives (right) : Newman projection looking from the substituted ring.

The (p)- and (1)- labelling is commonly employed for sugars and amino acids depending on the
position of the substituent with the highest priority in the Fisher projection. (Figure | - 5). This

system, originally proposed by Emil Fischer,'® assigns the (p)-configuration when the highest
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priority substituent is on the right side in the Fischer projection and (L)-configuration when it
is on the left side. The (p)- and (L)- labels provide a convenient and standardized way to denote

the stereochemistry of chiral centres in these biomolecules.

CHO E CHO
H————OH 5 HO———H
HO———H ; H——F—OH
H——F—OH E HO————H
H——F—OH E HO————H

CHOH E CH,0H
i
D - Glucose L - Glucose

Figure | - 5. Fisher projection of D- and L-Glucose.

All these nomenclatures are possible if the 3D configuration of the molecule is known.
Otherwise, their opposite interaction with the polarized light serves as a valuable tool for
differentiation. Enantiomers that rotate the plane of polarized light to the right are termed (+)
or d- (dextrogyre), while those rotating it to the left are designated (-) or /- (levogyre). This
optical activity provides a practical means to distinguish between enantiomers in the absence

of explicit knowledge about their three-dimensional arrangements.

1.1.2.2 - Chiral Active Pharmaceutical Ingredient (API)

Enantiomers have identical scalar properties (e.g., solubility, melting temperature, associated
enthalpies, density etc.) but share opposite vectorial properties, as illustrated by their
opposite interaction with the polarized light. Thus, their interaction with a chiral medium

depends on their handedness.

As the human body can be considered as a chiral entity due to the homochirality of life, two
enantiomers of a chiral APl can therefore have different toxicologic effects, pharmacokinetics
etc. Indeed, drugs are assimilated through biological receptors, depending on their tri-
dimensional shape: a specific receptor could therefore interact with one enantiomer while the

other enantiomer could not (Figure | - 6).
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Figure | - 6. Schematic representation of an interaction between a chiral APl and a biological receptor.

This symmetrical behaviour can be useful in some cases as illustrated by the API Thyroxine:
one enantiomer is used to treat thyroid hormone deficiencies while the other enantiomer is a
cholesterol-lowering drug.?° Nevertheless, in many cases, the counter enantiomer is often
considered as an impurity (i.e. distomer), either because of its inactive behaviour (e.g.,
Praziquantel, Ibuprofen) or because of its harmful effects.?%?2 These concerns are of
paramount importance considering that half of the commercialized drugs consists of chiral
substances, in some cases marketed as racemic mixtures (i.e. an equimolar mixtures of both
enantiomers).?3 One striking example is Thalidomide, causing birth defects to nearly 10,000

new-born children.?*

Since 1992, the development and approval of new stereoisomeric drugs were submitted to
drastic rules by a rather strict policy from the United States Food and Drug Administration
(FDA), as the undesirable enantiomer is considered as an impurity of the active enantiomer
(i.e. eutomer).?®> Figure | - 7 displays the evolution of the New Molecular Entities (NMEs)
approved by the FDA between 1991 and 2020.26-%2 |t clearly shows that the proportion of
newly-marketed racemates fell sharply from 2002 onwards to the benefit of achiral and

enantiopure drugs to represent only a tiny proportion nowadays.

This policy stands out as a key factor influencing the prevailing trend of FDA-approved NMEs
of recent decades. Therefore, accurate data are needed to ensure the safety and effectiveness
of resulting racemate drugs.?’ However, obtaining such adequate data proves challenging in
many cases, necessitating the pursuit of de novo enantiopure drug developments.3® While
achiral drugs undergo thorough scrutiny before approval as well, they are exempt of the

aforementioned requirement as they exist solely as a single entity.
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Figure | - 7. Distribution of FDA-approved drugs according to their chirality in the period 1991-2020. Diastereomeric

mixtures are considered as racemates.

Additionally, another factor contributing to this phenomenon is the emergence of chiral
switch processes. Halfway between therapeutical benefit and marketing strategy, such
process refers to chiral drugs that have already been claimed, approved and marketed as
racemates or mixtures of diastereomers, but have since been redeveloped as single
enantiomers.31733 Besides having potentially significant improvement of therapeutic effect
(e.g., Cetirizine, Omeprazole),3*3> chiral switch is also an opportunity for the pharmaceutical
industry to provide relatively low-cost line extension of already marketed racemic drugs. The
prevailing strategy is to introduce the single enantiomer version of a blockbuster racemate
drug before the expiration of the racemic patent, preventing potential market competition
from generic manufacturers. This approach is efficient as newly patented single enantiomer
drugs frequently achieve rapid market dominance although the therapeutical benefits

remains a subject of debate in some cases.3¢~%!

1.2 - Crystallogenesis

Various administration routes are available for APIs, tailored to the specific attributes of the
drug (e.g. tablets, capsules, pills, ointments, syrups, injections etc.). However, solid-state APls
are strongly favoured by manufacturers. They offer a relatively simplified isolation process, a

high purity, provides remarkable physico-chemical stability and ease of handling.#>™*>
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Nevertheless, before integrating solid-state APIs into industrial processes, it was imperative

to enhance the fundamental comprehension of the solid-state and its properties.

1.2.1 - Crystallography

The solid-state represents one of the fundamental states of matter, alongside liquid, gas and
plasma, distinguished by particles densely packed together resulting in structural rigidity.
When the constituting particles (atoms or molecules) arrange themselves in a regular and
repeating pattern throughout three dimensions, exhibiting a Long-Range Order (LRO, Figure |
- 8a), the solid is termed crystalline. Conversely, when the particles lack of regular
arrangement, displaying Short-Range Order (SRO, Figure | - 8b), the solid is considered as
amorphous.*®#” |t should be noted that intermediate cases exist, such as liquid crystal or

quasi-crystal, but will not be encountered in this work.*&4

a)
J) ,J

2o

Figure | - 8. 3D schematic representation of (a) a Long-Rage Order (LRO) and (b) a Short-Range Order (SRO) in solids.

1.2.1.1 - Crystal systems, symmetries and point groups

Initially suggested by an abstract conceptualization of the solid-state matter,>°>2 the
periodicity induced by a LRO has been demonstrated experimentally by diffraction of X-rays
by crystals.>® The entire crystal structure can be therefore fully described by a unit cell (i.e. the
smallest volume with the highest symmetry), resulting from the association of a three-

dimensional lattice (x, y,z; a, 6, y) and a chemical motif (Figure | - 9a).

19




Chapter I: Crystallogenesis and thermodynamic of chiral compounds

Figure | - 9. Schematic view of (a) a three-dimension lattice and (b) the crystalline packing induced by the periodicity. It

b)

=R

should be noted that the values of x, y, z and a, 8, y are arbitrary chosen.

Seven crystal systems are derived from the different combinations of lattice parameters (Table
| - 1). Moreover, the nodes of a unit cell (grey spheres in Figure | - 9) are periodically repeated

to form the resulting crystal packing (Figure | - 9b), following the lattice translation ¥ = au +

bv + éw (where u, v and w are natural integers). Bravais referred to this lattice translation as
the Primitive mode (P) alongside more complex ones, namely base-centred (A, B, C), body-
centred () and face-centred (F) where % is a possible value for u, v and w. However, it is
important to acknowledge that not every mode of translation is compatible with each crystal

system, resulting in the 14 Bravais lattices (Table | - 1).°%>>

The mathematical conceptualization of the group theory describes the inner symmetry of a
chemical motif (Z). Indeed, a chemical motif is composed of an asymmetric unit (Z’), which is
the smallest unit of repetition that can be used to generate the complete unit cell by applying
2D and 3D symmetry elements. Nevertheless, a limited number of 2D symmetry elements are
compatible with the different crystal lattices, ranging from proper rotation n where n €
[2; 6]\{5} to improper rotation 77 where 71 € [2; 6]\{5}, resulting in 32 point groups (PG)

classified according to the dominant symmetry of the crystal lattice (Table | - 1).
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Table I - 1. List of the 7 crystal systems and their respective point groups.

Mode Point group
Crystal System Cell parameters
compatibility NC NA CA
triclinic P azbzcazBzy 1 1
monoclinic P, C azb#ca=y=90°%B=#90° 2 m 2/m
orthorhombic P,C, I, F azb#c,a=B=y=90° 222 mm?2 mmm
3 3
trigonal P a=b=ca=B=y=290° 3m _
32 3m
4 4/m
4 _
guadratic P, a=b#ca=B=y=90° 42m 4/mm
422
4mm m
6 6/m
6 _
hexagonal P a=b#c,a=p=90%y=120° 6m?2 6/mm
622
6mm m
m3
23 ~
cubic P,ILF a=b=ca=p=y=90° 43m
432
m3m

Although 2D symmetries are sufficient to generate the 32 PG, the addition of 3D symmetry
elements remains necessary to fully construct a crystal structure. These symmetries are screw
axes n,, (wheren € [2; 6]\{5},m € [1;n — 1]) and glide planes (a, b, c, n, d) and give rise to

the 230 space groups (SG).>®

More importantly, three categories are derived from the 32 PG according to their
compatibility with chirality: Non-Centrosymmetric Chiral (NC), Non-Centrosymmetric Achiral
(NA) and Centrosymmetric Achiral (CA) (Table | - 1).°7 Indeed, the inherent symmetry of chiral
molecules is affected by PG having improper rotation and/or mirror symmetries. In such space
groups belonging to NA and CA PG, these symmetries prevent the preservation of the initial
handedness as the opposite chirality is intrinsically reproduce within the same crystal.
Consequently, determining the space group of a crystal structure plays a crucial role for

assessing the chirality of molecules within that crystal as it may directly influence the physical
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properties of the material, with significant implications for scientific fields as drug design for

instance.

1.2.1.2 - Crystallography of small organic chiral molecules

Small organic chiral molecules have a high propensity to crystallize into crystal systems with
low symmetry (e.g. triclinic, monoclinic, orthorhombic) as a result of their anisotropic

electronic density and their low symmetry.>8

The intermolecular interactions that ensure crystal cohesion are numerous. They range from
the weakest chemical forces, for instance van der Waals forces (i.e. interactions between
either permanent or induced molecular dipoles), m stacking (i.e. interactions between
polarized aromatic cycles) or halogen bond (i.e. interactions between halogens atoms) to
stronger chemical forces such as hydrogen bonds (i.e. interactions between strongly polarized
hydrogens with heteroatoms) or coulombic interaction (i.e. interactions between ions of
opposite charges).”®>’! These interactions lead to a periodic bond network called periodic

bond chain (PBC).

1.2.1.3 - Introduction to polymorphism

Owing to the wide variety of atomic compositions and the typically high molecular flexibility
of small organic chiral molecules, several PBCs and therefore several crystal structures are
possible for a given compound: this phenomenon is referred to as Polymorphism.”?> This can
be induced by different molecular conformations (i.e. conformational polymorphism) or
different 3D packing while maintaining the same molecular conformation (i.e. packing
polymorphism) (Figure | - 10).7377 This aspect will be further described in the manuscript (cf.

1.3.1).

Packing EI EI B E
polymorphism EI},BI},

ll] | - Illllll—]__llll Form I
Molecular entity EEBE

T

[—
Conformationat _u-]—:]LL
polymorphism
Form Il

Figure | - 10. Schematic representation of packing and conformational polymorphisms.
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1.2.2 - Crystallization

Crystallization is the process by which an ordered crystal emerges from an initially disordered
state. This phase transition can therefore occur through many crystallization routes, ranging
from vapor phases (i.e. condensation), molten phases (i.e. melt crystallization), amorphous
solids (i.e. devitrification) or solution phases (i.e. solution crystallization). As it is the case with
any physical phenomenon, development of theoretical frameworks is essential for a better

understanding of such phenomena.

1.2.2.1 - Crystallization theories

A fundamental conceptualization of the crystallization process was provided by the classical
nucleation theory (CNT).”®7° This thermodynamic approach states that the crystallization
proceeds through the stochastic formation and growth of ordered critical molecular
aggregates, called nuclei. Assumed as spherical, these nuclei are a result of the balance

between a destabilizing surface-based contribution (4G, = 4nr?y) and a stabilizing volume-

4

based contribution (4G, = 3

nr3Agv). Indeed, the resulting surface formed by the molecular

agglomeration results in an unfavourable interfacial tension (y) with the surrounding
disordered state (e.g. solution, vapor etc.) while generating a beneficial interfacial energy per
unit of volume (Agy) between molecules of the same nature (Eg. | - 1).

4
AGH™ = AG, + AGg = §nr3Ag,, + 4nr?y Eq.1-1

free energy (J.m-3)
R
@
*

Nucleus radius (m)

Figure | - 11. Evolution of the nucleus free energy AG, resulting from the surface-based and volume-based terms predicted

by the CNT in case of homogenous nucleation as function of the nucleus radius using arbitrary y and Ag, constants (Eq. 1).
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Since the term Ag,, is always negative when crystallization occurs, the function 4G, = f(r)
(Figure | - 11) combines a positive 72 and a negative 3 terms (with r € R"). The qualitative
functional analysis of AG,, reveals an initial dominance of the quadratic term until a critical
nucleus radius is reached, where the cubic term takes over, causing AG,, to decreases (r* in

Figure | - 11).

These properties of AG,, are meaningful: While an aggregate with r < r* should redissolve,
growth of a nucleus is expected for r > r*. It also rationalizes the stochastic behaviour of
crystallization by introducing an energy barrier (4G ™) that must be overcome, at least locally,

to initiate the crystallization process. The critical radius r* marks the extremum of the 4G,
. L. . . . . L d AG
function, which is easily accessible by resolving the first derivative [7] (Eg. I - 2).
ror*

Moreover, Eq. | - 2 can be used in conjunction with Eq. | - 1 to derive the associate energy

barrier AG* (Eq. | - 3).

R 4
r = Eq.1-2
49y,
4Gr = 16my3

The abovementioned equations postulate that the spherical nuclei are surrounded by the
crystallization bulk. However, agglomerates are more likely to be formed on templates (e.g.
stirrer, glassware, insoluble particles etc.), thus reducing the destabilizing AGg term by adding
interfacial contributions Agglomerate-Template and Template-Bulk in Eg. | - 1. These
contributions can be derived from the contact angle (6) of each interface, leading to a
stabilizing function f(8). AG}€te"° is therefore the product of AG°™° and f(6), indicating

that AGH€%7 is always lower than AG™ (Eq. | - 4).

AGrllietero — AGrilwmo £(0) with £(8) = 2-3 COS49+ cos3 6 Eq.1-4

However, several limitations are observed while confronting the CNT predictions with
experiments.®’ By definition, a theory is based on the current knowledge and is bound to
evolves. Hence, successful modifications of the CNT (e.g. EMLD-DNT model, DFT, DIT etc.)?"
8 and alternative non-classical mechanism (2-step nucleation mechanism)3-28 were

considered, but will not be developed in this manuscript.
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1.2.2.2 - Driving forces and solubility

Crystallization is performed out of equilibrium since an activation energy is necessary to
initiate this process, which consequently corresponds to a return to equilibrium.?” This self-
assembly process requires therefore a driving force (e.g. supercooled melt, supersaturated
liquid, supersaturated vapour etc.), which is well quantified by the change in chemical

potentials of the system (Au).28°

In the case of solution crystallization, one must consider the maximum quantity x} of a solute
A that can be dissolved in a solvent (i.e. solubility) at fixed intensive parameters. The change
in chemical potentials is thus given by Eq. | - 5 where x3 corresponds to the actual
concentration of a solute A, and approximated to Eqg. | - 6 while assuming the activity

coefficients ratio to 1 (i.e. thermodynamic ideality).

Apg = i — pi with i) = p + k, TIn(xy?) Eq.1-5
X4 7 : i
Auy = kaln(F) with /P approximated to unity Eq.l1-6
A

Crystallization cannot occur if the solubility xi is greater than or equal to the actual
concentration x2. In such cases, the system is said undersaturated (x4 > x3) and saturated
(xi = x%), respectively, indicating the absence of any driving force for crystallization (4Au, =
0) whereas such driving force exists once the system is supersaturated (i.e. xi < x3).
However, spontaneous nucleation can only occur if Auy, is important enough to overcome
AG,,. This behavior gives rise to a concentration range for which the spontaneous
crystallization is hindered despite crystals being thermodynamically favoured. This range is

known as the metastable zone width (MSZW, Figure | - 12).

The intrinsic properties of this metastable zone are beneficial for crystallization processes as
spontaneous nucleation (i.e. primary nucleation) is inhibited within the MSZW. This inhibition
allows for precise control over crystal growth through intentional seeding using well-
characterized crystals (i.e. secondary nucleation), enabling the production of crystals with

desired structure and properties.

The computation of a temperature-dependent solubility (i.e. solubility curve) is accessible

through the Van’t Hoff equation, assuming an ideal thermodynamic behaviour (Eq. | - 7).

25



Chapter I: Crystallogenesis and thermodynamic of chiral compounds

Moreover, both enthalpic and entropic contribution can be assessed by the experimental

determination of few solubility points and plotting In(x}) = f (%)

AdisH l Adiss

() =——p— 7+

Eq.1-7

Spontaneous nucleation
(Ap,2A6%)

__________________________________________

Metastable limit

Concentration

Undersaturated
(Ap,=0)

Solubility curve

Temperature

Figure | - 12. lllustration of a solubility curve and the different stability domains associated.

As inferred by Figure | - 12, a supersaturated solution can be either obtained via solvent
evaporation (i.e. increase of the concentration) or via temperature change (i.e. decrease of
the solubility). In most cases, solubility decreases as the temperature is lowering (i.e. direct
solubility), but the reverse remains possible (i.e. inverse solubility). Although several methods

are available to quantify the supersaturation (e.g. solubility product, absolute or relative

2

supersaturation etc.), the supersaturation ratio 8 =§—‘f will be exclusively used in this
A

manuscript.

1.3 - Thermodynamics

The chemical potential y; of a compound i is considered as the change in Gibbs free energy
(G) related to infinitesimal molar changes dn;, which is the definition of a partial molar free
energy (Eqg. | - 8). Therefore, the total Gibbs free energy G or its variation dG of a system
containing i constituents at constant temperature and pressure is the contribution of the
products of the chemical potential of each constituent with respect to their number of moles
n; or their molar change dn; (Eq. | - 9). The Gibbs free energy is defined as the maximum

reversible work (i.e. maximum available energy) in a closed system at a constant temperature
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and pressure. Since the molar enthalpy H is equivalent to all internal energies and pressure-

volume work, the Gibbs free energy and its changes are given by Eq. |- 10.%°

(5n)
Ui =\73— Eq.1-8
l on; TP g

Grp = Ximin;; dGrp = X; uidn; Eq.1-9
G=U+pV—TS= H—TS;dG = dH — TdS Eq.1- 10

The aforementioned equations impose that the most stable state is achieved once the lowest
G value of the system is reached. Consequently, a negative dG denotes a spontaneous
transformation. However, this state may be difficult to attain as the stability landscape of a
system is analogue to a hilly surface energy with local minima (i.e. local stability) separated
from each other by local maxima (i.e. energy barrier). A classic example of this phenomenon

is the well-known case of metastable polymorph: diamond.®!

1.3.1 - Polymorphism

As introduced in part 1.2.1.3, polymorphism is the ability of a chemical substance to crystallize
into more than one crystal structure.®? Echoing chirality, the difference in the PBC between
polymorphs induces different physico-chemical properties, including different melting points
and solubilities.®®®* In an industrial context, polymorphism is of paramount importance
because two polymorphs of the same active pharmaceutical ingredient (APl) can have
different dissolution rates and the efficacy of a drug can be impacted by the presence of
undesired polymorphs.®>°® The stability relationships between the crystal forms must be
thoroughly established since solid form conversion at a later stage of process development
can have serious consequences.’” This concern is all the more important if one considers that

almost half of the marketed API exhibits polymorphism.28-100

At fixed pressure, two polymorphs are enantiotropically related if there exists a transition
temperature T at which both phases are equally stable (Figure | - 13b). Above T, one of the
two forms becomes metastable and should convert into the stable form. The reverse occurs
below Ti. For a system with n polymorphs, even more complex situations can arise.
Furthermore, if no thermodynamic transition temperature exists between two polymorphs,

they are monotropically related (Figure | - 13a).%0?
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Figure | - 13. Theoretical Gibbs free energy (G) and enthalpy (H) curves of a hypothetical dimorphic compound representing
(a) a monotropy and (b) an enantiotropy. Black arrows stand for the melting enthalpies associated to the considered phase

transitions. Green lines represent the most stable state of the system whereas red curves stand for metastable equilibria.

Assessing the stability relationship between polymorphs may be a complex task. For this
purpose, Burger & Ramberger introduce a rule of thumb, known as the heat of fusion rule,
stating that “If the higher melting form has the lower beat of fusion the two forms are usually
enantiotropic, otherwise they are monotropic”.'%? This is easily understood by looking at the
enthalpy curves in Figure | - 13: if the higher melting form is the only stable form whatever the
temperature (i.e. monotropy), its melting enthalpy (44=:H in Figure | - 13) must be higher than

any other metastable forms (4s=:H in Figure | - 13) and reversely.

The crystallization of a metastable phase is not a rare event: most organic molecules, often as
a result of their high degree of conformational flexibility,1%3 can be crystallized as metastable
forms, in particular if the crystallization process is performed far from equilibrium. This
phenomenon is known as the Ostwald’s rule of stages.1%*10> Moreover, the metastable nature
of a crystal form can remain unknown until its sudden, usually unpredicted, conversion into a
more stable form: this can have dramatic consequences such as in the well-known
disappearing polymorphism cases of the APIs Ritonavir and Rotigotine.®”1% To prevent such
cases of disappearing polymorphs,1°7:108 it is therefore important to investigate the stability
relationships between polymorphs of new APIs, which are best rationalized by the
experimental construction of phase diagrams, involving polymorph screening and solid state
characterization.® If the compound undergoing crystallization is chiral, as it is often the case
with APIs,'19 the solid-state landscape becomes more complicated since one must consider

both enantiomers to be separate chemical entities.
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1.3.2 - Phase diagrams of chiral molecules

A phase diagram is a graphical representation of the minimization of the Gibbs free energy of
a heterogeneous system. It represents the relative stability of phase domains as function of
the composition and intensive parameter(s), usually temperature and/or pressure. Only the

condensed solid and liquid phases will be discussed below.8”/°0111-113

1.3.2.1 - Variance

A limited number of variables must be fixed to completely define a system, which represents
the degrees of freedom or variance (Eqg. | - 11). This equation, known as the Gibbs phase rule,
gives clear insight into the different possible equilibrium and the maximum number of phases

in equilibrium for a given system in specific conditions.

v=c+k—¢o v: Variance Eg.l-11
¢: number of independent component(s)
k: number of intensive variable(s)

@: number of phase(s) in equilibrium
1.3.2.2 - Unary phase diagram

The phase diagram of an enantiopure substance, known as a unary phase diagram (c = 1), is
often represented in a 2D T, P diagram (Figure | - 14). The slopes of the phase boundaries,
which represent domains between two coexisting phases, can be modelled using the Clausius-
Clapeyron equation (Eq. | - 12).
(d_P> = _Al—’ZH (Z—};): Slope of the coexistence curve Eq.1-12
aTr TA1 5V
A,_, H: Enthalpy changes
T: Temperature

A5V Specific volume changes
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(a) (b)

Pressure
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Temperature Temperature

Figure | - 14. Theoretical unary phase diagrams of a hypothetical dimorphic compound representing (a) an enantiotropy

and (b) a monotropy. Dashed lines stand for metastable equilibria.

1.3.2.3 - Binary phase diagram

A chiral molecule is composed, at its racemic composition, of 50% of each enantiomer (c = 2).
Their behaviour vs. temperature is commonly represented by an isobaric 2D T, ¢ diagram

(Figure I - 15).

b

T(°0)]

%R

Figure | - 15. Isobaric binary construction.

Although binary phase diagrams are often represented through their isobaric construction, it
should be noted that such systems are completely defined by a 3D T, P, ¢ construction,
therefore including pressure as a supplementary variable. There are three different phase
equilibria concerning phase diagrams of chiral systems and different variations can be

encountered from these three main cases.
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1.3.2.3.1 - Racemic compound

Enantiomers can crystallize together as a single entity and form a defined compound called
racemic compound; it is the most common case of all known chiral systems (90-95%),14
characterized by an ordered crystal of an equal ratio of both enantiomers at the racemic
composition. Theoretical phase diagram of such systems is plotted in Figure | - 16, representing
the melting point of the pure enantiomer on the edges and the melting point of the stable
racemic crystal at the middle racemic composition at constant pressure (usually P = 1 atm).
Phase diagrams of chiral systems are completely symmetrical with respect to the racemic
composition. Therefore, the melting of a racemic crystal must be congruent (i.e. the
composition of the molten liquid is the same as that of the solid before melting). It should be
noted that the melting temperature of this racemic phase can be lower (as it is the case in

Figure | - 16) or higher than the pure enantiomers.

T(OC)A A

Liq

S
R
S
R
S
R
S
R

<S>+ <RS> <R>+<RS>

e
S % R R

Figure | - 16. Theoretical isobaric binary phase diagram of a chiral system crystallizing as a racemic compound (left) and
representation of racemic compounds crystal (right). Blue and red lines correspond to the liquidus of the pure enantiomer

and the racemic compound respectively.

The liquidus lines associated to the pure enantiomers (blue lines in Figure | - 16 and the
racemic compound (red lines in Figure | - 16) can be computed using the Schréeder-van Laar
(Eg. I - 13) and Prigogine-Defay (Eq. | - 14) simplified equation, assuming an ideal
thermodynamic behaviour and neglecting the contribution of the heat capacity changes.'1>:116
The intersection of the two equations is used to determine the theoretical eutectic point
composition and temperature, assessing therefore the relative stability of the racemic

compound.
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A}SuSH< 1 1) Eq.1-13
lnx= R T
R TRs Tx
248 H / 1 1 Eq.1-14
fus
In(4x(1 — =— -
n(x(1 - 1) =2 (- )

1.3.2.3.2 - Conglomerate

Enantiomers can crystallize separately and form a conglomerate, which represents only 5-10%
of known chiral systems. Phase diagram of such systems is depicted in Figure | - 17,
characterized by a eutectic invariant in which the addition of the counter enantiomer
decreases the melting temperature down to the eutectic temperature. Regardless of the
composition and temperature, complete chiral discrimination occurs in the solid state (i.e.
crystals of pure enantiomer). By contrast with racemic compound, the use of Eq. | - 13 is

sufficient for estimating the eutectic temperature.
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Figure | - 17. Theoretical isobaric binary phase diagram of a chiral system crystallizing as a conglomerate (left) and

representation of conglomerate crystals (right).

1.3.2.3.3 - Total solid solution

The rarest case of heterogeneous equilibria between enantiomers is the total solid solution
(<1% of the cases). It is total miscibility between enantiomers which compete for the same
lattice positions in the solid phase.'”11® Consequently, composition of crystals is related to
the starting composition of the system. Phase diagram of such system presenting a minimum

solid solution is plotted in Figure | - 18 (ideal and maximum solid solutions also exist).
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Figure | - 18. Theoretical isobaric binary phase diagram of a chiral system crystallizing as a solid solution (left) and

representation of solid solution crystals (right).

1.3.2.3.4 - Extra cases

The phase transition involved in three main different phase equilibria discussed above are not
the only possible ones. Indeed, several aspects of crystallization may influence these

equilibria, including:

e Polymorphism (cf parts 1.2.1.3 and 1.3.1)
e Reversible transition between racemic compound and conglomerate
e Partial solid solutions

e Metastable phases

Figure | - 19 presents an example for each variation. This figure also provides cases of
metastable phases represented as grey dashed lines. These metastable phases (polymorphic
form, racemic compound, conglomerate etc.) are the reflect of local minima in Gibbs free
energy, whose accessibility is often encountered according to the Ostwald’s rule of stages.10°
Therefore, it is essential to account for kinetic effects in crystallization processes, rather than

focusing solely thermodynamic phase equilibria.

It is important to mention that (i) polymorphism and partial solid solution can also occurs for
a racemic crystal (ii) eutectoid is also possible (i.e. stable conglomerate at low temperature
and stable racemic compound at high temperature) (iii) mix of polymorphism, metastable

phases, partial solid solutions and peritectoid/eutectoid can be observed.
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Figure | - 19. Chiral system crystallizing as a conglomerate and presenting two polymorphs of the pure enantiomers (left),
Chiral system crystallizing as a racemic compound at low temperature and conglomerate at high temperature (middle) and
Chiral system crystallizing as a conglomerate and presenting partial solid solutions between enantiomers (right). Dashed

lines are for metastable equilibria.

1.3.2.4 - Ternary phase diagrams

Crystallization of organic compounds is typically performed in a solvent. Such systems are
composed of three independent components (¢ = 3), which are described by ternary phase
diagrams. Their behaviour versus temperature is represented by an isobaric 3D 7, ¢
construction. Usually, the complete ternary phase diagram is not investigated as only few
sections at the working temperatures are sufficient, leading to an isobaric/isothermal 2D

construction (Figure | - 20).

T(°C)

Solvent

:f/ '\’%°

Solvent

—
% R

Figure | - 20. Schematic representations of an isobaric ternary construction of a chiral system and a solvent (left) and

isobaric/isothermal section of a chiral system and a solvent (right)
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Isothermal sections of the three main phase equilibria between enantiomers are depicted in
Figure | - 21. The isothermal ternary section of a conglomerate is composed of four domains:
(i) two biphasic domains composed of one pure enantiomer in equilibrium with a non-racemic
saturated solution (sat.sol) (ii) a triphasic domain composed of the two enantiomers and a
doubly saturated racemic solution (d.s.s.) (iii) a monophasic domain composed of an

undersaturated solution (u.s.s.).

In addition to the phase domains of a conglomerate, the isothermal ternary section of a
racemic compound presents three more domains (six domains in total): (i) one biphasic
domain composed of the racemic compound in equilibrium with the saturated solution (ii)
two triphasic domains composed of one pure enantiomer, the racemic compound, and doubly

saturated solutions.

The isothermal ternary section of a total solid solution is composed of two domains: (i) a
biphasic domain composed of the non-stoichiometric solid phase and the doubly saturated

solution and (ii) a monophasic domain composed of the undersaturated solution.

Solvent Solvent Solvent

<S>+ <R> <ss>+ d.s.s
+d.s.s
S R S R S R

Figure | - 21. Isothermal section of a solvent and a chiral system crystallizing as a conglomerate (left), racemic compound

(middle) and total solid solution (right). Compositions of the biphasic domains are determined by the tie-lines (dashed

lines)

As for binary phase diagrams, many variations are possible for the ternary phase diagrams
(e.g. formation of cocrystal(s), solvate(s) etc.). This behaviour will be discussed later in this

manuscript.
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1.3.2.5 - Quaternary phase diagrams

Phase diagrams involving four independent components will also be discussed in this
manuscript, particularly in the context of mixing two chemically related chiral systems or

optimizing a Pasteurian resolution process.

These systems, often encountered for the derivatization of chiral systems crystallizing as
racemic compounds, are thermodynamically described by an isobaric and isothermal
tetrahedron with each component represented on the apexes. Figure | - 22 shows a system of
a chiral molecule (<R> ; <S>), an additional crystalline material (C) and a solvent. Each face
corresponds to an isolated isothermal ternary phase diagram (<R> + <S> + solvent; <R> + <C>
+ solvent; <S> + <C> + solvent and <R> + <5> + <C>) (Figure | - 22). It represents the simplest
case as there is no define compound, polymorphism, solid-solid phase transition or partial

solid solution.

l:us.s

2: <S> + Sat.sol

3: <R> + Sat.sol

4: <C> + Sat.sol
5:<S>+<R>+d.s.s

6: <S> +<C>+d.s.s
7:<R>+<C>+d.s.s
8:<S> + <R>+<C> +t.s.s

Solvent

Figure | - 22. Phase domains of a quaternary system <R> + <S> + <C> + Solvent.

The representation of a polythermal quaternary phase diagram would involve a fourth
dimension. The addition of a new variable (e.g. temperature) implies fixing another variable

constant (compositions) : this is called an isoplethal section. Isoplethal section of a quaternary
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phase diagram involving a constant composition ratio are called ternary isopleth (Figure | - 23,
green) and isopleth section of a quaternary phase diagram involving two compositions and/or

compositions ratio constant are called binary isopleth (Figure | - 23, orange).

10 | {

>w

/LN

C

Figure | - 23. Schematic representations of an isobaric/isothermal quaternary construction of a chiral system, a solvent and
an additional component <C> (left), ternary isoplethal section of this system maintaining the solvent composition constant

(green) and a binary isoplethal section of this system maintaining a fixed (R)/(S) and (C)/(B) ratio (orange).

1.3.3 - Conglomerate formation

Ever since the first sorting of enantiomers by Louis Pasteur (cf. 1.1.2), crystallization has
become a powerful method for isolating molecules of a desired handedness. Although in the
past century many variations of this method have been developed,**-12% the widespread use
of many chiral purification methods by crystallization are still hindered by a fundamental
requirement: enantiomers must spontaneously separate into distinct enantiopure crystals (i.e.
racemic conglomerates). Unfortunately, the overwhelming majority of enantiomeric mixtures
crystallize together into thermodynamically favoured racemic compounds (90-95%) which
hinders such separation techniques. Since predicting crystallization behaviour is still a major
challenge,?>12% no systematic approach has been developed so far to overcome this
thermodynamic limitation. However, several derivatization methods have been developed to
maximize the chance of forming conglomerate-forming system and bypass this fundamental

hurdle 129-131
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1.3.3.1 - Metastable conglomerate

Only 5-10% of the known chiral systems crystallize as conglomerate assuming that
heterogenous equilibria are exclusively driven by thermodynamic. As discussed in part 1.3.1
and 1.3.2.3.4, this approach entirely overlooks the inherent out-of-equilibrium nature of
crystallization and disregards all kinetic considerations. As demonstrated in Figure | - 24, any
system crystallizing as racemic compound has the opportunity to form a metastable

conglomerate, whose accessibility remains unknown.

T(°c) r'

Liq

<S> + Liq

<S> + <RS> <RS> + <R>

S RS R
—_—
%R

Figure | - 24. Metastable conglomerate (grey) of a chiral system crystallizing as a racemic compound (black)

A rough estimation of the energetic difference between the local minima (metastable
conglomerate) and global minima stable (racemic compound) may be assessed by

determining the difference in melting temperature between these two racemic phases :

e Theoretically: by extending the computed liquidus line of the pure enantiomer up to
the racemic composition using the Schréeder-van Laar simplified equation.!3?
o Experimentally: by manually mixing both enantiomers together in racemic

proportion.133

However, this energetic difference is indicative of a relative thermal stability. In case of solvent
crystallization, several additional parameters must be considered (e.g. solvents, interfacial
tension, solid-liquid interaction etc.). In the later, the experimental determination of the
doubly saturated point(s) composition may serve as a valuable tool for assessing the relative

stability of a racemic compound (d.s.p.c hereafter). As inferred by Figure | - 21, the closer to
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the racemic composition the d.s.p.c is, the lower the relative stability of the racemic

compound.

Supporting this statement, there have already been reports of racemic compounds converting
into enantiopure crystals under far-from equilibrium conditions such as grinding of crystals or
steep temperature gradients.126:134-137 Although promising, it remains unclear if such cases are
incidental reports on systems with specific trades, or if there are general guidelines that can
be exploited to extend these principles for systematic isolation of enantiomers by

crystallization.38

1.3.3.2 - Multicomponent crystals

Multicomponent molecular solids are materials that are composed of more than one type of
molecular entities, typically in specific stoichiometry ratios. These multicomponent solids have
garnered significant interest since the past decades due to their potential for tailored
properties of the materials.'3%%4° More specifically, this versatility allows for the precise design
of chiral molecules with specific characteristics,'4:142 for instance engineer a chiral material

crystallizing as the coveted conglomerate-forming system.

Several subclasses of multicomponent molecular solid exist and are classified based on the
intermolecular interactions existing between crystal buildings blocks.?*31#* Although these
materials may be structured as amorphous solids (cf. part 1.2.1), only crystalline

multicomponent solids will be discussed.

1.3.3.2.1 - Cocrystals

Self-sorting of enantiomers into separate enantiopure crystal can be achieved through the
formation of cocrystals, that is a crystalline material composed of two or more molecules in
the same crystal lattice.1*>14¢ These molecules are typically neutral and interact through non-

covalent intermolecular interactions (e.g. H-bonding, m-mt interaction, van der Waals forces

etc.).¥

By forming cocrystals with a suitable molecule (i.e. Coformer) from a chiral system crystallizing
as a racemic compound, new solid phases are obtained. These new solid phases are

independent of the initial system and therefore, conglomerate-forming system could
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cocrystallize with 5-10% of occurrence (Figure | - 25). Echoing part 1.3.3.1, one must also

consider the metastable equilibria in case of racemic compound cocrystal formation.

T(°C)

S :
SR

Figure | - 25. Ternary phase diagram of a coformer and a chiral system crystallizing as a racemic compound in which the

isopleth section of a cocrystallized conglomerate-forming system is highlighted in red dashed lines.

1.3.3.2.2 - Solvates

A solvate is a crystalline material composed of two or more molecules with at least one being
a solvent molecule (i.e. liquid at ambient condition).*®4° As for cocrystals, the solvated
materials are independent of the initial system and therefore, a solvated conglomerate-
forming system could crystallize (Figure | - 26). It should be noted that solvated solid may be
unstable as a result of solid-gas equilibria: these solvated crystal forms are called efflorescent

and can only be characterized using an in-situ characterization.

) R

Figure | - 26. Isothermal ternary phase diagram of a solvent and a chiral system crystallizing as a racemic compound

exhibiting a solvated conglomerate-forming system.
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1.3.3.2.3 - Clathrate, lonic, metallic and mixed type multicomponent solids

In addition the abovementioned cocrystals and solvates, molecular entities of
multicomponent solids may also interact with each other in the crystal lattice through either
electrostatic forces (lonic cocrystal, also referred as salt),'>>%52 metallic bonding (metal
complexes)!>31>% or even a mixed of all of these interactions (mixed-type cocrystal).1>3:1>5-158
Furthermore, in case of a crystalline material composed of two or more molecules with at
least one being a gas molecule (i.e. gaseous at ambient condition): the solid form is called
clathrate.’>%¢1 However, aside the different nomenclature and type of intermolecular
interactions existing for these multicomponent solids, their implication in a conglomerate
screening remains the same: the engineered crystal form has 5-10% chance to form a

conglomerate-forming system.

It should be mentioned that multicomponent solids may also deviate from the stoichiometric

ratio to form non-stoichiometric solids: these are called mixed crystals.62-16>

1.3.4 - Detection of conglomerate-forming systems

The rare occurrence of conglomerates constitutes a sever limitation for many crystallization-
based techniques. Hence, several methods have been developed for the efficient
identification of such coveted systems. However, we must remember that “Spotting a
conglomerate is just halfway to achieving a preparative resolution [...]”. 16 Epitaxial growth,
lamellar twinning, partial solid solution or slow crystallization kinetics are potential issues that

may still hinder such resolution process of conglomerate-forming systems.167-173

1.3.4.1 - Determination of phase diagram

The inherent symmetry of a conglomerate-forming system induces a perfect symmetry of the
heterogenous equilibria. This statement imposes that (i) the eutectic point composition must
imperatively be racemic (ii) a scalemic suspension must be in equilibrium with a saturated
racemic mother liquor. This data can be easily accessible experimentally through the

determination, at least partial, of phase diagram:

e Determination of the d.s.p.c through the analysis of the composition of a scalemic

suspension and its mother liquor.174
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e Partial determination of the clear points at different enantiomeric composition but
constant ratio solid-solvent (i.e. isoplethal section)'’>

e Comparison between the racemic melting point with the eutectic temperature!!3

These methods are based on thermodynamic principles, allowing for the identification of
stable-conglomerate forming system exclusively. Moreover, it should be noted that racemic
compound may have a d.s.p.c or a eutectic point composition close to the racemic

composition.

1.3.4.2 - Non-linear optics

Discrimination between conglomerate and racemic compound can be explored by using
Second Harmonic Generation (SHG hereafter), which is a useful tool for a conglomerate pre-
screening process considering its non-destructive behaviour, the small quantity of crystalline
particles needed and its high sensitivity. More specifically, it is a non-linear optic phenomenon
in which two colinear electromagnetic waves of same frequency (i.e. same wavelength) are
interacting while they propagate thought non-centrosymmetric materials. This interaction is
characterized by the formation of a new wave with a frequency twice the incident one (i.e.
wavelength divided by two).7®”7 SHG can be detected using setup such as the one

schematized in Figure | - 27.

Sample : crystalline
powder in wells
(possibly in equilibrium
with mother liquor)

Intensity
Regulator

- 1-5s of irradiation / sample
-> 10 to 1000 mg of powder

Heatingl/cooling stage %
+ RH% control

Figure | - 27. Second Harmonic Generation setup.
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Conglomerate-forming systems must crystallize in a non-centrosymmetric chiral structure (cf
1.2.1.1), but an accurate screening of conglomerate through SHG measurement remains
biased considering the frequency of non-centrosymmetric material exhibiting achiral
structure (i.e. kryptoracemates, solid solutions or racemic compounds crystallizing in a non-
centrosymmetric achiral space group (NA)), exceptions from the Kleinman Symmetry rules (i.e.
422 and 622) and Neumann principle (i.e. 432).17817% Actually, the probability that a SHG

positive racemic mixture is actually a conglomerate forming system is about 64%.178180,181

1.3.4.3 - Spectroscopic data

A conglomerate has the particular property of being a physical mixture of enantiopure crystals
that exhibit mirror image crystal packings. By contrast, the crystal packing of a racemic
compound differs entirely from that of its pure enantiomers. Based on this distinction, the
spectroscopic data (e.g. FTIR, Raman, Solid-State NMR, Solid-state CD etc.) or structural
analyses (e.g. X-Ray Diffraction, Small-angle X-ray scattering, Wide-angle X-ray scattering) of a
chiral system crystallizing as a conglomerate would be identical in both its racemic and
enantiopure forms. Conversely, this data would differ significantly for a racemic compound

(Figure | - 28).
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Figure | - 28. Examples of X-ray diffractograms and FTIR spectra comparison between enantiopure and racemic samples of
(A) a conglomerate forming systems (Baclofen/maleic acid cocrystal) and (B) a racemic-compound forming system
(baclofen enantiomer), as well as (C) a conglomerate forming systems (3-(2-Ethylphenoxy)-propane-1,2-diol) and (b) a
racemic-compound forming system (3-(2-Isopropylphenoxy)-propane-1,2-diol). These data are respectively sourced from

Gendron!82183 and Bredikhin et al.18
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1.3.4.4 - Structural resolution

In the case that enantiopure crystals are not accessible, the solid-state classification could be
obtained through the structural resolution by Single-Crystal X-Ray Diffraction (SCXRD). It is the
most accurate method to determine whether the chiral system crystallizes as a conglomerate
or a racemic compound. However, it is necessary to grow single crystals from the racemic
mixture, which are often obtained in static condition. It should be noted that metastable
phases are accessible under such static conditions (i.e. Ostwald’s rule of stages), for instance

metastable polymorphs.

1.3.5 - Crystallization-based chiral resolution or deracemization methods

Many methods are used to obtain pure enantiomers, ranging from synthesis (asymmetric
synthesis, chiral pool, enzymatic catalysis) to purification step (chiral chromatography,
biocatalytic process etc.).’®5187 Since these methods are extensively documented in the
literature, this manuscript will focus exclusively on crystallization-based chiral resolution

techniques.16>188189

1.3.5.1 - Diastereomeric salt formation

The diastereomeric salt resolution,’®° also known as Pasteurian or classical resolution, consists
in breaking the symmetry existing between enantiomers by forming diastereomeric salts. To
this end, an enantiomerically pure chiral agent is added to a racemic mixture of enantiomers,
leading to the formation of diastereomeric salts. The difference between the solubility of the
two salts, induced by the formation of diastereomers, makes the crystallization of pure
enantiomers possible from an equimolar medium (Figure | - 29). In case of non-congruent
solubilities, one must consider the quaternary phase diagram of this four-component system
to find suitable conditions for selective and optimized crystallization of enantiopure

diastereomeric salt.
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Solvent

+ <Salt R>
l.s.s

Salt S Salt R

Figure | - 29. Ternary section of a diastereomeric salt system and a solvent. Crystallization pathway from the racemic
mixture is represented by the blue/red line. Upper blue line : salts are solubilized, red line : selective crystallization of the

<Salt S>, lower blue line : crystallization of both salts.

Moreover, an improved Pasteurian resolution method has recently been introduced, in which
a family of chiral resolving agent are used simultaneously instead of a single enantiomerically

pure resolving agent: this method is referred to as the Dutch resolution.191-1%4

1.3.5.2 - Preferential crystallization

Preferential crystallization, originally known as crystallization by entrainment, was initially
observed in 1866 by Gernez.'?> Although it holds as an attractive method for chiral resolution,
significant practical advancements in this technique have only emerged since Secor’s

comprehensive review in 1962.1%

Preferential crystallization can be described as a stereoselective crystallization from a
supersaturated racemic or slightly enantioenriched medium, either solution or melt, of a
system crystallizing as a conglomerate.?’1% The stereoselective crystallization is induced by
intentional seeding with enantiopure crystals prior to any primary nucleation, favouring
therefore secondary nucleation and crystal growth of the seeded enantiomer and leading to
a metastable equilibrium in which the counter enantiomer remains supersaturated. This
method relies on (i) the high chiral discrimination capabilities provided by the solid-state and
(i) the favourable crystallization kinetics of enantiopure crystals whilst thermodynamic
dictates that both enantiomers should crystallize. This is therefore an out-of-equilibrium chiral
resolution method based on nucleation kinetics: nucleation from a supersaturated solution is

not instantaneous considering that the system must cross the energy barrier of formation of
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a critical size nucleus (cf. 1.2.2.1 and 1.2.2.2). However, the system must be filtered before the

crystallization of the counter enantiomer.

Figure | - 30 depicts the cyclic Seeded Isothermal Preferential Crystallization process (SIPC
hereafter). The operating sequence is the following: a racemic clear solution at T:is cooled
down to T, at which the solution in supersaturated in both enantiomers, then seeding with
<R> crystals is performed (point a), inducing the preferential crystallization by secondary
nucleation of <R> along [ab] until filtration. All along [ab], primary nucleation of <S>
enantiomer does not occur, but its supersaturation is increasing. After filtration of pure <R>,
the solution is heated at T; and compensated with the racemic mixture ([ba’] in Figure | - 30).
Then, a symmetrical operation using <S> crystals seed is performed, inducing the preferential

crystallization of <S> along [a’b’] and so on.

(a)

Solvent

Qor O

Seeding

<S>+
Sat.sol

<R>+
Sat.sol

Feeding

¥ Filtration

S R o)
Q or
Q Q
o 95,

Figure | - 30. Cyclic SIPC process : (a) isothermal ternary phase diagram and (b) experimental schematic view.
Several methods of preferential crystallization exist and are listed below :

e Seeded Polythermic Programmed Preferential Crystallization (S3PC): this variation
implies that seeding occurs at a temperature in which a supersaturation is reached.
This supersaturation is then continuously increased by reducing the temperature
afterward. This method requires therefore accurate knowledge on the heterogenous
equilibia of the system but maximizes the recovery of the targeted enantiomer.

e Auto-Seeded Polythermic Programmed Preferential Crystallization (AS3PC): this
variation differs from S3PC by the mode of seeding: the seeds are generated in-situ

from the biphasic domain (i.e. only one enantiomer is supersaturated) using a slightly
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enantioenriched clear solution. The resulting mother liquor, enriched with the counter
enantiomer, is recycled to perform the preferential crystallization of the counter
enantiomer.

e Auto-Seeded Preferential Crystallization Induced by Solvent Evaporation (ASPreCISE):
this variation imposes a supersaturation through solvent evaporation at constant
temperature, but overall mechanisms remain similar as the AS3PC.%%°

e Second Order Asymmetric Transformation (SOAT): a particular resolution method
combining preferential crystallization and in-situ racemization leading to a theoretical

yield of 100% in one step.122200.201

An accurate monitoring of the crystallization parameters and kinetics is therefore essential:
for instance seed properties (initial mass, particle size distribution, structural and chemical
purity etc.), stirring (rate and geometry), temperature profiles (Holding temperature / time
and cooling rates), working solvent etc. However, although optimal conditions are established,
the efficiency of such chiral resolution process may be constrained by specific factors such as
a partial chiral discrimination, an epitaxial growth or a crystallization of metastable racemic

compou nds 168,170,202-204

Moreover, it has long been assumed that only conglomerate-forming system, representing 5-
10% of the known chiral systems, are suitable for this resolution methods, overlooking the
inherent out-of-equilibrium nature of preferential crystallization. Since then, few examples of
preferential crystallization on metastable conglomerate have been published.?3>%37 Although
promising, it remains unclear if such cases are incidental reports on systems with specific
traits, or if there are general guidelines that can be exploited to extend these principles for
systematic isolation of enantiomers by crystallization in case of racemic compound-forming

systems.

1.3.5.3 - Solid-state deracemization

Solid-state deracemization, also known as spontaneous symmetry breaking, is a chiral
amplification method occurring close to thermodynamic equilibrium. In this process, a
racemic suspension of a conglomerate-forming system in equilibrium with its racemized
saturated solution results in a chiral amplification until a single population of enantiopure

crystals remains.?%> The mechanism behind deracemization is still discussed,?%621> although
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mathematical model introduced by Iggland and Mazzotti pointed out that no deracemization

occur without in situ racemization, growth, dissolution, and agglomeration, wherein

dissolution kinetics must be faster than growth kinetics.?'%212216 However, this method

necessitates an energy input (temperature cycling, ultrasound, attrition etc.) as the overall

solid-state deracemization kinetics are rather low.

A schematic representation of the deracemization process is depicted in Figure | - 31:

Saturated solution

Solid in suspension

The process starts with a racemic suspension of a dual population of enantiopure
crystals in equilibrium with their racemized saturated solution. The ternary system is
degenerated as the liquid phase can only contain an equimolar amount of enantiomer.
Meanwhile, changes in solid-phase attributes (e.g. crystal size distribution, growth rate
dispersion etc.) occur, inducing a stochastic enantiomeric imbalance in the solid-state.
This imbalance is also known as “take-off”.

Then, this slight enantiomeric excess is auto-amplified through an auto-catalytic
process involving agglomeration of crystal with the same handedness and Ostwald
ripening, leading in fine to an enantiopure suspension. Although this process may
theoretically result in the recovery of 100% of the initial material involved, part of it
remains racemized in solution resulting to an experimental global recovery that could

hardly exceed 90%.21227

Initial condition Stochastic imbalance Completed process

‘ ‘ Racemization
. ‘ ‘ ‘ ‘ in solution
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Figure | - 31. Schematic representation of the deracemization process.
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The system could evolve stochastically toward a single population of either the left-handed or
right-handed enantiomer without specific control. However, the final evolution of this
spontaneous process can be directed by intentionally introducing a small enantiomeric
imbalance of the targeted enantiomer. Furthermore, the greater the imbalance the faster the
evolution toward a homochiral population is, demonstrating that the kinetic of this
spontaneous evolution is of the first order and emphasizing its auto-catalytic nature. More
importantly, solid-state deracemization processes offer the advantage compared to
traditional chiral resolution methods to convert the counter enantiomer into the desired one.
This spontaneous symmetry breaking is therefore not only economically sustainable but also

maximizes efficiency, achieving a theoretical yield of 100 %.206:207,212,218

An intense research activity has been taking place in the domain of solid-state deracemization
since the seminal paper of Viedma in 2005,12° for which the abrasive effect of glass beads
led to a fast and spontaneous symmetry breaking by inducing crystal attrition, favouring the
clustering of enantiopure particles and thus enhancing the Ostwald’s ripening phenomenon.
Ever since, temperature cycling, ultrasound, microwave, solvent evaporation, high-energy
milling or even pressure stress have proven effective in achieving spontaneous evolution

towards a single chirality.121:217,219-225
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Chapter II: Solid-State Deracemization & Non-Equilibrium Conditions

I1.1 - Introduction

Despite substantial advancements in the enantiomeric separation of chiral compounds over
the past decades,™ accessing enantiopure materials remains a major scientific and economic
challenge.””” Among the various chiral resolution methods developed so far (e.g. asymmetric
or chiral pool synthesis, preparative chromatography, biocatalysis etc),®'° the crystallization-
based approaches, for instance solid-state deracemization, stand out as the most promising.
Even though powerful, solid-state deracemization techniques have two major prerequisites:
(i) self-sorting of enantiomers into enantiopure crystals and (ii) in-situ interconversion
between enantiomers (cf. 1.3.5.3). these conditions are concomitantly fulfilled by a limited
fraction of chiral systems considering that only 5-10 % crystallizes as stable racemic
conglomerates, of which a limited fraction are racemizable in solution.®!” As a consequence,
many molecules of interest do not satisfy these criteria and cannot be deracemized.
Nowadays, accessing stable racemic conglomerates from chiral substances crystallizing as
racemic compounds is possible by using derivatization-routes (cf. 1.3.3). However, this requires
costly and time-consuming conglomerate screening procedures based on trial-and-error
iterations (e.g. multi-components solid formation, reversible synthesis etc.), furthermore

exhibiting the same 5-10% unfavourable outcome.

This chapter is therefore devoted to the development of new chiral resolution strategies
adapted to systems unsuitable for solid-state deracemization (i.e. racemic compound-forming
systems or non-racemizable molecules). In case of (i) hardly-racemizable molecules, we will
explore the possibility of achieving chiral resolution through an out-of-equilibrium
dissymmetric dissolution rate between enantiomers using 2-pivaloyl-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-alisoquinolin-4-one as model compound, a conglomerate-
forming system derived from Praziquantel (Figure Il - 1, labelled 3u in consistency with the
following chapter). Despite crystallizing as a conglomerate, 3u contains an asymmetric carbon
bearing a weakly acidic proton, necessitating harsh conditions for racemization and thereby
preventing any solid-state deracemization process in the absence of adapted equipment
according to the prerequisite.'®9 In the case of (ii) racemic compound-forming system, we
investigate the concept of deracemizing a racemic compound through conglomerate mixed

crystals. This is explored using a library based on the easily racemizable chiral core triazole
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ketone (Figure Il - 1, 1),%° a well-known case study in our lab, for which synthesis can

exclusively be implemented in racemic form.

N_ _O O
R
T S
« N
o) N_//

3u 1

Figure Il - 1. Molecular structures of the TAK chiral core (1) and the two conglomerates characterized from 1,3-
dimethylxanthine-based chiral derivative library (2d) and the praziquantel derivative library (3u). Labels are consistent

with previous chapters.

1.2 - Asymmetric dissolution of 3u

Kinetic asymmetries, for instance anisotropic crystal growths, variation in nucleation,
dissolution and growth rates, are fundamental principles of crystallization shaping the size,
structure and morphology of crystals as they evolve from disordered phases.?*~22 Therefore,
we recognize that asymmetric dissolution kinetics of enantiomers crystallizing as a
conglomerate-forming system under temperature variations may lead to sufficient chiral
enrichment enabling a chiral resolution process. Supporting this idea, Noorduin et al.
described the dissymmetric dissolution rate between enantiomers of a scalemic suspension
of a conglomerate-forming system under abrasive condition, attributing the observed
phenomena to the driving forces behind attrition-enhanced deracemization process (i.e.
Viedma ripening).?* Moreover, this attrition-enhanced dissymmetric dissolution has been
already successfully used for the chiral resolution of non-racemizable chiral systems by

exchanging the crystals-free solution of couple-batch vessels (Figure Il - 2).2572°
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K Attrition Attrition Attrition Attrition J

Figure Il - 2. Resolution by crystal size-induced solubility difference developed by (A) Hein et al.?6 in a “Preferential

crystallization-like” process and (C) Spix et al.25 in an “attrition-enhance deracemization-like” process. The red and blue

spheres represent a pair of enantiomers, where filled and empty spheres indicate the solid and solvated form respectively.

Notably, such studies received limited to no attention for the temperature cycling variation of
solid-state deracemization (Temperature Cycling Induced Deracemization, TCID hereafter)

and its possible impact on chiral resolution. This is what we decided to explore.
11.2.1 - Solubility measurements

Phase-transition may be induced by temperature changes. As a result, heating a scalemic
suspension of a conglomerate-forming system could induce the complete dissolution of one
enantiomer over the other at a certain temperature and result in an enantiopure suspension.
It was therefore essential to accurately obtain the solubility data of 3u in the working solvent
to identify the phase boundaries prior to any dissolution experiments under temperature
variations. This would enable us to correlate any observed deviations from thermodynamic

equilibrium during the dissolution experiments.

Consequently, the temperature-dependent solubilities of racemic (Figure Il - 3A, squares) and
enantiopure (Figure Il - 3A, triangles) 3u in IPA were determined using the Crystall6 apparatus
and fitted using Van’t Hoff equation (cf. 1.2.2.2 and Appendix A - 1.3.2). Ternary isotherms
relevant to our study can be constructed relying on these solubility data, assuming a
thermodynamic ideality. To further support this analysis, the temperature-dependent

solubility of an additional mixture of 3u at 29 e.e.% was determined (Figure Il - 3A, circles) and
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also fitted using Van’t Hoff equation. Figure Il - 3B presents examples of such ternary
isotherms, specifically at 15 °C; 20 °C and 30 °C. Moreover, the solubility curves are strait lines,
which align with the (quasi-)ideal thermodynamic behaviour of this conglomerate-forming

system.

A) B)

15 20 25 30 35 40 0 10 20 30 40 50 60 70 80 90 100
T(°C) %wt of (R)-3u
Figure Il - 3. (A) Temperature-dependent solubility of (R)-3u (triangles), scalemic mixture of 3u at 29 e.e.% (circles) and
(RS)-3u (squares). Lines are theoretical fits using Van’t Hoff equation. (B) Isothermal sections of the ternary system (R)-3u
/ (S)-3u / IPA based on (A) at 15 °C (green triangles), 20 °C (purple diamonds) and 30 °C (orange squares) magnified in the
IPA-rich part of the ternary solubility diagram. The black cross corresponds to the experimental mixtures used in the

preferential dissolution experiments. Lines are guides for the eyes.

11.2.2 - Preferential dissolution under temperature variation

According to the above determined ternary isotherms (i.e. 15 °C, 20 °C and 30 °C), a scalemic
mixtures of 3u at 20 e.e.% was suspended in IPA (6.5 wt%), magnetically stirred at 300 rpm
and subjected to different temperature programs (TP hereafter) over 3 completed cycles
(Figure Il - 4A). These TPs, typically used in TCID process, differ from each other by the highest
temperature reached. Nonetheless, such suspension (i.e. 20 e.e.% at 6.5 wt%) remains within
the triphasic domain, even at 30 °C (Figure Il - 3B, black cross), meaning that the liquid phase
should consistently remain racemic under thermodynamic equilibrium. Even though transient
kinetic deviations may occur, they are expected to be short-lived. According to this statement,
The low- and high- temperature isotherms last for 5 and 15 minutes respectively. The solid-
phase and solution-phase e.e. is then monitored at the end of each isotherm and summarized
in Table Il - 1. An average of each solid and solution-phase monitoring is depicted as
histograms to better visualize the change in e.e. during these experiments as function of the

temperature program followed (Figure Il - 4, B and C).
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Figure Il - 4. (A) Temperature program TP |, TP Il and TP Ill. Monitoring of (B) the solid-phase e.e. (%) and (C) the solution-
phase e.e. (%) as function of the temperature program highlighted in (A) of an initial 20 e.e.% solid mixtures suspended in
IPA (6.5 wt%). The reported e.e.% values in (B) and (C) are an average of 3 different sampling performed at low
temperature. Green bars represent the monitoring after the end of the low-temperature isotherm while purple bars

represent the monitoring after the end of the high-temperature isotherm steps.

Table Il - 1. Experimental solid-phase and solution-phase e.e. obtained for three successive cycles at the low and high

temperatures of each temperature program. Each e.e. values are given with an uncertainty of + 0.3 %.

Temperature program TP 1 TP I TP 1

Repetition 1 2 3 1 2 3 1 2 3

Solid-phase e.e. LT 281 244 95 214 193 288 235 134 214
(%) HT 37 345 30.1 303 36.7 369 956 954 95

Solution-phasee.e. LT -03 -0.1 -05 -05 -0.7 -01 -01 -1.7 -14
(%) HT -13 -11 -16 -23 -22 -21 14 22 2.5

Despite a slow cooling rate for each TP (i.e. < 0.6 k.min), the solid-phase e.e. at low
temperature remains unpredictable whatever the TPs applied to the system (Table Il - 1). As
the sampled volume is neglectable with respect to the total volume of the experiments (i.e. <
0.5% per sampling), this further demonstrates the asymmetry of the crystallization kinetics.
However, the solid-phase e.e. consistently increases after the heating steps as theoretically
expected from the tie-lines of the experimentally determined ternary isotherms (Figure Il -
3B). This increase of the solid-phase e.e. is of similar magnitude for both TP | and Il, reflecting
the minor differences in solubility between these temperatures. As the temperature rises, the
solid phase shows an enrichment of the major enantiomer, while the solution-phase e.e. in
both experiments exhibits an enrichment of the minor enantiomer. Although TP | and TP Il
follow similar trends, the more pronounced decrease in the solution-phase e.e. in the case of

TP Il suggests that greater dissolution enhances the enantiomeric imbalance. It should be
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noted that the quasi-racemic solution-phase e.e. after cooling in both experiments
demonstrates the neglectable impact of attrition due to the magnetic stirring on the

enantiomeric excess (Figure Il - 4B and C).

By contrast, TP Il consistently exhibits a quasi-enantiopure solid after each heating step (Table
Il - 1). More importantly, this is also associated with an enantiomeric enrichment of the
solution-phase with enantiomers of the same handedness. Even though the solid mixture
should belong to the triphasic domain at 30 °C, this enrichment of both the liquid and the solid
phases indicates that this equilibrium is following a tie-line belonging to the biphasic domain

(Figure 11 - 5).

Solvent

S R

Figure Il - 5. Schematic isoplethal ternary isotherm of a conglomerate-forming system / solvent highlighting the enrichment
of the solution-phase with the major enantiomer for a mixture belonging to the biphasic domain b (green cross) starting
from a scalemic mixture (a). The solution-phase composition is accessible by the projection of the tie-line associated with
this composition (green dashed bar) up to the liquidus curve (point c). The projection of the point (c) to the composition
axis (pink dotted line) gives the final solution-phase composition (d) under thermodynamic equilibrium. (i) <(S)> + sat.sol.

(i) <(8)> + <(R)> + d.s.s. (iii) <(R)> + sat.sol. (iv) u.s.s.

This could be due to experimental errors according to the proximity of this composition with
the phase boundary, or to the presence of a partial solid-state miscibility between 3u
enantiomers that would slightly shift this phase boundary toward the racemic
composition.3%3! Furthermore, this would explain the quasi-enantiopure solid after each
heating step. More importantly, an opposite enrichment of the liquid phase is also observed
for TP Ill. By contrast with TP | and Il, this enrichment occurs during cooling. This indicates that

while preferential dissolution occurs when heating a scalemic suspension within the triphasic
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domain, preferential crystallization takes place during cooling after reaching the biphasic

domain (Figure Il - 6).

A) B)

Solvent

Solvent

Preferential dissolution Preferential Crystallization

Figure Il - 6. Schematic view of isothermal ternary solubility diagrams highlighting in grey the phases in which (A)

preferential dissolution and (B) preferential crystallization occurs

Likewise attrition, even small temperature variations are sufficient to induce an out-of-
equilibrium enantiomeric imbalance of comparable magnitude.?* It should be noted that
adding a racemizing agent would enhance this asymmetric dissolution by maintaining an

identical supersaturation of both enantiomer throughout the process.

Even though asymmetric dissolution starting from scalemic mixtures under temperature
variations is undeniable, one should wonder if this phenomenon also holds for a racemic
mixture. To investigate this aspect, a racemic mixture of 3u is suspended in IPA within a
thermostated round-bottom flask in such a way that a slight suspension density remains at 40
°C based on the solubility data in Figure Il - 3A. This system is submitted to three successive
cycles of the following temperature program: an isotherm at -10 °C for 1 hour followed by a
heating ramp at 4 K.min! up to 40 °C. The solid phase is sampled after the isotherm at -10 °C
and again after reaching 40 °C. The e.e. monitoring data are summarized in Table Il - 2. It
should be noted that the liquid phase is reinjected after sampling, preventing the system from

being entirely dissolved, but hindering the monitoring of the solution-phase e.e..
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Table Il - 2. Experimental solid-phase e.e. obtained at -10 °C and 40 °C 3u suspended in IPA for three successive cycles.

Cycles 1 2 3
Temperature (°C) -10 40 -10 40 -10 40
Solid-phase e.e. (%) 0.0 1.7 0.02 1.4 0.04 1.1

It can be seen that a slight enantiomeric imbalance in the solid-state occurs after heating,
which is of the same magnitude of the solution-phase enrichment described above (i.e. > 1
e.e.%). This can reflect an initial enantiomeric imbalance of the starting material, even though
undetectable from our HPLC measurements (i.e. < 0.1 e.e.%), which is further amplified by the

temperature variation.
11.2.3 - Asymmetric dissolution-induced chiral resolution

This temperature variation-induced asymmetric dissolution might generate a sufficient
enantiomeric imbalance for chiral resolution to be successful. For instance, this solution-phase
enantiomeric imbalance could be introduced into another thermostated flask containing a
symmetrical slurry of the substance to be resolved. Upon lowering the temperature, one
would expect this enantiomeric imbalance of the solution-phase to crystallize into the later,
inducing a chiral enrichment of the solid phase with enantiomers of the same handedness.
Thereby, subsequent reheating of this slurry would therefore produce a symmetrical solution-
phase enantiomeric imbalance, which could be reinjected into the initial thermostated flask.
This process could be repeated in reverse, facilitating complete chiral resolution over
successive cycles. Akin the chiral resolution of asparagine in a couple-batch grinding process
by Spix et al.,*> we setup two identical thermostated round-bottom flasks containing racemic
3u suspended in IPA, for which the exchange of the crystal-free solution is ensured though a

peristaltic pump connected to HPLC filters (Figure Il - 7A).
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Figure Il - 7. (A) illustration of the experimental setup combining two temperature-cycling experiment in coupled batch,

for which the solutions are constantly exchanged using a peristaltic pump connected to HPLC filters. (B) Evolution of the
solid-phase e.e. (%) in the two coupled batches as function of time starting from initially racemic and symmetrical
suspensions. Positive e.e. is arbitrary attributed to the (R) enantiomer. (C) illustration of a completed temperature-cycling

experiment in coupled batch.

Considering that classical TCID processes starting from a racemic composition reach
enantiopurity over 80-100 hours, the solid-free solution is exchanged continuously for
practical reason. These two thermostated round-bottom flasks are finally submitted to
identical temperature variation following TP Il (Figure Il - 4A) and their solid-phase e.e. is

monitored after the low temperature isotherms (Figure Il - 7B).

As expected from above assumptions, the e.e. of the two thermostated flasks are evolving in
opposite direction, demonstrating that such an out-of-equilibrium asymmetric dissolution is
sufficient to drive a complete chiral resolution of a conglomerate-forming system throughout
a kind of chiral segregation induced by simple temperature cycling. Intriguingly, the take-off
is reached at ca. 80 hours, as commonly observed during TCID experiment from racemic
composition, thus highlighting the similar effectiveness of such approach compared to

classical resolution methods.

However, this setup suffers from a major drawback: the solid-free solution must be

symmetrically exchanged during every step of the temperature program. Otherwise, the
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change in solubility induced by the temperature variation would induce asymmetric slurry
densities and, in the worst-case scenario, could lead to a complete dissolution of one system.
It should be noted that enantiopurity could be reached for only one thermostated flask in our
case (Figure Il - 7B, green triangles) considering that a clear solution remains in the other flask
after 150 hours of temperature cycling (Figure Il - 7B, purple circles). Hence, this resolution
method could be further improved by implementing exact inverse temperature variations
between the two flasks and exchanging the solid-free liquid exclusively when the enantiomeric
imbalance occurs. The process would then operate asynchronously, with one flask in the

asymmetric dissolution regime while the other is in the crystallization regime.

Aside providing a practical way toward enantiopure materials for non-racemizable molecules,
this asymmetric dissolution under temperature variation could also be used as a tool for
evaluating the solid-state nature of newly synthesized molecules, which is a major issue of
actual conglomerate screening. Indeed, the solid-state nature of the targeted compound can
be readily distinguished from racemic mixtures by simply exchanging the solid-free mother
liguor of symmetrical racemic slurries over several hours. It also demonstrates that simple

temperature variations can induce a spontaneous chiral segregation.
11.3 - Mixed crystals deracemization

Conventional conglomerate screening processes ideally require the material to be available
both at the racemic and enantiopure compositions (cf. 1.3.4). Otherwise, SHG pre-screening
methods or crystal structure resolution may be considered, provided that single crystals are
available for the latter. This stands as a serious limitation for molecules solely accessible at the
racemic composition. A notable example of this limitation is the library of triazole ketone
derivatives previously investigated by Céline Rougeot, a former Ph.D. student from our lab,
for which the synthesis of this library could exclusively be implemented in racemic form
(Figure 1l - 1, 1). Although this case study permitted the identification of a cluster of para-
substituted conglomerate-forming systems by SC-XRD, the change of a single atom or
substituting site led to the obtention of racemic compound-forming systems, emphasizing the

unpredictable solid-state nature of chiral compound.3?

Moreover, the use of chiral substances offers unique and innovative properties to several

products, including optical and electrochemical sensors, molecular selectors, catalysts and
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bioactive substances.333* These excellent properties are often a result of chiral recognition
phenomena, induced by the difference in affinity of two enantiomers with a chiral
receptor.3>3® For instance, this allows the development of highly selective chiral stationary
phases, active pharmaceutical ingredients, asymmetric catalysts etc.3’*? Therefore, we
recognize that studying chemically related racemic derivatives might also open new route to
reach chiral discrimination based on the opportunity to form mixed crystals between
chemically related molecules, with one crystallizing as a conglomerate forming system.43-46
Akin the chirality transfer-induced preferential crystallization,*” we could make use of a highly
discriminative chiral recognition phenomenon by introducing the substance to be
deracemized (i.e. enantiomers of the racemic compound-forming systems) within the lattice

sites of a conglomerate host structure, thus suitable for solid-state deracemization (Figure Il -

8).30’31’35’36

Figure Il - 8. Schematic principle of the formation of conglomerate mixed crystal suitable for solid-state deracemization.

11.3.1 - History

Triazole ketone derivatives crystallizing as conglomerates were first introduced by Black et
al.?® Their attention was focused on the 1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4- triazol-

1-yl)pentan-3-one (1a), a precursor of Paclobutrazol (Figure Il - 9).

(@] OH
N N
Cl N Cl N
\ \
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Figure Il - 9. Molecular structure of 1a (left) and paclobutrazol (right).

Paclobutrazol, a plant growth inhibitor,*®4° was previously obtained via diastereomeric salt
resolution but the distomer remained difficult to recycle, hence leading to an expensive final
product.>® Black et al. introduced a new and attractive option for the preparation of

enantiopure paclobutrazol using the conglomerate behaviour of 1a to control the first
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stereogenic centre by second order asymmetric transformation (SOAT).?° The resulting (S)-1a

could be thereby stereospecifically reduced using sodium borohydride to gives paclobutrazol

(Figure 11 - 10).
o} 0 OH
SOAT NaBH,
N\ N\ N\
cl « N cl ( /N cl « /N
NJ/ NJ NJ

Figure Il - 10. Synthesis path for paclobutrazol starting from 1a.

11.3.2 - Conglomerate cluster

Intriguingly, 1-(4-chloro-2-fluorophenyl)-4,4-dimethyl-2-(1H-1,2,4- triazol-1-yl)pentan-3-one,
a chemically related derivative of 1a for which the ortho position is substituted by a fluorine
atom, also crystallizes as a conglomerate-forming system and shares strong crystal structures

similarities.?!

Based on this observation, Celine Rougeot studied the influence of the substitution of the
aromatic group on crystal packing by synthesizing four other chemically related derivatives
based on the chiral core triazole ketone (Figure Il - 11). Among this study, the crystal structure
of two additional para-substituted (p-Me and p-Br) and the unsubstituted compounds has
been resolved, highlighting their conglomerate behaviour. Moreover, these Triazole ketone

derivatives were successfully deracemized by Viedma ripening.

O (@] (@] (@]
Me g_//N Br E_//N §J/N ( N

\
N—/

Figure Il - 11. Conglomerate screening by library derivatization based the chiral core triazole ketone synthesised by Céline

Rougeot. Successful conglomerate hits are highlighted in green.

More importantly, para-substituted derivatives all exhibit an isomorphous orthorhombic
structure involving m-interaction in T shapes along [100] direction (Figure Il - 12A). It can be
seen from this crystal structure that the para-substituent has no influence on the PBC up to a

certain steric hindrance (e.g. t-Bu).3?
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Figure Il - 12. (A) Isomorphous crystal packing of para-substituted derivatives along [010] highlighting the large cavity in
para position capable of accommodating a large variety of atoms. Atoms highlighted in purple correspond to either methyl,
Chlorine or Bromine atom. (B) Crystal packing of 1b along [010]. (C) Crystal packing of 1d along [100]. Hydrogen atoms are

omitted for clarity.

The influence of the substitution site was also investigated by synthesizing two additional
compounds substituted in ortho-position (Figure Il - 13). The single crystal resolution of these
two compounds revealed their racemic compound behaviour. In contrast with para-
substituted derivatives, an ortho substitution led to a completely different crystal packing
even though their PBC are also ensured through planar or T-shaped m-interactions along [001]
and [010] respectively (Figure Il - 12, B and C). The steric hindrance induced by an ortho
substituent appears to prevent the isomorphous orthorhombic structure, instead favouring

more stable centrosymmetric crystalline arrangements.

cl o} o)

N N
cl Y N
> >

Figure Il - 13. Ortho-substituted triazole ketone derivatives.

Despite crystallizing as racemic compounds, the ortho-substituted derivatives (Figure Il - 14,
1b and 1d) share strong molecular similarities with para-substituted derivatives crystallizing
as conglomerates (Figure Il - 14, 1a and 1c). Based on this observation, chiral discrimination
for 1b and 1d could be reached by using the opportunity to form mixed crystals with their
chemically related conglomerate 1a and 1c, respectively, despite the structural differences

between them.

(o] Cl (o] (o) (o]
R Y ) @) )

1a 1b 1c 1d

Figure Il - 14. Molecular structure of the studied systems belonging to the family of triazole ketone derivation. 1a and 1c

are conglomerate-forming system while 1c and 1d are racemic compound-forming system.
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Supporting this idea, it was demonstrated that solid solutions between chemically related
resolving agents of the same handedness improves the Pasteurian resolution, a process
known as “Dutch resolution” (cf. 1.3.5.1).527>> Moreover, there have been extensive reports in
the literature of solid-state miscibility between chemically related molecules, but their

application to chiral resolution has not been explored yet,3031,:43-45,56

11.3.3 - Heterogenous equilibria

It is first necessary to assess the feasibility of forming such conglomerate mixed crystals. To
this end, the heterogenous equilibria between each structurally similar compound must be
explored. The systems under investigation consist therefore of four independent components,
which are thermodynamically described by a quaternary phase diagram. For simplicity, this
four-order system can be represented through an extended T-X binary representation (Figure
Il - 15A), under the assumption of a perfect chiral recognition phenomenon, meaning that no
diagonal interaction occurs (<S>cong / <R>rc OF <R>cong / <S>rc). Studying the racemic binary
isopleth section (Figure Il - 15B) allows for to the determination of the potential occurrence of

solid-state miscibility and, in best case scenario, the limits of this solubility in the solid state.
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Figure Il - 15. (A) Extended binary representation of a quaternary system racemic conglomerate / racemic compound and

(B) its racemic binary isopleth section exhibiting a partial miscibility in the solid state. The subscripts “Cong” and “RC” stand

for enantiomer crystallizing as conglomerate and racemic compound respectively.

The occurrence of partial solid solution on the systems (i) 1a / 1b and (ii) 1c / 1d will be
investigated by the experimental determination of their racemic binary isoplethal sections,
which will be described in mass fraction of the enantiomers of the racemic compound forming-

systems x%-1b and x%-1d respectively.
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11.3.3.1 - Racemic binary isoplethal section 1a / 1b

Different compositions of the system 1a / 1b are prepared by solvent evaporation in
acetonitrile and hand-ground to ensure homogeneity. XRPD (Figure Il - 16A) and DSC (Figure

Il - 16B) analyses are conducted on these samples.
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Figure Il - 16. (A) XRPD patterns of selected racemic compositions between 1a and 1b obtained after recrystallization in
acetonitrile or high energy milling: (a) 1 (b) 0.8 (c) 0.6 (d) 0.4 (e) 0.1 (f) 0. (B) DSC curves of selected racemic compositions
between 1a and 1b: (g) 0 (h) 0.2 (i) 0.4 (j) 0.6 (k) 0.8 (I) 1.

It can be seen from Figure Il - 16A that XRPD patterns are a juxtaposition of pure 1a / 1b
patterns up to a composition of 60%-1b, indicating a complete discrimination between both
solid phases below 60%-1b. Afterward, only the pattern of 1b remains for composition > 60%-
1b, revealing a large solid-state miscibility of 1a enantiomers into the racemic structure of 1b.
This is supported by the thermograms of compositions = 60%-1b depicted in Figure Il - 16B (j
and k), in which three endothermic phenomena are observed. Thermal data of compositions
< 60%-1b present an endothermic invariant at circa 110 °C, which are all concomitant to the
liguidus endotherms, hindering the access of the eutectic enthalpies and preventing a possible
Tammann plot. However, small shift of the diffraction peak observed at ca. 8 and 9 ° (26 scale)

could possibly be due to a small solid-state miscibility below 10%-1b.

Further XRPD analyses are conducted on compositions < 10%-1b using NaCl as an internal
standard to ensure exact diffraction pick positions (Figure Il - 17A). The diffractograms of these
compositions display consistent patterns with this observed from 1a up to 2.5%-1b, with
noticeable peak shifts. Diffraction peaks corresponding to the presence of the racemic

compound 1b are detected from 5%-1b. Furthermore, DSC measurements of this composition
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range showed that the eutectic invariant occurs for compositions = 5%-1b while there is a
single and decreasing endothermic signal up to 2.5%-1b (Figure Il - 17B). This is consistent with
a narrow domain of partial solid solution below 5%-1b. According to above investigations, the
racemic isopleth section 1a / 1b is plotted in Figure Il - 17C. This phase diagram shows that 1b
is miscible in the solid-state with 1a within a small composition range (i.e. < 5 %mol). In

contrast, the miscibility of 1a in 1b, which is strongly temperature dependent, is much larger.
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Figure Il - 17. (A) XRPD patterns of additional compositions (a) 1 (b) 0.1 (c) 0.075 (d) 0.05 (e) 0.025 (f) 0 using sodium chloride
as an internal standard. (B) DSC curves of additional compositions (g) 0 (h) 0.025 (i) 0.05 (j) 0.075. (C) Racemic binary
isoplethal section between 1a and 1b supported by the above-mentioned investigations: (i) ss<(R)-1a> + ss<(S)-1a> (ii)

ss<(R)-1a> + ss<(S)-1a> + ss<(RS)-1b> (iii) ss<(RS)-1b> (iv) ss<(R)-1a> + ss<(S)-1a> + liquid (v) ss<(RS)-1b> + liquid (vi) liquid
11.3.3.2 - Racemic binary isoplethal section 1c / 1d

Akin 1a / 1b, different compositions of the system 1c / 1d are prepared by solvent evaporation
in acetonitrile, hand-ground to ensure homogeneity and analyzed by XPRD (Figure Il - 18A)
and DSC (Figure Il - 18B). XRPD analyses of these compositions demonstrate the perfect
juxtaposition of all diffraction patterns with that of pure 1c / 1d patterns, indicating a physical
mixture of both phases between at least 10%-1d and 90%-1d. DSC measurements on the
whole compositions range all presented two distinct phenomena: (i) an endothermic invariant
around 61 °C and (ii) an endothermic signal varying between the melting point of pure
components with a minimum at ca. 70%-1d. In this case, the widths of partial solid solutions
are determined by plotting the enthalpy of the eutectic invariant for each composition (Figure
Il - 18C, Triangles). According to this Tammann graph (Figure Il - 18C, triangles), this system
must be a eutectic invariant with a eutectic point at around 76%-1d and partial solid solution

domains below 9%-1d and above 96%-1d.
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Figure Il - 18. (A) XRPD patterns of selected racemic compositions between 1c and 1d obtained after recrystallization in
acetonitrile: (a) 1 (b) 0.8 (c) 0.6 (d) 0.4 (e) 0.2 (f) 0. (B) DSC curves of the different racemic compositions between 1c and
2d: (g) 0 (h) 0.1 (i) 0.2 (j) 0.3 (k) 0.4 (I) 0.5 (m) 0.6 (n) 0.7 (0) 0.8 (p) 0.9 (q) 1. (C) Racemic binary isoplethal section (circles)
and Tammann plot (triangles) between 1c and 1d supported by the above-mentioned investigations: (i) ss<(R)-1c> + ss<(S)-
1c> (ii) ss<(R)-1c> + ss<(S)-1c> + ss<(RS)-1d> (iii) ss<(RS)-1d> (iv) ss<(R)-1c> + ss<(S)-1c> + liquid (v) ss<(RS)-1d> + liquid (vi)

liquid.

Interestingly, the conglomerate mixed crystal miscibility limit can be extended via metastable
incorporation up to ca. 30%-1d by using neat high energy milling, akin forced phases
phenomenon in alloy.?”8 This observation is supported by the perfect superimposition of the

XRPD patterns (Figure Il - 19) and the three different endotherms highlighted by DSC

measurements of solid mixtures below 30%-1d (Figure Il - 19g and h).
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Figure Il - 19. (A) XRPD patterns of racemic compositions between 1c and 1d obtained by high energy milling: (a) 0.3 (b) 0.2
(c) 0.1 (d) 0. (B) DSC of racemic compositions between 1c and 1d obtained by high energy milling: (e) 0 (f) 0.1 (g) 0.2 (h) 0.3.

New diffraction peaks are observed for composition > 30%-1d, indicative of a new solid phase

(result not shown). However, plotting the thermal events on a racemic binary isopleth section
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does not lead to an accurate explanation regarding the crystallographic data. Although the
racemic binary isopleth section between 1c and 1d under high energy milling has not been
precisely constructed, there is definitely a stable solid-state miscibility domain up to 9%-1d

and a metastable solid-state miscibility domain up to 30%-1d.
11.3.4 - Temperature Cycling Induced Deracemization

The content of the present section has been published in Chemistry: a European Journal.>® A
narrow domain of stable partial miscibility in the solid state exists for both systems (1a / 1b,
1c/ 1d). Hence, TCID experiments within these domains must be performed to give proof-of-
concept of the deracemization of a stable racemic compound through conglomerate mixed
crystals. The experimental protocol will follow the successful solid-state deracemization by
TCID of pure 1a and 1c already reported in the literature will be used: 2g of solid mixture, 0.2g
of sodium hydroxide (racemizing agent) and a solvent mixture of methanol / water

(MeOH/H,0 hereafter).60-64

11.3.4.1 - Solubility measurements

The addition of a solvent adds an additional dimension to the deracemized system (c = 5, cf.
Gibbs phase rule). In such scenarios, the initial conditions (e.g. solid composition and
suspension density) play a crucial role in determining the phase in equilibrium. This concept is
clearly illustrated by the schematic representation of the isoplethal ternary isotherm of a
hypothetic system involving a racemic conglomerate, a racemic compound and a solvent with
partial miscibility on the conglomerate side (Figure Il - 20). Indeed, the composition of the
mixed crystal in equilibrium with the doubly saturated solution is thermodynamically
described by tie-lines (Figure Il - 20, grey dashed lines). These tie-lines can vary significantly
depending on either the starting solid composition (Figure Il - 20, purple dotted lines) or

suspension density (Figure Il - 20, green dotted lines).
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Solvent

50% Rcang . RSRC

Figure Il - 20. Schematic isoplethal ternary isotherm of a system racemic conglomerate / racemic compound / solvent
exhibiting a partial miscibility on the conglomerate side and highlighting the importance of the starting composition
(purple dotted lines) and suspension density (green dotted lines) on the phase in equilibrium: (i) ss<(R)cong> + $5<(S)cong> +
d.s.s. (ii) sS<(R)cong> + 55<(S)cong> + SS<(RS)rc> + t.s.s. (iii) ss<(RS)rc> + sat. sol. (iv) u.s.s.. Points (a) and (b) belong to the
mixed crystal phase domain (i) while point (c) belong to the quadriphasic domain (ii). Tie-lines are depicted as grey dashed

lines.

By varying the solid composition while maintaining a constant solution density, the system can
yield pure mirror-image mixed crystals (Figure Il - 20, point a or b) or mirror-images mixed
crystals containing centrosymmetric impurity that hinder the chiral discrimination (Figure Il -
20, point c). It should be noted that point (b) is expected to be more enriched with the
enantiomers forming the racemic compound compared to point (a), as indicated by the tie-

lines.

In addition to these critical factors, the solubility of such composition must be carefully
evaluated, as the solution may contain significant amounts of racemic solute, hence reducing
the effectiveness of TCID. Therefore, it is essential to strike a balance between maximizing

solute recovery while maintaining an optimal suspension density.

Bearing this in mind, the solubility of several compositions x%-1b and x%-1d above the
maximum solid-state miscibility limit highlighted for both system in different MeOH / H,0
mixtures are determined by the gravimetric method and analyzed by XPRD after filtration to
ensure the crystallization of the mirror-images mixed crystals. By coupling solubility
measurements and crystallographic analyses, the solvent mixture MeOH/H,0 85:15 (v/v) and
65:35 (v/v) stand out as the most promising for the deracemization of x%-1b and x%-1d
respectively using ca. 15 wt% of solid. In these solvent mixtures, mirror-images mixed crystals
remain up to ca. 5%-1b and 50%-1d. Their solubilities at 20 °C and 30 °C, along that of 20%-1d

to exemplify the impact of the initial solid composition, are summarized in Table Il - 3.
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Table II - 3. Solubilities of x%-1b and x%-1d in MeOH/H20 85:15 (v/v) and 65:35 (v/v) respectively.

5%-1b 20%-1d 50%-1d

Temperature (°C) 20 30 20 30 20 30
Solubility (wt%) 49 6.2 4.7 5.2 9.4 12.1

11.3.4.2 - Operative TCID experiments

TCID experiments using 5%-1b, 20%-1d and 50%-1d according to the abovementioned initial

conditions are performed based on the temperature program reported by Suwannasang et

al .%o

For accurate analysis, the monitoring of the e.e. of both species of the solid mixtures must be
accessible within a single measurement per sample. For x%-1b, optimal cHPLC condition is
found using a Chiracel OD-H column (250 mm x4.6mmx5 pum) with a UV detection at a
wavelength of 220 nm, employing a mixture of isopropyl IPA / n-heptane (3:97, v/v) as eluent
at a flow rate of 1 mL.min (Figure Il - 21A). In contrast, conventional cHPLC does not provide
sufficient resolution for x%-1d, making 2D-cHPLC necessary. This 2D-cHPLC method involves
Chiracel OD-H and AD-H columns (250 mm x4.6mmx5 um) with a UV detection at a
wavelength of 220 nm using a mixture of isopropyl IPA / n-heptane / TFA (95:5:0.1, v/v/v) as
eluent at a flow rate of 1 mL.min™! (Figure Il - 21B). The evolution of the solid-phase e.e.
monitored using the abovementioned cHPLC conditions for each TCID experiments are

depicted in Figure Il - 22.
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Figure Il - 21. Typical chromatograms of (A) racemic x%-1b and (B) racemic x%-1d. Retention time (min) for (A) (R)-1a: 21.23
(S)-1a: 28.12 (R)-1b: 14.02 (S)-1b: 19.34 and (B) (R)-1c: 30.55 (S)-1c: 39.27 (R)-1b: 28.02 (S)-1b: 35.87.

It can be seen from this evolution that the increase in solid-phase e.e. of 1a and 1c (i.e.

conglomerate-forming system) is followed by a similar and concomitant increase in solid-
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phase e.e. of 1b and 1d (i.e. racemic compound-forming system). Moreover, a mixture of
enantiopure mixed crystal x%-1b and x%-1d is obtained after 100 h of TCID, which is a
deracemization time commonly observed for conventional TCID experiment starting from
racemic composition. More importantly, this gives the proof-of-concept that deracemization
can be extended to stable racemic compound-forming systems through a deracemizable

conglomerate host.
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Figure Il - 22. Evolution of the solid-phase e.e. versus time for the TCID experiments of (A) 5%-1b and (B) 20%-1d (B) 50%-
1d. Green squares and purple circles stand for the enantiomers of the conglomerate-forming system and the racemic

compounds respectively.

As expected from the tie-lines (Figure Il - 20), the final deracemized mixed crystals are not
composed of 5%-1b, 20%-1d and 50%-1d after TCID. According to the calibration curves in
Figure Il - 23, the deracemized solids are enantiopure mixed crystals 2.4%-1b, 3.4%-1d and

8.6%-1d, respectively, which are likely to be the stable solid-state miscibility limits for the

homochiral enantiomer pairs.
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Figure Il - 23. Calibration curves relating the solid composition to the HPLC percentage surface area of (A) x%-1b (B) x%-1d
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It should be noted that the racemic binary isoplethal sections depicted in part 11.3.3 are
descriptive of the deracemized systems while no enantiomeric excesses are reached. Indeed,
the solubility limits may evolve with the enantiomeric composition and could be therefore
lower or higher compared to the racemic solid-state miscibility limits. The study of different
compositions at different enantiomeric excess would improve understanding of this
phenomenon. Although the deracemized solid are successfully separated by classical silicagel
column due to their small molecular differences, enantiopure 1b and 1d could not be isolated

in enough quantity to perform further experiments.

11.3.4.3 - Post-TCID Analyses

Further thermal analyses are performed on the final deracemized mixed crystal 3.4%-1d and
8.6%-1d (Figure Il - 24A). It can be seen that only one endothermic phenomenon associated
with a slight decrease of the melting point from the enantiopure 1c to the enriched
enantiopure mixed crystals 3.4%-1d and 8.6%-1d is observed on the thermograms. Those
observations confirm that more material has been involved in the deracemization matrix.
Moreover, crystallographic data are in line with this conclusion since only the pattern of 1cis

detected (Figure Il - 24B).
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Figure Il - 24. (A) DSC curves of deracemized (a) 1c (b) 3.4%-1d (c) 8.6%-1d. (B) XRPD patterns of (d) 8.6%-1d (e) 3.4%-1d (f)
1c.

The crystal habit of the final deracemized solids mixed crystals 3.4%-1d and 8.6%-1d are also
observed by SEM and compared to SEM pictures of deracemized 1c at three different

maghnifications (Figure Il - 25). Although all deracemized solids present aggregates of prism-
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like crystal, the crystal size distribution significantly decreased with variation in the
composition of the mixed crystals. This observation may be a result of a crystal growth
inhibition induced by the enrichment of the mixed crystal, acting as an impurity. According to
the different theoretical models reported for the mechanism of solid-state deracemization,®~
69 this lowered crystal size distribution induced by the mixed crystal enrichment should
enhance the agglomeration and clustering of enantiomer of the same handedness, and
therefore, enhance the kinetic of deracemization. This is indeed observed in the case of 8.6%-

1d, for which the e.e. take-off occurs 20 h earlier than 3.4%-1d.

VacHigh PC-Std. 5KV X200 s 100 pm High PC-Std. 5kV X200 s 100 pm 100 ym
1

Vac-High PC-Std. 5kV 20 pm Vac-High PC-Std. 5kV X 1000 e 20 pm
1 2 3

Figure Il - 25 SEM pictures of deracemized 1c (left column), 3.4%-1d (middle column), and 8.6%-1d (right column).
Magnification x40 (upper), x200 (middle), and x1000 (lower).

11.3.5 - Deracemization under high-energy milling

While the host conglomerate consistently provides chiral discrimination, the efficacy of this

mixed crystal strategy is necessarily bounded by the stable solid-state miscibility of the guest
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molecule inside the host structure (Figure Il - 26A). For instance, TCID experiments performed
with racemic 50%-1d consistently led to an enantiopure mixed crystal of 8.6%-1d composition,
reflecting the maximum solid-state miscibility of 1d within 1c.>® However, this solvent-
mediated approach results in poor recovery since part of the target material remains

racemized at the solvated state.”®

Chrystal Lopes, a Ph.D. student from our lab, recently extended the scope of deracemization
to mechanochemistry by giving the proof of concept of an almost solvent free method for
deracemization under high energy milling (Figure Il - 26B).%3 Additionally, we previously found
that the solid-state miscibility between 1c and 1d is increased to roughly 30%-1d via
metastable incorporation under high energy neat grinding (Figure Il - 19). Therefore, we
realize the benefit of coupling mixed crystals deracemization with mechanochemistry, thereby

opening novel routes for the deracemization of metastable phases (Figure Il - 26C).

ﬂa “base High Energy Milling-enhanced
. L. Metastable Mixed Crystals
Mechanochemical Deracemization Deracemization
Figure Il - 26. (A) Schematic principle of mixed crystal deracemization (B) Schematic principle of mechanochemical

deracemization (C) Enlargement of the miscibility domain through high energy milling driven metastable equilibria.
Motivated by these insights, we here mill several x%-1d mixtures with sodium hydroxide as

racemizing agent and sodium chloride as solid lubricant to ensure better homogeneity, for a

maximum duration of 6h. After grinding, we collect the material and assess the final solid and
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enantiomeric composition of both 1c and 1d by 2D-cHPLC (Figure Il - 27, purple bars). The
mechanochemical deracemization of 20%-1d and 30%-1d mixtures result in a complete
enantioconversion of both compound (> 95 e.e.%) with a final solid composition above the
stable solid-state miscibility (> 9%-1d, green dashed line in Figure Il - 27). Deracemization of
such mixtures by regular TCID using identical condition than the one described in 11.3.4 (Figure
Il - 27, green bars) does not exceed this limit and only a maximum of 6%-1d is obtained as pure
enantiomer mixed crystals. In contrast, high energy milling allows to reach 25%-1d consisting
of a threefold increase with reference to the TCID process. This confirms the success of our
deracemization strategy and further demonstrates the potential of extending solid-state

miscibility under non-equilibrium conditions.

0 [
25 | —
20 |
15 |

10 [

il

20 30 40 50
Initial x%-1d (0 %e.e.)

Recovered x%-1d (>95 %e.e.)

Figure Il - 27. Proportion of enantiopure x%-1d as a function of the initial composition after: (green) TCID in methanol/water
(65/35 v/v) (Green bars) and high energy milling (Purple bars). Dashed lines correspond to the maximum solid-state
miscibility of racemic 0-xX%MeTAK according to either the stable (green) or the metastable (purple) equilibria. Dotted

purple bars corresponds to the enantiopure fraction obtained after experiment exceeding the metastable miscibility

domain.

To further investigate this high energy milling process, we perform experiments with mixtures
above the metastable solid-state miscibility limit (Figure Il - 27, purple dashed line), for
instance 40%-1d and 50%-1d. We observe complete enantioconversion of 1c (> 98 %e.e.)
while the deracemization of 1d remains partial, exhibiting an enantiomeric excess of 67 and
38 %e.e., respectively. Here, the host conglomerate mixed crystal reaches saturation, the
excess of 1d remains as racemic crystals, thus explaining the lower optical purities.
Considering the final solids to be composed of enantiopure x%-1d mixed crystals and racemic

crystals of 1d (Table Il - 4), the final enantiopure mixed crystals consistently exhibit a
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composition of ca. 27%-1d (Figure Il - 27, dashed purple bars). By contrast, TCID of these
mixtures once again resulted in solid compositions below the stable solid-state miscibility limit
(Figure Il - 27, green bars).

Table Il - 4. Peak area collected by 2D-cHPLC after complete deracemization under high energy milling of different x%-1d
mixtures. The composition of the racemic crystals is estimated considering the non-deracemized solids to be part of a

racemic phase (either racemic conglomerate or racemic compound). The composition of the enantiopure crystals is

therefore estimated by considering the deracemized solids to be part of an enantiopure mixed crystal phase.

Initial x%-1d 40%-1d 50%-1d
R 3.4 6.8
Area (a.u.)
S 236.7 250.1
1c
Area racemic mixture (a.u.) 6.8 13.6
Area enantiopure crystal (a.u.) 233.3 250.1
R 16.2 51.5
Area (a.u.)
S 79.4 114.3
1d
Area racemic mixture (a.u.) 32.3 103.0
Area enantiopure crystal (a.u.) 63.3 62.8
Peak area ratio of enantiopure crystals (%) 21.4 20.5
Recovered enantiopure mixed crystals x%-1d (%) 27.5 26.6

This maximum enantiopure mixed crystals composition must reflect the metastable solid-
state miscibility limit under non-equilibrium conditions, which is in line with the solid-state
miscibility estimated based on the thermochemical and crystallographic data (cf. 11.3.3.2).
More importantly, it consists of a threefold increase of the efficiency of this deracemization

strategy based on the formation of conglomerate mixed crystals.

11.4 - Discussion & conclusion

This chapter described the use of unconventional strategies toward enantiopurity. The first
strategy gets rid of the boundaries implied by thermodynamic considerations through the
systematic use of fundamental kinetic asymmetries between enantiomers crystallizing as
conglomerates. Intriguingly, our case study revealed a striking consistency in the out-of-
equilibrium dissolution phenomenon and proportionality with respect to the temperature
variation, even though such kinetic asymmetries are expected to depend on numerous

parameters, which should therefore introduce inconsistencies between experiments. This
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behaviour was also observed by applying a significant temperature variation to an initially
racemic material, which may be the result of the amplification of an initial e.e. imbalance
obtained after the synthesis. This initial e.e. imbalance may be inherent to the conglomerate

nature of chiral systems.

Moreover, we demonstrated that this behaviour persists for at least 15 minutes despite
expectations that it should be short-lived, raising the question of how long such an out-of-
equilibrium phenomenon may actually last. By contrast, inconsistencies were characterized
during the crystallization regime, even though the cooling steps operated at low cooling rate.
Intriguingly, a preferential crystallization phenomenon occurs when the chiral system reaches
enantiopurity upon heating (i.e. reaches the biphasic domain). Both preferential dissolution
and crystallization phenomena may be a result of an Ostwald’s ripening process, inducing the

major enantiomer to growth at the expense of the minor enantiomer.

These observations under temperatures variation raise the question of the impact of a
racemizing agent on such system. During the preferential dissolution regime, one would
expect an enhancement of this phenomenon as it would keep an equal supersaturation of
both enantiomer all along the process, therefore withdrawing any driving force for the reverse
process to occur. Conversely, a racemization during the preferential crystallization regime
would inhibit the asymmetric supersaturation of the targeted enantiomer upon cooling,
thereby preventing the prevalence of a single-handed crystal population. This could explain
the typical sigmoidal evolution of such solid-state deracemization processes: while the e.e.
exponentially increase at the beginning of the process (preferential dissolution regime), it

slows down at the end (self-defeating racemization of the targeted enantiomer).

More importantly, these out-of-equilibrium phenomena induce sufficient e.e. imbalance to
drive a complete chiral resolution of a conglomerate-forming system throughout a kind of
chiral segregation induced by simple temperature cycling. This chiral resolution process could
also be included in conventional conglomerate screening process from racemic mixture for
straightforward identification of conglomerate-forming system. This could be done by simply
monitoring the evolution of the e.e. while exchanging the solid-free liquid between two
symmetrical racemic slurries under temperature variations. A deviation from the racemic

composition would be indicative of a conglomerate-forming system.
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The second strategy is to make use of a highly discriminative chiral recognition phenomenon,
akin chirality transfer and Dutch resolution processes, to engineer a conglomerate host-guest
mixed crystal structure. Interestingly, such conglomerate mixed crystals were systematically
characterized for our two model systems although exhibiting different solid-state miscibility
limit, raising the question of how this chiral recognition phenomenon does extend to other
system, being either chemically related or unrelated. Additionally, this work is echoing the
well know natural library of chemically related derivative that are the proteogenic amino
acids: since some of them crystallize as conglomerate (e.g. threonine, asparagine
monohydrate etc.), one may imagine that such complex conglomerate mixed crystal could

arise and evolve toward the homochirality that we observe nowadays.

More precisely, it is possible to direct the complete symmetry breaking towards a single
handedness for a racemic-compound-forming system by using a solid solution with a
chemically related racemizable conglomerate through conventional deracemization routes
(e.g. TCID). However, the comprehensive widespread use of this strategy requires a good
knowledge of the heterogenous equilibria between all involved component to ensure the
evolution of the system towards enantiopurity. Moreover, a clear example of a forced
extension of the conglomerate mixed crystal domain under neat high-energy milling was
characterized, in which operative deracemization condition is successfully implemented.
Among the two successful examples, we could deracemize up to 25 wt% of the racemic
compound inside the conglomerate matrix. Although the solid-state miscibility limits could be
extended through non-equilibrium forced extension, the effectiveness of this deracemization
strategy remains limited by this phase boundary. More importantly, we demonstrate that high
energy inputs provide sufficient far-from-equilibrium conditions for accessing metastable
structures with efficient chiral discrimination capabilities, thereby underlining the tremendous

potential of mechanochemistry in the field of chiral resolution.

This chapter described the benefit of studying libraries of chemically related derivatives and
the potential of performing crystallization process under far-from-equilibrium conditions. It
remains to know how much far-from-equilibrium conditions could overcome the

thermodynamic boundaries usually stated as limitation.
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—— Chapter lll: Enantiopurity by directed evolutionary design: the case of praziquantel ——
lll.1 - Introduction

2-(cyclohexanecarbonyl)-1,2,3,6,7,11b-hexahydro-4H-pyrazino[2,1-alisoquinolin-4-one is a
chiral anthelminthic drug, commonly known as Praziquantel (Figure Il - 1), use to treat
parasitic flat worms infection schistosomiasis.'™ Although it is listed in the WHO Model List of
Essential Drugs,* its poor water solubility and resulting low bioavailability necessitate a high
dosage to achieve the desired therapeutic effect.>® Moreover, Praziquantel is commercialized
and administrated as a racemate whereas the pharmacological activity is exclusively
attributed to the (R) enantiomer.®~*! Even though the (S) enantiomer is generally safe and well
tolerated by human metabolism, it can still cause side effects such as nausea or abdominal
pain for instance. Therefore, this has sparked significant interest in isolating the bioactive (R)
enantiomer, which could potentially allow for dose reduction or side effects lowering.'%3
Unfortunately, Praziquantel crystallizes as a racemic compound, hence hindering the vast

majority of crystallization-enhanced chiral resolution or deracemization methods.*

OTN NTO
N N

O O

Figure Il - 1. Chemical structures of (S)-Praziquantel (left) and (R)-Praziquantel (right)

However, many successful chiral resolution procedures were reported since the last decades,
for instance the diastereomeric salt resolution by forming either diastereomeric pairs
between Praziquantel and Malic Acid (Figure Il - 2A) or between a Praziquantel precursor (i.e.
Praziquanamine) with a Tartaric Acid derivative (L-DBTA hereafter) (Figure Ill - 2B).>'® More
recently, Valenti et al. reported the efficient chiral resolution of Praziquantel through a
chemical derivative crystallizing as a conglomerate by the temperature induced variation of
Viedma ripening coupled with an ex-situ racemization via reversible hydrogenation over Pd/C
packed column. This illustrates that reversible chemical modifications of the target compound

can induce the formation of a conglomerate with possible route toward enantiomeric
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resolution (Figure Ill - 2C).Y” Although promising, spotting conglomerate by this derivatization

approach requires the reversible synthesis of numerous derivatives which are randomly

selected since the occurrence of a stable conglomerate remains unpredictable.'82?
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Figure 11l - 2. Reported resolution routes of Praziquantel via its diastereomeric salt resolution (a) with L-malic acid or (b)

through its precursor with L-dibenzoyl-tartaric acid and (c) reversible synthesis of conglomerate derivatives subsequently

deracemized.

Moreover, no systematic approach has been developed so far to overcome this random

experimental design, leading to low outcomes. Indeed, up to now, identifying conglomerates

within libraries lacks theoretical guidance and is therefore based on trial and error with a

binary outcome that has unfavourable odds: either a library entry forms a stable racemic

compound or a stable conglomerate with only a 5-10% chance of finding the coveted

conglomerate (5-10%).22724 This challenge will be addressed in this chapter under collaborative

effort with the Symeres company (M. Leeman and R.M. Kellogg), AMOF (S.W. van Dongen and

W.L. Noorduin) and Radboud University (P.T. Tinnemans).
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.2 - Praziquantel derivative library

111.2.1 - Presentation of the praziquantel derivatives

The possibility to access conglomerate-forming systems through the reversible synthesis of
chemically related derivatives has already been demonstrated in the literature.?>28 In this
route, a library of crystalline derivatives of Praziquantel was first introduced by Valenti et al.
in 2020 by substituting the 6 membered cyclohexyl ring of the amide function by several
substituents (Figure 1ll - 3, 3a-3ad). In this library, only the pivaloyl derivative was
characterized as a stable conglomerate-forming system, leading to a devaluated conglomerate

frequency (< 4%) compared to what is commonly expected (5-10%).
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Figure Ill - 3. Library of the synthesized derivatives of Praziquantel. Compounds 3a-ad were synthesized through a

collaboration with Symeres.

Akin Valenti’s synthesis procedure (Figure Il - 4), numerous enantiopure and racemic
Praziquantel chemical derivatives were synthesized with the aims of identifying new scientific
guidelines for conglomerate formation and bringing theoretical guidance toward chiral

resolution through the study of chemically related derivatives.
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Figure Il - 4. Derivatization route of praziquantel for generating a library of compound 3.

In addition to the 30 derivatives already introduced, 8 other derivatives are synthesized in this
study, increasing the number of studied systems up to 38 chemically related derivatives
(Figure IIl - 3, 3ae-3al). Among these derivatives, three of them did not crystallize neither at
the racemic nor at the enantiopure compositions despite several attempts (Figure Ill - 3, 3g-p-
q). For some systems, only the characterization of the racemic mixture could be performed as

their corresponding pure enantiomer did not crystallize (Figure Il - 3, 3v-3ab, 3ad-ah-al).
111.2.2 - Optimization and rationalization of the chiral resolution of (RS)-2

Supporting our Praziquantel derivatization strategy necessitates a substantial amount of (RS)-
2 (i.e. Praziqguanamine) but also (R)-2 or (S)-2, we focused on optimizing the Pasteurian
resolution of (RS)-2 that Woelfle et al. recently reported using L-DBTA as chiral resolving
agent.'®?° This method involves the crystallization of an equimolar mixture of (RS)-2 and L-
DBTA in an isopropanol / water (IPA/H20 Hereafter) solvent mixture (80/20 ; v/v) but requires
an additional recrystallization step to reach enantiopurity, leading to the recovery of 66% of
the targeted enantiomer. However, such high yield was never reached during this study. This
part will focus therefore on achieving enantiopurity of 2 in a single crystallization step,
enabling a time-efficient cyclic resolution process of (R)-2 or (S)-2 by performing symmetrical

Pasteurian resolution on the recovered enantioenriched material from the mother liquor.

In such system, one must consider the number of independent components involved in this

resolution process (¢ = 5) that lead to a possible 6-phase equilibria under isobaric condition
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(cf. 1.3.2.1), underlining the complexity of this resolution. Accurate knowledge of the

corresponding heterogenous equilibria under operative conditions was lacking.

Prior to any optimization of this chiral resolution process, it was essential to assess the solid-
state nature of the recovered enantiopure salt. Hence, enantiopure salt is recovered by
performing small scale Pasteurian resolution following the reported procedure and

subsequent TGA-DSC measurements is conducted (Figure Il - 5A).
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Figure Il - 5. (A) TGA-DSC of the recovered enantiopure diastereomeric salt [(R)-2:L-DBTA].2H,0. TGA and DSC curves are
depicted in green and black respectively. (B) X-ray powder diffraction patterns of (a) [(S)-2:L-DBTA] (b) [(R)-2:L-DBTA].

This reveals a single endothermic event at ca. 100 °C associated with a mass loss of 6.06%
resulting from water removal (green curve in Figure lll - 5, confirmed by mass spectrometry,
data not shown), which is coherent with a dihydrated salt: [(R)-2: .-DBTA].2H,0. No other
thermal phenomenon is observed after the dehydration, denoting a destructive dehydration
mechanism (confirmed by HSM).3° According to the poor thermal stability of (R)-2 above its
melting point, which has been reported elsewhere and confirmed by our own DSC
measurement of (R)-2 (Tm = 122.1°C),3! this destructive dehydration mechanism precludes the
crystallization of any anhydrous salt. However, since the operational conditions do not exceed
these high temperatures, [(R)-2: .-DBTA].2H,0 can be used as a solid-form reference whose
XRPD pattern is displayed in Figure Il - 5B. It should be noted that the enantiopurity of the salt
is confirmed by HPLC via small scale isolation of (R)-2 before any measurements. Furthermore,

pure (S)-2 is obtained by performing a symmetrical Pasteurian resolution process (i.e.
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involving D-DBTA instead of L-DBTA) and subsequently crystallized with L-DBTA. The resulting
counter salt could be only crystallized as its anhydrous form [(S)-2:L-DBTA] whose XRPD

pattern is display in Figure IIl - 5A.

Thereupon, the crystallization pathway under operative conditions is assessed using the
InSituX prototype,3? allowing in-situ X-ray diffraction analysis (cf. Appendix A - 1.2.5), for which
compiled in-situ XRPD patterns are displayed in Figure Ill - 6A. A first solid phase is observed
from 60 °C to 40°C, labelled ¢, (Black patterns in Figure Ill - 6A). Unfortunately, the poor
quality of these patterns, denoting a low suspension density, preclude the identification of this
solid phase although new diffraction peaks, for instance at ca. 30° (20), are definitely
observed. ¢, does not correspond to our solid-form reference [(R)-2:L-DBTA].2H.0 and could
therefore be either a single or a mixture of uncharacterized phases. Below 30 °C, a second
solid phase is observed and labelled @, (red curves in Figure Il - 6A). Alike ¢4, this new phase

does not match the XRPD pattern of our reference [(R)-2:L-DBTA].2H,0.
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Figure Il - 6. In-Situ X-ray powder diffraction patterns of a mixture between (RS)-2 and L-DBTA under reported Pasteurian
resolution conditions upon cooling and holding for 10 h at (a) 60 °C (b) 50 °C (c) 40 °C (d) 30 °C (e) 20 °C (f) 10 °C and (g)

after filtration.

Interestingly, another XRPD pattern is obtained after filtration of either ¢, or ¢, (Orange
curve in Figure Ill - 6A), most likely indicating cases of efflorescent solvates (heterosolvate,
solvated double salt, IPA solvate or hydrate with different stoichiometries etc.). This filtrated

solid form strongly matches the XRPD patterns of the enantiopure dihydrated salt [(R)-2:L-
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DBTA].2H,0 although additional peak corresponding to the anhydrous counter salt [(S)-2:L-
DBTA] are detected (Figure Ill - 7). This indicates that ¢, or ¢, are efflorescent solvated solid
phases composed of the two handedness and should therefore be avoided during the chiral
resolution process. Furthermore, small scale isolation of 2 highlighted an enantiomeric purity

of 79 %e.e. only.

Normalized Intensity

5 10 15 20 25 30
26 (°)

Figure Ill - 7. X-ray powder diffraction patterns of (a) [(S)-2:L-DBTA] (b) ¢ or ¢, after filtration and (c) [(R)-2:L-DBTA].2H,0.

Similar investigations using enantiopure (R)-2 rather than racemic 2 evidence the perfect
matching between the XRPD patterns of the crystallizing phase with the one of [(R)-2:L-
DBTA].2H,0 (Figure Il - 8). More importantly, it is likely indicating a case of an efflorescent

double salt solvate as ¢, does not exist at the enantiopure composition.

Normalized Intensity

26 (°)
Figure Ill - 8. X-ray powder diffraction patterns of (a) a mixture between (R)-2 and L-DBTA under reported Pasteurian

resolution conditions and (b) [(R)-2:L-DBTA].2H,0.
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Achieving enantiopurity in a single step requires therefore favouring [(R)-2:L-DBTA].2H,0 over
either @; or @,. While the crystallization of ¢, is easily avoided by maintaining the
crystallization temperature below 30°C, the uncertain solid-state nature of ¢, presents
different potential optimisation route. Assuming ¢, to be an efflorescent double salt solvate,

two optimization routes to access pure [(R)-2:L.-DBTA].2H20 from racemic 2 are explored:

e Pasteurian resolution with a reduced suspension density compared to the reported
procedure: this may enable the access of pure [(R)-2:L-DBTA].2H,0 in case of an non-
congruent solubility of ¢,

e Pasteurian resolution using higher proportions of H,0 than in the reported procedure:
this may enable the access of pure [(R)-2:L.-DBTA].2H,0 assuming ¢, as an efflorescent

double salt solvate of IPA

Figure Ill - 9 displays various in situ XRPD patterns following the first optimization route,
however, these efforts were unsuccessful and yielded exclusively to the formation of @,
mostly indicating a congruent solubility for ¢, in these conditions. Consequently, we explored
the second optimization route whose results of these experiments are summarized in Table Ill

-1,

Normalized intensity
X

12 15 18 21 24 27 30
26 (°)

Figure Ill - 9. In-Situ X-ray powder diffraction patterns of a mixture between (RS)-2 and L-DBTA in an 80/20 v/v IPA / H,0
solvent mixtures at (a) 5.69 wt% (b) 4.6 wt% (c) 3.33 wt% (d) 2.93 wt%. (e) In-Situ X-ray powder diffraction patterns of ¢,.
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Table Il - 1. Yield comparison between the different operative conditions tested for the Pasteurian resolution of (RS)-2

IPA / H,0 Crystallization Yield®@ Enantiomeric
Entry Reference
ratio (v/v) temperature (°C) (%) excess® (%e.e.)
1 4:1 20 78 79 16
3 1:1 20 44 96 This work
4 0:1 20 42 <10 This work

(@ Based on the maximum amount of pure enantiomer (i.e. 50% of the initial mass of (RS)-2).

(v) Determined by polarimetry:16[a]2°"¢ = + 306°

It clearly shows that enantiopurity is improved within a single step by increasing the ratio of
H,0 (entry 3 in Table lll - 1). However, the use of an excess of H,0 in the solvent mixture led
to a drastic drop in enantiopurity, reflecting the necessity of a compromise between
enantiopurity and productivity, which is provided by conditions in entry 3. A potential
explanation of this behaviour is schematically depicted in Figure Ill - 10 (considering ¢, as an

efflorescent double salt solvate):

e The presence of ¢,, which exhibits a congruent solubility in a 80/20 v/v IPA/H,0
solvent mixture, eliminates any possibility of forming an enantiopure solid starting
from racemic 2.

e Adding an excess of H,O results in the enlargement of the crystallization domain of
<[(R)-2:-DBTA].2H,0> at the expense of ,. The ternary isopleth at 50/50 v/v IPA/H,0
solvent mixture illustrates a theoretical scenario in which ¢, no longer exists under
these conditions, facilitating the representation.

e In contrast, the exclusive use of H,O as solvent result in a significant decrease in
solubility, thereby reducing the working window of this resolution process and
explaining the experimental drop in enantiopurity using this condition. Although
enantiopure <[(R)-2: .-DBTA].2H,0> should theoretically be accessible from racemic 2,

this approach would be less efficient.

These results highlight the importance of in situ characterization of such processes to better

understand the crystallization pathway for subsequent optimization.
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Figure Il - 10. Schematic ternary isoplethal section under operative conditions.

Almost enantiopure material is obtained in a single step with a global yield of 44% using
operative condition in entry 3. Although the recovery could be further improved, this single
step operational condition already facilitates the potential of a cyclic resolution process of (R)-
2 or (S)-2. By performing symmetrical Pasteurian resolution on the recovered enantioenriched
material from the mother liquor, we can significantly enhance productivity. Indeed, this
approach enables us to recover nearly 90% of enantiopure (R)-2 or (S)-2 from the initial

racemic mixture of 2, thereby supporting our derivatizing strategy all along this research.
111.2.3 - Crystallization behaviour of the Praziquantel derivatives

After synthesis of the different derivatives depicted in Figure Il - 3 (as racemic mixtures and
pure enantiomers), it is important to first determine the crystallization behaviour of all the
systems (i.e. solid-state landscape and racemate classification). Hence, a systematic workflow
is applied to all synthesized couples (Figure Il - 11), which involves SHG, XRPD and DSC

measurements, as well as crystal structure resolution and d.s.p.c determination (cf. 1.3.3.1).
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Figure Il - 11. Conglomerate screening workflow. (1) Crystallization conditions must be identical.

A SHG analysis is performed on all the synthesized racemate derivatives and compared with
the previously reported data (Table Il - 2). The number of potential conglomerates extracted
from these analyses, i.e. SHG positive racemate, is of 10 derivatives. One can note that some
SHG intensities differ from those reported by Valenti et al.'” (e.g. 3j, 3k, 31, 3n). However, the
SHG analysis is highly sensitive to PSD and impurities even at the ppm scale. The consequence
is that SHG intensity < 10 %quartz cannot be considered as positive signal. Thus, the results

align with the reported SHG intensity.

Regarding the newly synthesized derivatives (i.e. 3ae-3al), only derivative 3ae exhibits an SHG
signal, ie. potential conglomerate. The chemical similarities between the reported

conglomerate 3u and the derivative 3ae should be underlined (Figure Il - 3).

Table Il - 2. SHG intensity recorded for SHG positive derivative and comparison with already previously reported data.

ID 3h 3j 3k 3l 3n 3r 3t 3u 3ac  3ae

From ref 17 S S S w w w N S N n/a

SHG intensities
590 11 33 221 3 29 6 157 10 173
(%quartz)

Nomenclature used by Valenti et al.17: N = no SHG signal ; W = “weak” SHG signal ; S = “strong” SHG signal
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The solid-state classification of the SHG positive derivatives is then clarified through the partial
determination of a ternary phase diagram between the two enantiomers and a solvent. From
a thermodynamic point of view, a scalemic suspension of a conglomerate-forming system
must be in thermodynamic equilibrium with its racemic saturated solution due to its
symmetrical solubility behaviour. By contrast, the mother liquor of a scalemic suspension of a
racemic compound-forming system cannot be racemic under any circumstances. Therefore,
the determination of the doubly saturated point composition (d.s.p.c) can be used to identify
the solid-state classification of the studied system, provided that enantiopure or at least

scalemic material is available (cf. 1.3.2.4).

A scalemic mixture of each derivative (ca. 20 %ee) is suspended in Toluene for 9 days to reach
thermodynamic equilibrium. The composition of both the mother liquor and the suspended
solid is analyzed by chiral HPLC and the results regarding the SHG positive derivative are
summarized in Table Il - 3. The vast majority of the studied systems have a scalemic mother
liquor (i.e. racemic compound). Nevertheless, 3 SHG positive systems belonging to the class of
alkyl-substituted derivatives resulted in a mother liquor close to the racemic composition (3r-
u-ae). Further examination of the suspended solid excluded 3r from the list of potential
conglomerates as it also exhibits a racemic suspended solid, which does not align with the
requirements for a conglomerate-forming system.

Table Ill - 3. Enantiomeric composition of the solid and mother liquor measured by cHPLC after equilibrating the

suspensions in toluene for 9h.

ID 3h 3j 3k 3l 3r 3u 3ae

Solid 8.0 5.7 22.4 19.6 0.3 57.9 40.5
% e.e.
Mother liquor 54.4 65.4 19.7 16.6 6.0 0.8 12.5

Although certain systems are promising, different XRPD patterns between enantiopure and
their associate racemate solid forms are detected for all the studied systems, confirming their
racemic-compound classification. More importantly, this statement also applies to the
derivative 3u, which was used as model compound in part 11.2 and previously reported as a
conglomerate-forming system and successfully deracemized.’ In addition to these

meaningful outcomes, four interesting cases are noteworthy (i) 3ag (ii) 3ae (iii) 3u (iv) 3t.
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11.2.4 - Case study of derivative 3ag

Derivative 3ag, for which the six-membered cyclohexyl ring of praziquantel has been
substituted by a three-membered ring, exhibits an unusual solid-state behaviour for which the
identification of the solid-state nature of each solid form and their thermochemical properties

will be used further in the manuscript. The content of this section has been published in

Organic Process Research & Design.33

111.2.4.1 - Crystallization of racemic and enantiopure 3ag

After synthesis and purification, samples of racemic and enantiopure 3ag are separately
analyzed by XRPD, revealing the pattern shown in Figure Ill - 12a and b and confirming the
crystallinity of the materials. While a single solid phase melting at T, = 149.1 °C for (R)-3ag is
detected, indicating the presence of a single enantiopure solid form, the DSC analyses of the
racemic sample reproducibly gave the thermogram shown in Figure Il - 12e: upon heating at
2 K.min}, a first endothermic phenomenon is observed at T,, = 126.4 °C rapidly followed by an
exothermic peak at Tpeak = 133.2 °C. A second endothermic event occurs at T, = 144.5 °C, once
again followed by an exothermic event at Tpeak = 147.0 °C. Then, a third endothermic event is
detected at a peak temperature Tpeak =149.4 °C (no onset temperature could be reliably
measured for this event). No thermal event is detected upon cooling the melt whereas a
subsequent re-heating of the SCM at 2 K.min? results in an exothermic event at ca. 50 °C,
associated to crystallization (Figure lll - 12f). This is followed by a slightly visible wide
exothermic phenomenon from 70 °C to 90 °C and two endothermic events (at T, = 143.9 °C
and Tm = 144.5 °C). TGA-DSC measurements show that no detectable mass loss occurs upon
heating (result not shown) which reveal that none of the thermal events can be associate to
desolvation. The thermogram in Figure Ill - 12e can therefore be interpreted as a succession

of melting of a less stable polymorph and crystallization of a higher melting polymorph.
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Figure Ill - 12. XRPD patterns of (a) (R)-3ag, (b) (RS-1)-3ag and (c) (RS-11)-3ag. (d) (RS-Ill)-3ag. Typical DSC thermogram
obtained by heating at 2 K.min! from 40 to 155 °C: (e) (RS-lll)-3ag and (f) the SCM.

These interpretations are confirmed by hot stage microscopy experiments which highlight that
a sample of initial crystals (Figure Il - 13a) undergoes a melting and crystallization event at ca.

126°C (Figure Il - 13b), which is followed by a second melting-crystallization event at ca. 146°C

(Figure 11l - 13c)

Figure Ill - 13. Selected pictures of Hot-stage Microscopy observation performed on (RS-1)-3ag single crystals heated at 1

K.min1 from 25 to 150 °C (a) 125°C (b) 140°C (c) 146°C.

To confirm the existence of new polymorphs at higher temperature, 3ag is annealed at 135°C
and 147°C for 15 minutes prior to XRPD analyses at room temperature. The detection of new
XRPD patterns (Figure lll - 12c and d) confirms that (RS)-3ag can exist as three polymorphic
forms, hereafter labelled (RS-/)-3ag (low temperature form), (RS-//)-3ag (mid-temperature
form) and (RS-/ll)-3ag (high temperature form). The solid-solid phase transitions are

sufficiently slow at room temperature so that it is possible to store and manipulate the crystal
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without crystallographic transformation. In fact, no solid-solid phase conversion was observed

after more than a year.

By contrast, cross seeding experiments performed in ethanol and acetone at 20°C
systematically results in solvent mediated polymorphic transitions of (RS-//)-3ag and (RS-/II)-
3ag into (RS-/)-3ag, thus confirming that (RS-/)-3ag is the thermodynamically stable polymorph
at room temperature. The stability relationships between the three phases at higher
temperature could not be unambiguously determined from DSC data since the lower
temperature phases melt prior to recrystallization of the higher temperature phases (i.e. the

heat of fusion rule cannot be applied).3
111.2.4.2 - Construction of the binary phase diagram of 3ag

To further elucidate the stability relationships between the different phases of 3ag, the binary
phase diagram between (S)- and (R)-3ag enantiomers is constructed using DSC measurements.
Thus, (R)-3ag is mixed separately with the different polymorphic forms of (RS)-3ag and ground
with a mortar and pestle to afford the different compositions listed in Table Il - 4, described
in molar fraction of (S)-3ag (Xs)). The mixtures are analyzed in DSC by heating from 25 to 160
°Cat 2 K.min™ (Figure Ill - 14).

Normalized Heat Flux

110 120 130 140 150 110 120 130 140 150 110 120 130 140 150
T(°C) T(°C) Tee)
Figure Ill - 14. DSC thermograms measured at 2 K.min"! for the different mixtures involving (RS-1)-3ag at X(s) = (a) 0.45 (b)
0.35 (c) 0.33 (d) 0.25 (e) 0.05, (RS-1)-3ag at Xs) = (f) 0.40 (g) 0.28 (h) 0.20 (i) 0.15 and (RS-lll)-3ag at Xs) = (j) 0.40, (k) 0.28,
(1) 0.24, (m) 0.22. Dotted lines are guide for the eyes (Blue, Red, Green, violet: invariant temperatures; Orange: liquidus

temperature).
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A liquidus and four invariant phenomena are observed :

e The lower temperature invariant at ca. 124 °C (Figure Il - 14, blue dotted line) only
occurs for mixtures involving (RS-1)-3ag and is compensated by an exotherm.

e The second invariant at ca. 133 °C (Figure Ill - 14, purple dotted line) only occurs
for mixtures involving (RS-1ll)-3ag.

e By contrast, the third invariant at ca. 136 °C (Figure Ill - 14, red dotted lines) is
observed for mixtures involving (RS-/)-3ag and (RS-1/)-3ag.

e The lastinvariant at ca. 142 °C (Figure lll - 14, green dotted lines) occurs whatever
the initial polymorph used. However, this invariant is observed for a limited
composition range X(s) >0.3.

e Finally, another endothermic signal whose temperature varies between the
melting point of pure (R)-3ag and (RS-/ll)-3ag is detected, corresponding to liquidus
temperatures (Figure Ill - 14, orange dotted lines). The discontinuity of this liquidus
curve should be underlined.

It can therefore be concluded that:

(i) Theeventatca. 124 °Cresults from an equilibrium involving the disappearance of the
(RS-1)-3ag phase upon heating. Considering that the polymorphic transition (RS-/)>
(RS-11) occurs through a melting and crystallization process rather than solid-solid
phase transition (Figure Il - 13), the invariant at 124°C must therefore be associated
to the metastable eutectic invariant occurring between (RS-/)-3ag and (R)-3ag, which
is further supported by temperature resolved X-ray diffraction experiment shown in
Figure Ill - 15.

(i) The invariant at 133°C corresponds to the eutectic invariant between (RS-//l)-3ag and
(R)-3ag. This invariant occurs 3°C below the eutectic invariant involving (RS-1/)-3ag,
confirming its metastability at this temperature

(iii) The invariant at 136°C corresponds to the eutectic invariant between (RS-//)-3ag and
(R)-3ag, with a eutectic point composition estimated at ca. X(s)=0.2.

(iv) Theinvariant at 142 °Cis attributed to the polymorphic transition invariant (RS-1/)-3ag

->(RS-111)-3ag, considering the concordance of this invariant and the slope change of
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the liquidus. More importantly, it demonstrates the enantiotropic relationship

between these two polymorphs.

Intensity
g-

5 10 15 20 25 30
26 (°)

Figure Ill - 15. TR-XRPD of a (R)-3ag / (RS-1)-3ag mixture at Xs) = 0.4 at (b) 24 °C (c) 118 °C (d) 123 °C (e) 133 °C. XRPD

patterns (a) and (f) correspond to the simulated diffractograms of (RS-1)-3ag (black) and (RS-1)-3ag (red) respectively.

All temperature data are gathered in Table Ill - 4. The accuracy of these data allows us to
estimate the melting enthalpy of (RS-/)-3ag (4H,, = 20.7 kJ.mol™1) and (RS-//)-3ag (4H,,, =
41.1 k].mol™1) based on the Schréeder-van Laar and Prigogine-Defay simplified equations

using the measured eutectic temperatures and compositions.?43°

Table 11l - 4. Thermochemical data measured for the different (R)-3ag / (RS)-3ag mixtures using (RS-1)-3ag, (RS-11)-3ag or

(RS-111)-3ag The used colours are consistent with those used in the following figures.

(RS-1)-3ag (RS-11)-3ag (RS-111)-3ag

Xis) 0.45 0.35 033 0.25 0.05 040 0.28 0.20 0.15 0.40 0.28 0.24 0.22

TLectic 1225 127.0 1242 1244 1268 - - - - - - - -

T ocie 1361 1366 1361 1361 1356 1364 1369 1362 1343 - - - -

11 - - - 133.1 133.6 133.6 133.9

TEutectic

The binary phase diagram between enantiomers of 3ag, resulting from the above
investigations and computation using Schréeder-van Laar and Prigogine-Defay simplified

equations, is therefore shown in Figure lll - 16. Since phase diagram between enantiomers are
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symmetrical with respect to the racemic composition (i.e. X(s) = 0.5), the equilibria obtained
in the restricted composition range 0 < X(s) < 0.5 can be reproduced for composition X(S) >
0.5. It should be underlined that the true (RS-/)-3ag to (RS-II)-3ag polymorphic transition
temperature cannot be unambiguously determined from our data. More importantly, cross-
seeding experiments and the intersection of the liquidus curves of (RS-1/)-3ag and (RS-/l/)-3ag
indicate that the three racemic polymorphs are enantiotropically related, further emphasizing
how phase diagram determinations are an efficient tool for assessing the stability relationship

between polymorphs.

160

150

120 |

110 g__________________________:‘_’: ___________________________

100 0o o L
0.00 0.25 0.50 0.75 1.00

Figure Il - 16. Melting phase diagram of 3ag. Blue, red and green circles stand for experimental data obtained using (RS-1)-
3ag, (RS-11)-3ag and (RS-Ill)-3ag respectively. I: <R> + <RS-I>; II: <S> + <RS-I>; lll: <R> + <RS-11>; IV: <S> + <RS-1I>; V: <RS-II>
+ Liquid; VI: <RS-llI> + Liquid; VII: <R> + Liquid; VIII: <S> + Liquid; IX: Liquid. Bolded lines and dashed lines are respectively

for stable and metastable equilibria (guides for the eyes).

111.2.4.3 - Crystal structure resolution

To better understand the enantiotropic relationship of the different 3ag phases, single crystals
of (RS-/)-3ag and (R)-3ag are prepared via the classical solvent evaporation method while
single crystals of sufficient quality of (RS-//)-3ag and (RS-//l)-3ag are grown simultaneously by
sublimation in an evacuated quartz tube in a tube furnace at 140 °C with (RS-/)-3ag as starting
material. The single crystals thus formed are collected and analyzed by SC-XRD. The main

crystallographic data collected are summarized in Table Il - 5.
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Table Il - 5. Crystallographic data of the different 3ag phases.

(R)- 3ag (RS-1)-3ag (RS-11)-3ag (RS-111)-3ag
Crystal System Orthorhombic Triclinic Orthorhombic Monoclinic
Space Group P212:2 P-1 Pbca P2i/c
2,7 8,2 2,1 8,1 4,1
a(A) 15.7980(2) 7.5008(3) 8.0294(3) 7.8666(3)
b (A) 22.3286(2) 7.8947(4) 15.2124(6) 22.1616(8)
c(A) 7.9349(1) 11.8256(5) 22.4180(9) 7.8146(2)
a(?) 90 107.1998(16) 90 90
6(°) 90 100.8463(17) 90 90.2443(12)
y(°) 90 90.0477(16) 90 90
Vv (A3 2799.01(6) 656.85(5) 2738.28(18) 1362.36(8)
Calculated Density (g.cm™) 1.283 1.367 1.311 1.318
Measured data 5921 4333 3403 3381
Observed data (Fo>4.0 o(Fo)) 5836 3926 2906 3262
No. Restraints/params 0/362 0/181 0/181 0/182
Goodness-on-fit on F2 0.945 1.042 1.240 1.084

R1/wR2 (Fo>4.0 o(Fo)) 0.0384/0.1192 0.0395/0.1063 0.0953/0.2129 0.0400/0.1100

R1 (all data) 0.0386 0.0436 0.1103 0.0413

Largest diff peak and hole (e~A3)  0.222/-0.147 0.414/-0.198 0.382/-0.335 0.350/-0.198

All three racemic forms crystallize in a centrosymmetric non-Sohncke space group P1, Pbca
and P21/c (i.e. non-enantiomorphic), respectively, confirming the racemic compound nature
of each polymorph. These three space groups are adopted by the vast majority, about 83%, of

the characterized racemic compound-forming systems.?%23

These structures feature a single molecule in the asymmetric unit. Although (RS-//)-3ag and

(RS-1ll)-3ag display strong conformational similarities with an almost planar

octahydrophenanthrene moiety (torsion angles of 39.3 ° and 34.6 ° respectively), (RS-/)-3ag
exhibits a different conformation, with an almost right-angled octahydrophenanthrene

moiety (torsion angle of 69.9 °) (Figure Ill - 17).
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Figure Il - 17. Molecular conformation comparison of the (RS-1)-3ag, (RS-11)-3ag and (RS-II1)-3ag polymorphs (blue, red and

green, respectively). Hydrogen atoms are omitted for clarity.

This conformational difference of (RS-/)-3ag led to alternating layers of R and S enantiomers
in the [001] direction, while chirality is maintained along the [100] and [010] directions (Figure
Il - 18). The PBC connecting the enantiopure slices in the [100] direction is ensured through
weak van der Waals interactions, mainly between the lactam functional group of two
molecules of opposite chirality in the [001] direction (3.74 A). Although the aromatic rings are
stacked parallel along the [010] direction within the enantiopure slice, they are not
overlapping each other and their interplanar distance is too far apart for n-it stacking to be

considered (4.12 A, Figure Il - 18 dashed line).

j\SSYiSy
gj} &S} &S}J

Figure Il - 18. View along the [100] direction of the (RS-1)-3ag crystal structure in which enantiopure slices are stacked with

an alternating chirality along the [001] direction. Dashed lines represent the closest distance between the aromatic rings.

Hydrogen atoms are omitted for clarity.

(RS-11)-3ag has a heterochiral PBCs in which R and S molecules are stacked in an alternating
fashion in the [010] and [001] directions. Chirality is maintained only in the [100] direction,
giving rise to alternating homochiral columns spreading in the bc-plane (Figure Il - 19a). The
three glide mirrors lead to alternating layers of opposite torsion angle of the
octahydrophenanthrene moiety (i.e. +39.3 ° and -39.3 °) stacked along the [010] direction

(Figure 11l - 19b), resulting in greater distances between the closest aromatic rings compared
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(RS-1)-3ag (4.73 A). Thus, connectivity is again ensured by weak van der Waals interactions,
mainly between the amide function of two molecules of opposite chirality in the [100]
direction (3.86 A). The crystal structure of (RS-I/)-3ag is denser than (RS-/)-3ag, leading to
closer distances between molecules in the crystal structures and then, qualitatively stronger
van der Waals interactions which could explain the difference in relative stability between

these two polymorphs as function of the temperature and their enantiotropic relationship.

Figure 11l - 19. View along the (a) [100] and (b) [010] directions of the (RS-II)-3ag crystal structure. Red and blue molecules

correspond to two different layers of the PBC. Hydrogen atoms are omitted for clarity.

The crystal structure of (RS-//l)-3ag is strongly related to that of (RS-//)-3ag. However, the loss
of symmetry induces the PBC to be composed of homochiral layers in the ab-plane (Figure IlI
- 20b), with an alternated chirality in the [001] direction (Figure Ill - 20a). Despite an
interplanar distance of the aromatic rings too far apart for n-it stacking to be considered (4.55
R), it remains closer compared to (RS-//)-3ag. Considering that the same van der Waals
interactions are involved with regard to (RS-1/)-3ag, these shorter distances may explain the
small increase in relative stability (AT = 3.3 °C). Even if these two structures share
similarities, a solid-solid transition from (RS-//)-3ag to (RS-1ll)-3ag would involve shifting of

layers and rotation of molecules, explaining that the transition only occurs from the

metastable melting of the less stable polymorph (i.e. (RS-1)-3ag).
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Figure Il - 20. View along the (a) [001] and (b) [100] directions of the (RS-1Il)-3ag crystal structure. R and S enantiomers are

highlighted in blue and red respectively. Hydrogen atoms are omitted for clarity.

By contrast, (R)-3ag crystallizes in the Sohncke space group P21212 (i.e., enantiomorphic),
which is adopted by 2% of the reported enantiopure structures of small organic molecules.???3
The asymmetric unit is composed of two independent molecules with slightly different torsion
angle of the amide moiety (AAngle = 18.07 °). The PBC is ensured by weak van der Waals
interactions, mainly established by the amide function of two adjacent molecules (3.3 A) along
the [100] direction (Figure Ill - 21). The PBCs are regenerated in the bc-plane by mean of the
remaining 21 screw axes and 2 axes along [010] and [001] directions respectively. Remarkably,
it should be noted that homochiral layers of (RS-/ll)-3ag are superimposable to the [100] PBC
of (R)-3ag.
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Figure Ill - 21. View along the [001] directions of the (R)-3ag crystal structure. The two molecules of the asymmetric unit
are highlighted in yellow and grey. Dashed lines represent the VdW interactions between the amide function of two

identical molecules of the asymmetric unit. Hydrogen atoms are omitted for clarity.

Additionally to the identification of the solid-state classification of each solid phase, this case
study permits the determination of their thermodynamic data (Melting enthalpy and

temperature), which are important data to be considered further in the manuscript.
111.2.5 - Case study of derivative 3t

After synthesis and purification, samples of racemic and enantiopure 3t are separately
analyzed by XRPD (Figure Ill - 22a and c). This analysis highlighted the racemic compound
behaviour of this system, which was further confirmed by resolving the crystal structure of
this racemic phase crystallizing in the space group Pbca (crystallographic data in Appendix A-
I1). Although crystallizing as a stable racemic compound, another solid phase could be grown
and isolated from the racemic mixture of this derivative. XRPD analysis of this solid phase
demonstrated its perfect match with the XRPD pattern of its enantiopure counterpart (R)-3t,
indicating its conglomerate behaviour (Figure Ill - 22b). Interestingly, the nucleation of the
racemic conglomerate is favoured under stagnant conditions in several solvents, either by
temperature lowering or solvent evaporation, and can be reproducibly isolated. However, few
hours of stirring induced the conversion of this conglomerate phase to (RS)-3t. These
observations are therefore in line with the Ostwald’s rule of stages3® and confirm the

metastable nature of the conglomerate in this temperature range.
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Figure 11l - 22. XRPD patterns of (a) (RS)-3t (b) 3t racemic conglomerate (c) (R)-3t.

Normalized Intensity

111.2.6 - Case study of derivatives 3ae and 3u

Despite a positive SHG signal for derivatives 3ae, it exhibits an interesting crystallization
behaviour as two different XRPD patterns that do not match the XRPD pattern of the
enantiopure crystals is identified from the racemate (Figure Ill - 23). The crystal structure
resolution of the two forms indicates two polymorphic forms of the racemic compound : (RS-
/)-3ae crystallizing in the non-centrosymmetric space group /ba2 (i.e. SHG positive racemic
compound) and (RS-//)-3ae crystallizing in the most common space group P2i/c (Table lll - 6,
SHG negative material).?>23 Surprisingly, (R)-3ae crystallizes in the space group P412:2 which
is one of the space group that should not exhibit positive SHG signal according to the Kleinman
Symmetry rules. Hence, the SHG signal observed on the racemate of this derivative must be

due to the presence of (RS-/)-3ae in our analyzed sample (Table Ill - 2).

Further investigations are conducted on the derivative 3ae to evidence its solid-state
behaviour and the stability relationship between the different phases obtained. The
thermochemical data of the two polymorphic forms (i.e. (RS-/)-3ae and (RS-I/)-3ae) are
depicted in the right part of Figure Ill - 23. It shows that (RS-//)-3ae (T, = 148.2°C,4H,, =
22.4 kJ. mol™1) is the most thermodynamically stable form at high temperature compared to
(RS-1)-3ae (T,,, = 143.6°C, AH,, = 27.6 k]. mol™1). Although the heat of fusion rule would

predict an enantiotropic relationship,3* slurry experiments in IPA consisting of pure (RS-/)-3ae
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at ambient and sub-ambient temperature (e.g. -10 °C and -30 °C) resulted in the formation of
(RS-11)-3ae, the two polymorphic forms are therefore monotropically related in the considered
temperature range (-30 °C to 148 °C). Despite several attempts, the racemic conglomerate of
3ae could only be obtained by manually grinding a racemic mixture of enantiopure crystals.
DSC measurement of this manually prepared conglomerate (Figure Ill - 23d) indicates that it

melts 2.4 £ 0.2 °C lower than (RS-/)-3ae (Figure Ill - 23e), highlighting its metastable behaviour.
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Figure IIl - 23. XRPD patterns of (a) (R)-3ae, (b) (RS-1)-3ae and (c) (RS-I1)-3ae. DSC curves of (d) 3ae racemic conglomerate,

(e) (RS-1)-3ae and (f) (RS-11)-3ae. Onset temperatures are depicted alongside the melting endotherms.
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Figure Il - 24. XRPD patterns of (a) (R)-3u (b) (RS)-3u. DSC curves of (c) 3u racemic conglomerate and (d) (RS)-3u. Onset

J

temperatures are depicted alongside the melting endotherms.
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Similar investigations are conducted on derivative 3u. Interestingly, a new XRPD pattern is
identified after the synthesis of the racemate of this derivative, although it was reported as a
stable conglomerate (Figure Ill - 24).Y” Moreover, the single crystal structure resolution of this
new solid form shows that it crystallizes in the non-centrosymmetric space group Cc (i.e. SHG

positive racemic compound) and will be labelled (RS)-3u (Table IlI - 6).

Table Il - 6 Crystallographic data of the different 3ae and 3u phases.

3ae 3u
R RS-1 RS-11 R (EKIGUD)Y RS
Crystal System tetragonal orthorhombic monoclinic orthorhombic monoclinic
Space Group P41212; Iba2 P2i/c P212121 Cc
2,7 8,1 8,1 4,1 4,1 4,1
a(A) 7.92120(10) 30.2497(7) 10.1013(5) 10.4900(2) 20.4600(6)
b (A) 7.92120(10) 7.7046(2) 16.7164(8) 10.5410(2) 7.4268(2)
c(A) 39.4724(4) 10.2061(2) 7.8110(3) 13.3225(2) 10.5016(3)
a(°) 90 90 90 90 90
8(°) 90 90 109.9810(10) 90 108.0277(11)
v (°) 90 90 90 90 90
Vv (A3) 2476.71(7) 2378.65(9) 1239.55(10) 1473.14(5) 1517.40(7)
Calculated
1.310 1.364 1.309 1.291 1.254
Density (g.cm™)
Measured data 2635 2952 3762 5619 5741
Observed data
2635 2848 2967 5213 5621
(Fo>4.0 o(Fo))
No.
0/165 0/164 0/164 0/193 2/193
Restraints/params
Goodness-on-fit
1.089 1.162 1.122 1.049 1.038
on F2
R1/WR2 (Fo>4.0
(Fol 0.0397/0.1027 0.0398/0.0956  0.0556/0.1923 0.0376/0.0958 0.0312/0.0875
o(Fo
R1 (all data) 0.0403 0.0398 0.072 0.0416 0.0317
Largest diff peak
0.246/-0.217 0.260/-0.210 0.350/-0.397 0.307/-0.247 0.388/-0.211

and hole (e.A™3)

The stability relationship between the racemic conglomerate 3u and (RS)-3u is established by

further DSC measurements of the two solid forms (Figure Ill - 24). It indicates that (RS)-3u
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melts 2.4 £ 0.2 °C higher than the reported conglomerate and thus, is the most
thermodynamically stable form at high temperature. These results indicates that the racemic
conglomerate could become a case of “disappearing conglomerate” if the crystallization of
the racemic compound (RS)-3u prevail.>’” However, despite its thermal stability, slurry
experiment consisting of pure (RS)-3u at room temperature in various solvents led to the
formation of the racemic conglomerate after 2h, indicating that the racemic conglomerate
remains more stable at room temperature than (RS)-3u and that an eutectoid transition <(R)-
3u> + <(S)-3u> > <(RS)-3u> must occur at elevated temperatures. This eutectoid transition is
roughly estimated by measuring the solubility of both crystal forms using the Crystal16 (Figure
Il - 25). First, an interesting information extracted from these experiments is the lower
solubility in this temperature range of the racemic conglomerate 3u, confirming its higher

stability than (RS)-3u.

wt%
o = N w H (¥, ] ()] ~N 0

N T T N T T T T T T T T T '

10 15 20 25 30 35 40
T (°C)

Figure Il - 25. Solubility curves in toluene as function of the temperature of the racemic conglomerate 3u (red) and (RS)-

3u (blue). The curves represent the Van’t Hoff fitting based on the experimental point (blue circles and red triangles).

Then, a fitting based on the experimental solubility points using the Van’t Hoff equation (Eq.
Il - 1) remained necessary to identify the transition temperature, that is characterized by the
temperature for which both solubilities are equals.

AaisH 1 AaisS Eq. -1
R T R

In(x) = —
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According to the thermodynamic data obtained via the Van’t Hoff plots (Eq. lll - 1), it is
estimated that the racemic compound (RS)-3u becomes more stable above ca. 83°C as its
solubility equals that of the racemic conglomerate 3u at this temperature. However, this
transition temperature remains a rough estimation and was not confirmed experimentally
since the solubilities of (RS)-3u at temperature greater than 40 °C resulted in non-reliable
measurements due to parasitic phase transitions occurring before reaching the experimental
clear points. Moreover, slurry experiment in toluene above 80°C resulted in the degradation

of the molecule, hindering the experimental confirmation of this transition temperature.

Table Il - 7. Dissolution enthalpy and entropy extracted from the Van’t Hoff plot In(x) =f(%) of the racemic

conglomerate 3u and (RS)-3u in toluene.

Solid forms AgisH (J.mol?) AgisS (J.mol K1)
Racemic conglomerate 3u 381.36 2.02
(RS)-3u 370.04 1.76

In addition to the chemical similarities between derivatives 3u and 3ae, common structural
features are also highlighted for the two non-centrosymmetric racemic compounds (RS)-3u
and (RS-1)-3ae (Figure Ill - 26). The PBC of these two structures is ensured by weak van der
Waals interactions between the aromatic ring and the lactam function of two molecules of
opposite chirality spreading along the [010] (3.6 A and 3.8 A for (RS)-3u and (RS-/)-3ae
respectively). The lower steric hindrance of the methyl function (3ae) compared to the ter-
butyl function (3u) increases the molecular flexibility of the amide moiety. This molecular
flexibility induces a wider amide torsion angle of 151° in the case of (RS-/)-3ae, allowing two
amide moieties to face each other and leading to alternating homochiral dimers in the [100]
direction whereas the chirality is spreading in an alternating fashion in the ab-plane for (RS)-

3u due to the almost planar amide torsion angle (168°).
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Figure Il - 26. Crystal structures comparison between (a) (RS)-3u and (b) (RS-1)-3ae.

Although (RS-/)-3ae share similarities with (RS)-3u (e.g. similar crystal structures and melting
temperature difference with their respective racemic conglomerate), its lower steric
hindrance and higher molecular flexibility permits the existence of a more stable racemic
compound (i.e. (RS-1I)-3ae), exhibiting a denser crystal packing and stronger intermolecular
interactions. For instance, T-shaped 1t - 1t (4.5 A), 7t - lactam (5 A) and amide - amide (3.4 A)

interactions (Figure lll - 27).38-42
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Figure Il - 27. Crystal structures of (RS-1)-3ae.

More importantly, it emphasizes how a small chemical modification may drastically change
the crystallization behaviour, for instance stable conglomerate or stable racemic compound,
and further demonstrating the potential complexity of crystal structure predictions in such

cases, even when the considered molecules are closely related.*>4
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1.3 - Thermodynamic stability of racemic compounds

The above-mentioned conglomerate screening clearly illustrates the poor outcomes resulting
from such random derivatization strategy. Indeed, only one entry out of the 38 studied
derivatives crystallizes as a stable conglomerate, which furthermore becomes metastable at
elevated temperature and the rest result in racemic compounds. From a resolution point of

view, this would be considered as a screening failure.

However, this approach only evaluates the success of the conglomerate screening based on
the nature of the most thermodynamically stable phase: if a stable racemic compound is
detected, the candidate is automatically dismissed. This approach overlooks the inherent out-
of-equilibrium nature of crystallization: While racemic crystals do represent the minimum free
energy of racemic compound-forming system, other metastable solid forms may exist as local
minima. The presence of a metastable conglomerates can thus always be envisaged and such
phase may also be brought to crystallize by modulating the crystallization conditions (Figure
Il - 28).4546 Regular screening strategies overlook the wide field of possibilities offered by

playing on the kinetic of crystallization.

3
T(°c)
Liq

racemic crystal ST frof R racemic crystal

AT 4G6®

s AR <S>+ <RS> <RS> + <R> s ARY
conglomerate conglomerate
-1
s RS R G (kJ.mol?)
—

Figure lll - 28. Conceptual representation of the relative stability of racemic compounds-forming systems and the difference

in the Gibb’s free energy AG® with their associated metastable racemic conglomerate.

We thus suggest that the scope of crystallization-based resolution procedures can be
enlarged by exploring non-equilibrium conditions. Under non-equilibrium conditions,
nucleation and crystal growth rates, instead of thermodynamic stabilities alone, may
determine which crystalline phase dominates, akin to phenomena in polymorphism.%48
This would open the potential to exploit non-equilibrium conditions for favouring

enantiopure crystals at the cost of thermodynamically stable racemic compounds.
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Supporting this idea, there have already been reports of racemic compounds converting into
enantiopure crystals under far-from equilibrium conditions, for instance the preferential
crystallization of 1,3-dimethylxanthine-based chiral derivatives crystallizing as racemic
compounds.3749-5% Although promising, it remains unclear if such cases are incidental reports
on systems with specific trades, or if there are general guidelines that can be exploited to
extend these principles for systematic isolation of enantiomers by crystallization.>> Motivated
by these insights, two analyses based on thermochemical data are conducted on the data

collected for the derivatives of Praziquantel.

e A systematic study of the melting point differences AT,RS™R = TRS — TR to to
compare the relative stability of the racemic compound with respect to their associate
pure enantiomers.

e Another thermodynamic approach based on the difference in the Gibb’s free energy

AG® between racemates and their racemic conglomerate accessible via Eq. Il - 1 and
Eq. Il - 2.%¢
TR
AG? = AHES (T—;;; — 1> — TRRIn2 For TR < TRS Eq.Il-1
m
¢ T
AGY = AHE (1 - T_R> — TRSRIn2 For TR > TRS Eq. Il-2
m

111.3.1 - Melting point difference

The relative stability difference based on the melting point is first assessed by plotting TR =
f(TESY (Figure Il - 29A). An initial observation of this plot is that derivatives are evenly
distributed with respect to the straight line TR = T,RS (Figure IIl - 29A, black dotted line).
Moreover, conglomerates 3u (stable), 3t and 3ae (metastable) are characterized for ATRS~R <
- 30 °C, aligning with the commonly admitted rule of thumb for the minimum ATRS~Rof a
conglomerate-forming system (Figure lll - 29A red line).?* However, a better understanding
of the distribution of the meting point differences is observed by plotting these data as a
cumulative probability distribution (Figure lll - 26B), giving the probability of the variable

ATRS=R to take a value less than or equal to x (Eq. Il - 3).
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Figure Il - 29. (A) Plot of TR, = f(TRS) of the 25 crystalline derivatives. Characterized conglomerates are highlighted by
red circles, full red line corresponds to Tpure = Trac + 30 and dotted line corresponds to TX = TES, (B) Cumulative

probability distribution of the melting points difference AT%S_R.

Even within this small library, we already obtain a broad distribution of AT.RS=F  ranging from
-40 °C (i.e. metastable or slightly stable racemic compound) to +40 °C (i.e. relatively stable
racemic compound). This indicates that the modification of even a single atom can drastically
change the stability of a crystal phase, hence complexifying the rationalization of such
approach. However, derivatives 3t, 3u and 3ae, all belonging to the alkyl’s chemical class and
sharing similar racemic crystal structures, are clustering together in the same ATRS™R range.
Moreover, structural similarities are also observed for polymorphs of derivative 3ag whose
crystal structures are described in section 111.2.4.3 and two other derivative that are —to a
large extent— chemically unrelated derivatives: 3af and 3aj (Figure Il - 29B). Indeed, despite
their molecular differences, commonalities in their crystal structures are observed (Figure Il -

30).
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Figure Il - 30. Crystal structures comparison between (a) 3af and (b) 3aj.

The PBC of these two molecules is composed of two distinct layers spreading along [101] and
[001] directions for derivatives 3af and 3aj respectively. The first layer is composed of the
octahydrophenanthrene moiety, in which the cohesion is ensure by weak van der Waals
interactions, mainly between the aromatic ring and the electrophilic carbon in-between the
lactam and the amide functions, that are distant of 3.7 A and 3.9 A for derivatives 3af and 3aj
respectively. The chirality is spreading in an alternating fashion in the ac-plane, leading to the
regeneration of the PBC along the [010] direction with larger distance of 4.1 A and 4.2 A for
derivatives 3af and 3aj respectively. Although the amide moiety is different for derivatives 3af
and 3aj, the same crystal packing is also identified for the second layer, but different type of
interactions is involved. The PBC is ensured by chlorine-chlorine bonding with CI-Cl distances
of 3.6 A in the case of 3af,57-6° whereas it is T-it interaction between the nitrile function and
the aromatic ring in the case of 3aj (3.4 A).%0%! |t should be noted that these two crystal
structures are not isomorphous and the main difference is that derivative 3aj has the
possibility to form m-m interactions in t-shape between the two aromatic rings of the amide
moiety and the octahydrophenanthrene moiety (3.4 A), connecting the two layers together.
These striking observations led us to a systematic analysis of AG® between racemic crystal

phases and their enantiopure counterparts for structurally related compounds.
111.3.2 - Gibb’s Free Energy differences AG®

We recognize that the conversion from racemic crystal phases into their enantiopure
counterparts may be feasible when the energy difference AG® between both phases is small.

Indeed, it is commonly accepted for polymorphic transformations that thermodynamically
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stable solid phases may be converted into kinetic solid phases when AG® < 2.1 kJ.mol2.6%62
Already, AG? has been analyzed for many chiral compounds, and has been used as indicator
for identifying thermodynamically stable racemic conglomerates.®3% However, the
distribution of AG® of molecules with the same chiral centre has not been investigated. Such
analysis might not only enable the systematic discovery of chiral system that can be
thermodynamically or kinetically resolved but may also guide rational experimental design to
systematically exploit non-equilibrium conditions for destabilizing racemic compounds into
their kinetic conglomerate counterparts. To assess the potential of such an evolutionary
approach to molecular design, we took advantage of the 25 synthesized derivatives that group
into four distinct modification classes (Figure Ill - 31): alkyls (dark green); carbocycles (light
green); aromatic alkyls (orange), aromatic halides and other substituted aromatics (light blue),

as well as three unclassified derivatives (grey).
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Figure Ill - 31. (A) derivative synthesized both at racemic and enantiopure compositions, classified as alkyls (dark green),
carbocycle (light green), aromatic alkyls (orange), halogen and other substituted aromatics (light blue), non-classified
(grey). (B) Plot of AG® as function of the melting temperature difference of the derivatives. (C) Cumulative probability

distribution of free energy differences.

Thus, we determined and plot AG® = f(AT,RS~R) (Figure Ill - 31B) and the cumulative
probability density distribution of AG® (Figure Ill - 31C) and found, with few exceptions, that
library entries cluster along AG® according to the pre-determined modification classes,
enabling to propose an evolutionary strategy for library design. Specifically, starting with only
four entries (one per modification class) as the first generation, the alkyl derivative can be
immediately identified as most promising, since that entry shows the lowest AG@.

Subsequently preparing a second generation of four additional alkyl derivatives already yields
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the stable conglomerate 3u. Hence, rather than preparing 25 quasi-arbitrary derivatives, we
can find conglomerates and low AG? entries within just two generations and with less than a
third of the total number of library entries (8 instead of 25), showing the potential of library

design through directed evolution.
l1.4 - Preferential crystallization of derivative 3t and 3ae

The clustering of chemical classes not only enables library design through directed evolution
but may also group racemic compounds within the AG?® distribution that are suitable for
isolating enantiopure crystals. To investigate this idea, we explore whether racemic
compounds-forming systems 3t and 3ae, which are situated in the same low AG® region as
the known stable conglomerate 3u, can be isolated as enantiopure crystals using far-from
equilibrium conditions, for instance preferential crystallization, which is an ideal resolution

method in these scenarios.

Classical preferential crystallization of stable conglomerate forming-system is an out-of-
equilibrium method that relies on the kinetically favoured nucleation and growth of an
enantiopure solid over its antipode (cf. 1.3.5.2).2457770 |n case of racemic compound-forming
systems, such as derivatives 3t and 3ae, the kinetic nucleation and growth of the enantiopure
solid competes with an additional solid phase: a more stable racemic compound.” Therefore,
the choice of the crystallization parameters is of paramount importance (e.g. solvent, stirring

rate, seed properties, temperature program etc.).
111.4.1 - Solvent selection

In case of racemic compound-forming systems, the solubility of the racemic crystals is always
lower than that of its associated racemic conglomerate, implying that a supersaturation of the
metastable racemic conglomerate would induce an even higher supersaturation of the
racemic crystals. The goal of this solvent selection is to find a solvent in which the solubility
difference between the stable racemic compound and the metastable racemic conglomerate
is minimal. A way to assess this difference in solubility is to determine the invariant d.s.p.c.:
the lower e.e. of this invariant (i.e. the closer to the racemic composition), the lower the
solubility difference between the two crystal forms, and therefore the smaller the difference

in supersaturation. Akin to conglomerate screening procedure, scalemic mixtures of
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derivatives 3t and 3ae (ca. 20 e.e.%) are suspended in IPA for 9 days to reach thermodynamic
equilibrium. The composition of both the mother liquor and the suspended solid is analyzed
by chiral HPLC on a Chiracel OD-H column (4.6 x 250 mm, 5um) with a mobile phase consisting
of n-heptane and 2-propanol (85/15 and 60/40 v:v respectively) at flow rate of 1 mL.min™!
with a UV detection at 220 nm (Figure Ill - 32). The results are summarized in Table Ill - 8 and
compared with previously obtained d.s.p.c. in toluene. It should be noted that IPA was tested
due to the rather high induction time for spontaneous crystallization of the considered

derivatives in this solvent (this will be demonstrated in Figure Il - 35).
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Figure Il - 32. Typical chromatogram for racemic 3t (A) and racemic 3ae (B). Retention time (min) for 3t: (R)-3t: 27.38 (S)-
3t: 37.83 and 2c: (R)-3ae: 16.32 (S)-3ae: 25.32.

Table Il - 8. Composition of the resulting mother liquor and solid of scalemic suspensions (d.s.p.c.) of derivative 3t and 3ae

in toluene and 2-propanol at 20°C.

3t 3ae
Toluene IPA Toluene IPA
Solid 36.4 85.8 40.5 30.1
e.e. (%)
Mother Liquor 5.5 4.8 12.2 1.2

A striking observation of this analysis is the drastic decrease in e.e. of the invariant point using
IPA instead of Toluene in case of the derivative 3ae, highlighting the difference in solid-liquid
interactions of the different solid phases and these solvents. It further emphasizes the
importance of the choice of the working solvent for such resolution methods. These
observations raise the question about how close it is possible to get to the racemic

composition by simply changing the solvent, and therefore to which extent the racemic
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conglomerate can be favoured at the expense of the racemic compound. However, with the
aim of achieving a straightforward procedure of chiral resolution, we limited ourselves to

these two solvents.

According to the d.s.p.c. results, the temperature dependent solubility of the two derivatives
in the most promising solvent (i.e. IPA) are determined using the Crystal16 apparatus (Figure
Il - 33). It should be noted that the crystallizing solid was stirred for 5h before the
determination of the clear point to avoid any remaining parasitic metastable phases that could
have kinetically crystallized along the different cycles of the temperature program (Figure Ill -

33, see Appendix A - 1.3.2).
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Figure Ill - 33. Temperature dependent solubility of (RS)-3t (circle) and (RS)-3ae (triangle) in IPA from 10 °C to 30°C.

Solubility lines are theoretical modelling using Van’t Hoff equation.

111.4.2 - SIPC method

Although other parameters are of interest (e.g. temperature profile, stirring mode, seed
properties etc.), attempts to perform preferential crystallization using the SIPC method were
performed based on the solubility data. Table Il - 9 summarizes the starting conditions for the

SIPC implementation of both 3t and 3ae in IPA.
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Table Ill - 9. Starting conditions for the implementation of the successful preferential crystallization experiments using the

SIPC mode.
3t 3ae
Volume of IPA (mL) 10.0 30.0
Mass of racemic 3 (mg) 834.3 805.4
Mass of enantiopure seed (mg) 40.1 39.8
Stirring mode and shape Cross-shaped PTFE magnetic bar
Stirring speed (rpm) 700
Working temperature (°C) 15 20
Supersaturation (B)? 2

2Calculated with respect to the solubility of the racemic crystals

The supersaturated solutions are obtained by heating the initial slurry over the clear point
until a clear solution is observed. These clear solutions are then filtered through 0.22 um
syringe filter to avoid any parasitic solid impurities that may affect the crystallization
behaviour of our system,’? cooled to reach a supersaturation B = 2 and seeded with pure
enantiomer to trigger the crystallization of the desired enantiomer. These chiral resolutions
are monitored by sampling the slurry from the crystallization flask at different times from
which the solid and liquid phases are isolated and analyzed by enantioselective HPLC. The
crystallized mass is obtained by (i) weighing the total amount of enantiopure solid recovered
or (ii) determining the concentration of the solute based on the calibration curve. The
evolution of the crystallized mass and its associated enantiomeric excess are summarized in

Table Ill - 10.

The evolution of the e.e. of the mother liquor is indicative of a preferred crystallization of the
targeted enantiomer induced by seeding while the high solid enantiopurities (>94 %e.e.)
confirm the success of these chiral resolutions. Moreover, these high enantiopurities persist
for 30 min and 120 min in the case of derivative 3t and 3ae respectively, indicating that these
systems remain far-from-equilibrium for an extended period of time. If the racemic crystals
had crystallized (i.e. return to equilibrium), a significant decrease in the solid-phase e.e. would
have occurred. This prolonged non-equilibrium state provides therefore ample opportunity to

further optimize and enhance this process.
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Although the crystallized mass of the derivative 3t drastically increased after 30 minutes, this
is accompanied by a significant decrease in solid e.e. (Figure Ill - 34). This change in the
solubility regime associated with this decrease in enantiopurity evidenced a return to
equilibrium (i.e. crystallization of either the undesired antipode or racemic crystals). However,
preferential crystallization is nearly complete within 15 minutes, underscoring the efficiency
of this method and the strong kinetic favourability towards the formation of the enantiopure
crystal (Table Il - 10).

Table Il - 10. SIPC monitoring result of compounds 3t and 3ae giving the crystallized mass (mass of initial seed already

deducted) and the enantiomeric excess of both the solid and liquid phases. The e.e. positive sign is arbitrary attributed to

the (R) enantiomer.

3t 3ae
Sampling time  Crystallized mass e.e. (%) Crystallized mass e.e. (%)
(min) (mg) Solid  liquid (mg) Solid  liquid
5 43.6 95.7 -6.3 14.8 99.4 -0.9
15 131.1 98.7 -6.6 46.9 98.4 -1.2
30 151.4 95.6 -7.6 77.0 98.9 -15
60 260.5 54.4 -3.3 87.1 97.2 -1.9
120 242.0 18.8 -2.5 96.8 94.0 -24
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Figure Il - 34. Evolution of (A) the solution-phase e.e. (%) and (B) the crystallized mass as function of the time during SIPC

experiments of compounds 3t (dashed bars) and 3ae (blank bars).
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These results show that the possible straightforward isolation of enantiopure crystal despite
the presence of a more stable racemic compound, moreover in good yield, is not a specific
trend observed for chiral derivative of theophylline®=373 but may be rationalized by using
AG? as a diagnostic tool. It demonstrates the potential of such evolutionary design which is
not only capable of reaching conglomerates within few iterations, but also find racemic
compound-forming systems suitable for chiral resolution under far from equilibrium
conditions. Although these two successful preferential crystallizations on racemic compound-
forming systems exhibiting a low AG® (< 0.8 kJ.mol!) confirm the goal of our approach, it does
not stand as an unbreachable boundary. This approach may also work for systems with higher

AG@, provided that suitable non-equilibrium conditions are found.
111.4.3 - Nucleation rate measurement

SIPC of derivatives 3t and 3ae using Toluene or Ethanol as working solvent were also
attempted several times but resulted in an instant crystallization of the racemic compounds
(result not shown). Although further investigations may have helped in finding suitable
conditions in these solvents, it demonstrates the various nucleation behaviours observed from
different solvents. We already found that the difference in solubility of the metastable racemic
conglomerate and the stable racemic compound are minimal in both cases according to our
d.s.p.c. measurements (< 5 e.e.%). Therefore, assessing the crystal nucleation rate and
properties of the racemic and enantiopure phases from the two derivatives in IPA are of
interest. These data may be accessible from the measurements of their induction time
distribution based on equations from the Classical Nucleation Theory (CNT) assuming a
heterogenous nucleation mechanism.’*’% Indeed, the nucleation rate J at different
supersaturation ratio can be extracted from such distribution of induction time using Eq. Il - 4
and further implemented into Eq. Il - 5 to determine the kinetic factor A (Eq. Il - 6) and the
thermodynamic factor B (Eq. Il - 7) of nucleation by plotting In (é) = f(In725).
P(t) =1 —exp (—]V(t _ tg)) with  J: Nucleation rate (m3.s1)
V: Sample volume (m3)

t: Nucleation time (s) Eq.ll-4
tg: Growth time (s)
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J = AS exp (_ B ) with  J: Nucleation rate (m3.s)
In? 8 p: Supersaturation ratio
A: Kinetic factor (m3.s?) Eq.Il-5
B: Thermodynamic factor
A= zf*Cy with  A: Kinetic factor (m3.s%)
B z: Zeldovich factor

f*: Attachment frequency (s)
Co: Nucleus site concentration (m™3)
[: Supersaturation ratio

Eq.1l-6

4c3v3y, W In?2p with  B: Thermodynamic factor
= 27(k, )3 - k,T c: Shape factor?

v: molecular volume (m3)
Yes: Interfacial energies (J.m?) Eq. -7
k: Boltzmann constant (J.K'?)
T: Temperature (K)
[: Supersaturation ratio
W™*: Nucleation work (J)

1
ac = (36m)3 for spherical particles

To compare the nucleation parameters of our two systems, nucleation rate measurement at
different supersaturations using the Crystall6 at 15 °C and 20 °C in IPA for derivative 3t and
3ag respectively (i.e. at the respective temperatures used for operative preferential

crystallizations) are conducted, plotted and fitted following Eq. Il - 4 (Figure Il - 35).
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Figure Ill - 35. Experimental induction time probability distributions of (RS)-3t (empty red), (R)-3t (full red) at 15°C and
(RS)-3ae (empty black) and (R)-3ae (full black) at 20°C in IPA at different supersaturation ration S: 2.3 (red squares), 2.6
(red triangles), 2.9 (red circles) and 3.2 (red diamond) for derivative 3t; 2.4 (black squares); 2.7 (black triangles); 3.0 (black

circles) and 3.3 (black diamond) for derivative 3ae.

It can be seen from these distributions that the lower the supersaturation, the broader the
distributions. Indeed, a lower supersaturation induces a lower driving force for nucleation,
hence decreasing the nucleation rate J and increasing the growth time t,. The fitted values of
the nucleation rate J at different supersaturations for both 3t and 3ae are summarized in Table
Il - 11. Clearly, enantiopure (R)-3t grows faster and has a higher nucleation rate than racemic
(RS)-3t under the same conditions whatever the supersaturation ratio. By contrast, two
regimes are observed for 3ae: while racemic (RS)-3ae dominates in term of growth time and
nucleation rate at low supersaturation (< 2.7), the reverse is observed at higher

supersaturation (> 3.0).
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Table 111 - 11. Values of the nucleation rate J and growth time t; determined from the fit of Eq. Il - 4 to the experimental

induction time probability distribution of derivative 3t and 3ae in IPA. The error in the fit is lower than 5%.

3t 3ae
(RS)-3t (R)-3t (RS)-3ae (R)-3ae
J tg J tg J tg J tg
B B
(m3st)  (s) (m3sh)  (s) (m3st)  (s) (m3.st)  (s)
23 136.7 1155 203.1 447 2.4 168.2 2050 148.1 2561
26 3621 843 402.1 227 2.7 227.9 1032 205.4 1849
29 3804 736 639.1 97 3 644.1 768 649.6 492
3.2 2256 474 941.6 9 3.3 684.0 598 1317.3 155

Thereafter, the kinetic pre-exponential factor A and the thermodynamic exponential factor B

are obtained by plotting the experimental In (é) = f(In"2 B) based on Eq. Il - 5 (Figure Il -

36). It can be seen that experimental data appear, to a certain extent, to be aligned in straight

lines. Therefore, the values of variables A and B are extracted and summarized in Table Ill -

12.
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Figure 11l - 36. Experimental nucleation rate from (RS)-3t (empty circles), (R)-3t (full circles), (RS)-3ae (empty squares) and

(R)-3ae (full squares) in IPA plotted as In (é) = f(ln_2 S) following Eq. Il - 5.
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Table Il - 12. Values for the pre-exponential kinetic factor A, the thermodynamic factor B and the effective interfacial

energy yef calculated for derivatives 3t and 3ae in IPA from the nucleation rate measurements.

3t 3ae
(RS)-3t (R)-3t (RS)-3ae (R)-3ae
A (m3.s1) 349 1005 918 2875
B 1.12 1.70 2.05 3.13
Yer (J.m2)? 3.20 3.68 4.43 5.09

acalculated assuming v = 358.103% m3 for derivative 3t and v = 306.10-3° m-3 for derivative 3ae based on crystallographic

data

The two derivatives exhibit the same nucleation trends: while the enantiopure phase is
thermodynamically disfavoured as B®S) < B(R) (j.e. lower energy barrier for nucleation in case

of racemic crystals), the enantiopure phase is kinetically favoured (AR > AlRS)),

The exponential factor B is related to the effective interfacial energy y,r, which is a balance
between the three interfacial energies (i.e. nucleus-solvent, nucleus-heterogeneous particles,
solution-heterogeneous particle). This data is calculated following Eq. Il - 7 and reported in
Table Il - 12. It shows that y, for enantiopure crystal in IPA is always higher than the racemic
crystals, indicating a more energy-intensive nucleation of enantiopure crystals. By contrast,
the pre-exponential factor A is about three times higher in case of the nucleation of
enantiopure crystals, further emphasizing how enantiopure crystals may be kinetically favored
at the expense of more stable racemic crystals and therefore kinetically resolved using out-of-

equilibrium methods.

Although the difference exponential factor AB is of similar order of magnitude (0.58 and 1.08
for 3t and 3ae respectively), its implication in an exponential term induce a higher impact on
the nucleation behaviour of 3ae. It may explain the higher efficiency of the preferential
crystallization of 3t compared to 3ae. However, these results must be interpreted with caution
when comparing them to operational preferential crystallization: under operative conditions,
the seed crystals are in equilibrium with an initial racemic solution, whereas in these
nucleation rate measurements, the seed crystals are in equilibrium with an enantiopure

solution. It would be of interest to compare these data in other solvents
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111.4.4 - Generality assessment

The chemical core of our library is large and stiff without possibilities for H-bonding. However,
comparing the distribution of AG® of another library based on the chemical core Phenylglycine
Amide provided by S.W. van Dongen (AMOLF), which is small and flexible and can form H-
bonding337%8 highlighted a strikingly similar distribution in AG® despite the difference in
molecular structure (Figure 1l - 37A). Also, we shown for both libraries that it is possible to

straightforwardly isolate enantiopure crystals from racemic compounds when AG® < 0.8
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A B C
0.6 i 0.6

— - _

5 1 £ E

S 5075 %

S04 - E- [ S04 |

n] ] ° 2

- D — 2 Z

=__ | 0 [ - =

5 0.2 i [ 002 r

s g025 s

3 E [ [

& o a S

0 +rrrrrr MR MR S— 0 0 e I NN N
0 2 4 6 8 2 0 2 4 6 8 0 2 4 6 8
AG? (kJ.mol?) AG? (kJ.mol?) AG®(kJ.mol?)

Figure 1l - 37. (A) Probability histogram of free energy differences AG? of the praziquantel library (dashed blue histogram)
and the phenylglycinamide library (solid red line) (B) Cumulative probability distribution of free energy differences AG® of
the literature dataset (black circle) fitted with an adapted gamma-distribution (red line). (C) Probability histogram of free
energy differences AG® of the literature dataset (black histogram) and its associated gamma-distribution represented as a

probability density function.

These commonalities prompt the question of how general these trends are. To address this
question, we collect thermodynamic data for more than a hundred chiral organic racemic
compounds that have been previously investigated.?*#6381 This literature catalogue of
molecules is very diverse, ranging from salts to molecules with multiple chiral centres and
covering a wide breadth of functional groups featuring several heteroatoms (S, N, O).
Moreover, in contrast to our library, the entries in the literature set are, to a large extent,
structurally not related, thus forming a representative reference set for assessing generality.
We find that the literature data are well-described by a gamma distribution (Figure Il - 37B
red line). A statistical comparison (Kolmogorov-Smirnov test) shows that the two libraries

follow the same gamma-distribution (Figure Il - 37C). These similarities suggest that the
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trends for this library can be generalized to a large diverse set of unrelated chiral organic

molecules.

Based on this analysis, we assess the potential of non-equilibrium conditions to kinetically
stabilize enantiopure crystals by identifying three racemic compounds (diprophylline, aspartic
acid, proxyphylline) that have previously been kinetically converted to enantiopure
crystals,>®>%2 calculate their AG® (1.00, 1.88, and 2.01 kJ.mol! respectively. We realize that
all three conversions require crystallization conditions that favour kinetic phases, suggesting

that far-from-equilibrium conditions are essential.

Consistent with this idea, AG® of these compounds is close to the thermal energy ksT (2.48
kl.mol?t) at room temperature, which suggests that transitions between crystal phases with
such energy differences are kinetically probable. Indeed, polymorphic transitions between
crystal phases are routinely observed for energy differences below 2.5 kJ.mol,6%82 such as
caffeine (AG® = 2.09 kJ.mol )3 and tolfenamic acid (TFA, AG® = 2.30 kJ.mol).8* For some
reported transformations the energy differences are even much larger, as exemplified by the
archetypical polymorphic system known as ROY, with a AG® as large as 7.11 kJ.mol .62
Hence, we estimate that 40-50% of thermodynamically stable racemic compounds (AG® <2.1
kl.mol?) can likely be kinetically converted to enantiopure crystals (Figure 1l - 37C).
Additionally, 5-10% of chiral molecules are already stable conglomerates. Consequently, we
predict that 45-60% of all chiral molecules can be isolated as desired enantiomers through

crystallization under non-equilibrium conditions.
lIL.5 - Discussion & conclusion

Conventional conglomerate screening apply to our derivatives clearly illustrates the poor
outcomes resulting from such random derivatization strategy. Indeed, only one entry out of
the 38 studied derivatives crystallizes as a stable conglomerate (i.e. 3u), which furthermore
becomes metastable at elevated temperature. In worst-case scenario, 3u might have been
mischaracterized as a stable racemic compound and discarded, potentially missing its
eutectoid transition. Conversely, despite being a stable racemic compound, the conglomerate

form of the derivative 3t could still be obtained.
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It definitely demonstrates the importance of a careful investigation of the solid-state
behaviour of each newly engineer solid form, which is also well illustrated by the case study
of derivative 3ag. This derivative exhibits a very rare crystallization behaviour with no less than
three enantiotropic polymorphs of the racemic compound, evidenced by the construction of
the complex binary phase diagram despite the absence of solid-solid transition, further
emphasizing how phase diagram determinations are an efficient tool for assessing the stability
relationship between polymorphs. Moreover, the analysis of the crystal structures of all solid
forms revealed that their crystal packings rely on comparable weak van der Waals
interactions. However, interaction distances are shortened from (RS-/)-3ag to (RS-//l)-3ag,
aligning with their respective relative stability. Despite sharing similar structures, the solid-
solid transition from (RS-/l)-3ag to (RS-//l)-3ag requires overcoming a high energy barrier due

to the shifting of layers and rotation of molecules.

More importantly, this chapter disclosed a new approach compared to conventional binary
conglomerate screening (i.e. either conglomerate or racemic compound) by considering the
continuous evolution of the energetic difference AG® occurring between stable racemic
compounds and their associate metastable conglomerates. Intriguingly, more than half of the
chiral systems studied exhibit a AG? close to the thermal energy ksT (i.e. < 2.1 ki.mol1), which
suggests that transitions between crystal phases with such energy differences are kinetically
probable. Moreover, the distribution of AG® within a library based on a single chemical core
demonstrated the striking clustering of similar derivatives, further exhibiting strong crystal
structure similarities although non-isomorphous, enabling methodological library design.
Analogous to directed evolution in catalysis,?-88 a rational derivatization strategy may be
implemented by synthesizing a small library with very diverse entries that are ranked
according to AG? as a fitness parameter, after which the most favourable entry is selected for
synthesis of the next generation of entries. This evolutionary strategy prevents that only
unfavourable zones with high AG? are screened, and instead iterate within only a few cycles
towards favourable low AG®. We foresee that making informed design choices may be further
aided by integrating Crystal Structure Prediction (CSP) methodologies. Ultimately, combining
advanced machine learning, CSP methods, and our directed evolution strategy may enable the

rapid discovery of (kinetic) conglomerates.
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Moreover, this thermal energy ksT does not stand as an unbreachable boundary as this
approach may also work for systems with higher AG?, provided that suitable non-equilibrium
conditions are found. Supporting this idea, AG® does only describe the energy difference at
the melting temperature of this higher-melting solid form, hence occulting any impact of
temperature on crystal stability. Therefore, the determination of the d.s.p.c serves as a
valuable tool for assessing the relative stability of the different solid forms in the working
conditions. More specifically, this d.s.p.c. value also includes the impact of the solvent on both
crystal forms, as demonstration by the large variation in e.e. of this value in case of the

derivative 3ae in toluene or IPA.

More importantly, we here show that enantiopure crystals can successfully be kinetically
isolated from racemic mixtures by applying suitable non-equilibrium conditions, for instance
in the case of the successful preferential crystallizations of derivatives 3t and 3ae. These
successful preferential crystallization experiments demonstrate that the straightforward
isolation of enantiopure crystal despite the presence of a more stable racemic compound,
moreover in good vyield, is not a specific trend observed for chiral derivative of 1,3-
dimethylxanthine-based chiral derivatives. Instead, it may be rationalized by using AG? as a
diagnostic tool. The key next step is to systematically exploit non-equilibrium conditions under
which crystallization rates, instead of thermodynamic stabilities alone, determine which
crystalline phase is favoured such that for instance, the favoured kinetic conglomerate grows
faster than the unfavoured racemic compound. Alternatively, specific non-equilibrium
conditions can be exploited to supress the nucleation and growth rate of stable racemic
compound crystals, such that the desired enantiopure crystals can be isolated. The
crystallization process offers a large parameter space that can be exploited to achieve these
favourable rates of nucleation and growth, ranging from choice of solvent, confinements such

as microdroplets, and (chiral) additives to temperature gradients and mechanochemistry.8-2°

Assessing the crystal nucleation rate and properties of the racemic and enantiopure phases
from derivatives 3t and 3ae in IPA based on equations from the Classical Nucleation Theory
(CNT) assuming a heterogenous nucleation mechanism’#~’8 shows that y,, which is a balance
between the three interfacial energies (i.e. nucleus-solvent, nucleus-heterogeneous particles,

solution-heterogeneous particle) is always higher for enantiopure crystal in IPA than the
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racemic crystals, indicating a more energy-intensive nucleation of enantiopure crystals. By
contrast, the pre-exponential factor A is about three times higher in case of the nucleation of
enantiopure crystals, further emphasizing how enantiopure crystals may be kinetically
favoured at the expense of more stable racemic crystals and therefore kinetically resolved
using out-of-equilibrium methods. Although the difference of the exponential factor AB is of
similar order of magnitude (0.58 and 1.08 for 3t and 3ae respectively), its implication in an
exponential term induce a higher impact on the nucleation behaviour of 3ae. It may explain
the higher efficiency of the preferential crystallization of 3t compared to 3ae. However, these
results must be interpreted with caution when comparing them to operational preferential
crystallization: under operative conditions, the seed crystals are in equilibrium with an initial
racemic solution, whereas in these nucleation rate measurements, the crystals are in
equilibrium with an enantiopure solution. It would be of interest to compare this data in other

solvents.
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IV.1 - Introduction

The previous chapter presented a robust directed evolution strategy based on the AG? ranking
of molecular derivatives that mostly form racemic compounds. We have shown that
chemically related chiral molecules often clusters into families with similar AG? values and
similar structural features. It gives general hints to identify chiral systems whose energy
difference between racemic and enantiopure phases is low and for which chiral resolution can
be envisaged by playing with kinetics, despite the quasi-systematic presence of stable racemic
compounds. Although this process could be further enhanced by Crystal Structure Prediction
(CSP) and machine-learning methodologies, the identification of specific molecular features
favouring the crystallization of enantiopure crystals could enhance the accuracy and
rationality of design choices. Among the reported systems assessing the generality of our
directed evolution strategy in the previous chapter (Figure Ill - 37), two are 1,3-
dimethylxanthine-based chiral APIs derived from theophylline (TPH, Figure IV - 1A) used for
the treatment of obstructive airway diseases:*= diprophylline (Figure IV - 1B, DPL hereafter,
AG?®=1.00 kl.mol?) and proxyphylline (Figure IV - 1C, PXL hereafter, AG®= 2.01 kl.mol ). It is
worth noting that PXL and DPL share significant molecular similarities, echoing our

derivatization strategy involving a single chemical core.

(A) (B) oH (© OH
(0]
)J\(H 1 //« i //K/O
H
N | N> \N,J\ N \N,J\ N
/
A W W
(0) N N N
I (0] lil (0] T
Figure IV - 1. Chemical structure of (A) theophylline, (B) proxyphylline and (C) diprophylline.

Brandel et al.** described the complex crystallization behaviour of DPL and demonstrated the
significant impact of the molecular flexibility associated to the diisopropyl moiety on the
crystallization outcomes. This molecular flexibility results in a very versatile crystallization
behaviour and the binary phase diagram between DPL enantiomers exhibits no less than a
stable racemic compound, two metastable solid solutions and a metastable conglomerate.®

The conformational diversity of DPL enantiomers also gives rise to several type of self-

associations at the solvated state that can be modulated by changing the solvent, resulting in
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different crystallization behaviours. For instance, some solvents triggered the fast
crystallization of one of the solid solutions, whereas other solvents markedly inhibited the
spontaneous nucleation of any solid phases. Such specific nucleation behaviour provided ideal
non-equilibrium conditions for chiral resolution and DPL enantiomers have already been
resolved by preferential crystallization despite the existence of many unselective phases in

this system.®

PXL is another chiral derivative of TPH which shows some degree of molecular flexibility. The
mixture of PXL enantiomers was also known to crystallize as a stable racemic compound.’
Based on the same assumption that preferential crystallization could be performed if the
crystallization of the racemic compound is delayed by a suitable choice of solvent, a screening
of solvent was performed by Harfouche et al.® The target was to evidence conditions in which
spontaneous nucleation of that racemic compound was inhibited to the benefit of
enantiopure seeding, without the need to evidence any metastable conglomerate. With this
methodology, PXL enantiomers could be successfully resolved by preferential crystallization,®°
although the efficacy of that process was lower compared to that of DPL due to less favourable
kinetics, involving the recrystallization of the racemic compound. In addition, let us note that
the solid-state landscape of the system of PXL enantiomers and associated crystal structures

was unknown.8?

These notorious, yet isolated, case studies exhibiting similar trends prompt the question about
how much the flexibility and increased H-bonding capacity of the flexible moieties of these
TPH derivatives is responsible for nucleation inhibition and, in turn, to preferential
crystallization success. Since it is shown that DPL is more efficiently resolved than PXL by using
preferential crystallization, would the nucleation of another TPH derivative with a more
flexible moiety be easier to inhibit? Also, we can wonder if a moiety bearing more H-bond
donors would give rise to better odds regarding our approach to preferential crystallization.
Would such chemical modifications be also accompanied by a lowering of AG®? Or even

better, to the formation of a stable conglomerate?

In this chapter, we will first establish a clearer picture of the solid-state landscape between
PXL enantiomers. This was a missing point when the present work was engaged, and such

knowledge needed to be obtained. Then, we will take another step with reference to our
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directed evolution strategy presented in chapter 3: several chiral derivatives of TPH will be
synthesized with a logical increase in H-bonding capacity associated to the flexible moiety.
Thus, the derivation strategy is conducted by correlating the thermodynamic aspects and AG®
calculations along with a rational design regarding the structural modification themselves. This
approach would permit a better understanding of the molecular origins that favour the
existence of crystallization conditions that are suitable for preferential crystallization and

could help to understand the molecular origin of conglomerate formation.
IV.2 - Establishing the solid-state landscape between PXL enantiomers

The content of the present section has been published in the Molecular Pharmaceutics
journal.’® The phase behaviour of racemic PXL was previously investigated by Griesser et al.”
in 2000, by using DSC, FTIR, Raman spectroscopy and Hot Stage Microscopy. This study
highlighted the presence of three different racemic solid phases (labelled “Modifications” by
the authors): Mod. | (melting at 133.5 °C), Mod. Il (melting at 113.5 °C) and Mod. lll (melting
at 82-85 °C). Their solid-state behaviour with regards to the packing of enantiomers (i.e.
racemic compound, conglomerate or solid solution) were unknown. Harfouche et al.
evidenced the existence of a stable racemic compound but many aspects of the binary system

between PXL enantiomers was unknown.

IV.2.1- Crystallization behaviour of enantiopure PXL

After the synthesis, crystallization from ethanol of the pure enantiomer of PXL, i.e. (R)-PXL,
resulted in the isolation of a single solid phase. Indeed, changing the crystallization solvent
(limited to polar protic solvents) or crystallization conditions (i.e. evaporation, cooling or
antisolvent) had no impact on the solid form produced. The solid form, labelled El in
consistency with the phase labels of DPL,* is analyzed by DSC, revealing a single melting
endotherm at TE! = 148.3 °C with a melting enthalpy of AHE! = 25.6 kJ.mol* (Figure IV - 2c).
No mass loss is recorded upon heating, indicating the absence of any solvated crystal

structure. The XRPD pattern of El is shown in Figure IV - 2a.
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Figure IV - 2. XRPD patterns of (a) El (b) Ell. DSC thermograms obtained upon heating: (c) El at 5 K.min"%, (d) the SCM

annealed at 80°C for 30min before heating at 20 K.min, (e) the SCM at 10 K.min-1.

The absence of detectable thermal degradation in this temperature range prompted us to
explore the crystallization of (R)-PXL from the supercooled melt (SCM).1! After melting (R)-PXL
and rapid cooling to room temperature, storing the SCM at 20 °C for several hours results in
the crystallization of El (confirmed by both XRPD and DSC measurements, data not shown).
However, a different solid phase is obtained by annealing the SCM at 80 °C for 30 minutes, as
indicated by the measured XRPD pattern (Figure IV - 2b). Upon heating at 20 K.min%, the DSC
analysis (Figure IV - 2d) shows: (i) an endotherm at 116.1 °C compensated by (ii) an exotherm
at ca. 123 °C and (iii) a second endotherm at 148.8 °C, corresponding to the melting
temperature of El. This suggests that a new crystal form of (R)-PXL, labelled Ell, crystallizes
from the SCM in these conditions. Upon heating, its melting occurs at T.E/f = 116.1 °C (Table
IV - 1) but is calorimetrically compensated by the concomitant crystallization of El.

Table IV - 1. Thermochemical data collected by DSC for the different forms of PXL pure enantiomer. The melting enthalpies

of Ell and Elll could not be experimentally measured.

Forms Preparation ToRset (°C) AHg,¢ (kJ.mol?)
El SC? 148.3 25.6
Ell SCMAP 116.1 n/a
ElI SCM*© 98.4 n/a

aSolvent crystallization. ®SuperCooled Melt annealing (at 80°C for 30min).c Heating the SuperCooled Melt at 10K.min-1.
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Slower or faster heating rate (1 or 50 K.min%, data not shown) did not allow to deconvolute

these two events. As a result, the melting enthalpy of Ell could not be reliably measured.

Hot Stage Microscopy (HSM) observations are performed to support these interpretations. El
is first melted at 150°C between two microscopy glass cover slides, quenched at 25°C and the
obtained SCM is annealed at 80°C. During this annealing process, the formation of snowflake-
shaped crystals is observed after a single minute although complete crystallization occurred
after 45 minutes (Figure IV - 3a). Upon subsequent heating at 20 K.min, the snowflake-
shaped crystals melt at ca. 115 °C while another population of irregular-shaped spherulite
crystals simultaneously crystallizes from the bulk (Figure IV - 3b and c¢) and melt at ca. 149°C.
This observation aligns with the DSC data, confirming that the SCM crystallization of (R)-PXL
results in the crystallization of a metastable polymorph, Ell, which melts prior to the
crystallization of the most stable form, El. It also underlines that the phase transition from Ell

to El does not proceed by solid-solid transformation.

(b) 121°C (c) 140°C

Figure IV - 3. Polarized light microscopy images of the crystallization of PXL pure enantiomers upon heating the SCM from

80 °C to 160°C at 20 K.min"! (a) after annealing at 80 °C for 60min (b) 121°C (c) 140°C.

In addition, a different thermogram is observed upon heating the SCM from 25 to 160 °C at 10
K.min® (Figure IV - 2e): a crystallization is detected at ca. 75 °C prior to another melting event
at 98.4 °C. Once again, this melting endotherm is calorimetrically compensated by the
crystallization of El, as evidenced by the detection of the melting endotherm of this form at
148.1 °C. Numerous attempts to replicate this experiment outside the DSC oven (or even by
HSM) resulted in the crystallization of El. The melting event detected at 98.4 °C is putatively
attributed to the melting of a third polymorph of (R)-PXL, labelled Elll (Figure IV - 2). However,
achieving a reproducible preparation protocol was not possible due to the high metastability

of this phase.
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IV.2.2- Crystallization Behaviour of Racemic PXL

Based on the data published by Griesser et al.,” a polymorph screening involving solvent
crystallization (either by evaporation, cooling or antisolvent addition) as well as SCM
crystallization, grinding, or sublimation of racemic PXL is performed. Most crystallization
attempts resulted in a single solid phase that is analyzed by DSC (Figure IV - 4d), revealing a
single melting endotherm at T.R'= 134.0 °C without any detectable mass loss. This confirms
the absence of thermal degradation upon heating and indicates that no solvated phase is
formed. This solid phase, identified by its XRPD pattern (Figure IV - 4a), corresponds to the
phase Mod. | reported by Griesser et al.” and to the racemic compound, RC-PXL, reported by
Harfouche et al.8° In consistency with the phase labels of DPL forms,* this phase will be

labelled Rl in this manuscript.
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Figure IV - 4. XRPD patterns of (a) Rl (b) RIl (c) cEll. DSC curves obtained by heating: (d) Rl at 5 K.min‘%, (e) the SCM annealed
at 80 °C for 30 min before heating at 20 K.min%, (f) the SCM annealed at 80 °C for 10 min before heating at 10 K.min..

After melting RIl, we observe that annealing the SCM at 80°C for 30 minutes results in the
crystallization of a different solid form. This phase displays a broad melting endotherm at T,
= 111.5 °C (without mass loss, Figure IV - 4e) and is identified by a different XRPD pattern
(Figure IV - 4b). It corresponds to the phase Mod. Il reported by Griesser et al.” and will be
referred to as RIl in this manuscript. The phase Mod. lll was reported to crystallize by annealing
the racemic SCM at 55-65 °C for several hours.” In this work, this form could only be obtained

by annealing at 80 °C for 10 min. The DSC analysis of Mod. Il reveals a melting endotherm at
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TMod. Il - 845 °C which, alike Ell and Elll, is calorimetrically compensated by the
crystallization of R, thus underlining its metastability (Figure IV - 4f). The XRPD pattern of Mod.
IIl was not previously reported and is shown in Figure IV - 4c. It should be noted that it is
superimposable to the XRPD pattern of Ell (Figure IV - 5) which suggests that Mod. lll is a
racemic mixture of Ell particles (i.e. a racemic conglomerate) that will be labelled cEll

hereafter.

‘WWM

Normalized intensity

5 10 15 20 25 30
26 (°)

Figure IV - 5. XRPD patterns of (a) cEll and (b) EIl.

All thermochemical data have been gathered in Table IV - 2. It should be underlined that,
according to the heat of fusion rule, RIl is metastable and monotropically related to the
thermodynamically stable form RI. It is likely that cEll is of even lower stability. This is
confirmed experimentally by cross seeding experiments at 20 °C (in Acetonitrile, Methanol,
Tetrahydrofuran, data not shown). Rll is more stable than cEll and the sequence of SCM
crystallization at 80 °C is in accordance with the Ostwald’s rule of stages.!?

Table IV - 2. Thermochemical data collected by DSC analyses of the different racemic forms of PXL. The melting enthalpy

CcEll could not be experimentally measured.

Forms Preparation TRt (°C) AHgy (kJ.mol?)
RI SC? 134.0 22.4
RII SCMAP (30 min at 80°C) 1115 15.2
cEll SCMAP (10 min at 80°C) 84.5 n/a

aSolvent crystallization
bSuperCooled Melt annealing
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IV.2.3 - Crystal structures determination of the PXL phases

The study of DPL crystal structures showed that crystal phase diversity was correlated to
conformational flexibility since each crystal form was made from a different conformer.® A
major missing point in the characterization of the PXL system was the crystal structures of the
different solid forms. El single crystals have been rather easily obtained by slow evaporation
in methanol. However, attempts to prepare single crystals of racemic PXL remained
unsuccessful for a long time. A large array of method, either by using slow cooling of
supersaturated solutions, melt crystallization, or even gels failed. PXL being an APl with high
water solubility,’®> the choice of solvent was actually limited to water and light alcohols
(methanol, ethanol, n-propanol and isopropanol) which also limited the chance of success. It
was however possible to grow very elongated particles of the thermodynamically stable form
RI by sublimation of a few mg of racemic PXL loaded in a 3 mL vial covered with a glass slide
and stored onto a hot plate at 100 °C for a week. The small needle shaped crystals that formed
on the glass slides were analyzed with a higher resolution diffractometer due to their lower
quality.! The high metastability of Ell prevented the formation of well faceted crystals of this
phase and RIl could not be grown as satisfactory particles, despite numerous attempts and
their crystal structures remains unknown to date. The main crystallographic data collected for

Rl and El are summarized in Table IV - 3.

El crystallizes in the non-centrosymmetric space group P212:12: (Table IV - 3), the most
common Sohncke space group for organic compounds.!** The two independents PXL
molecules, A and B, in the asymmetric unit of El (Figure IV - 6a) have their 1,3-
dimethylxanthine moiety almost parallel (with an interplanar distance of about 3.4 A and are
not linked by H-bonds. The conformation of these two molecules differs strongly by means of
the C4-N1-C3-C2 and N1-C3-C2-C1 torsion angles (Table IV - 4), actually underlining the

conformational variability of the PXL molecule, as in the case of DPL.*

! Crystallographic data obtained by Dr. EI-Eulmi Bendeif, Université de Lorraine, CNRS CRM2, F-54000, Nancy,
France
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Table IV - 3. Crystallographic data of Rl and El.

RI EI(S)
Crystal System Trigonal Orthorhombic
Space Group P3cl P212121
7,7 6,1 8,2
a(A) 28.48746(16) 7.7763(1)
b (A) 28.48746(16) 17.133(3)
c(A) 7.16020(5) 17.171(3)
a () 90 90
B () 90 90
v () 120 90
Vv (A3) 5032.2 2287.7
Calculated Density (g.cm™) 1.417 1.383
Measured data 128921 18337
Observed data (Fo>40(Fo)) 7027 4666
No. Restraints/params 1/473 315
Goodness-on-fit on F2 1.049 0.957

R1/wR2 (Fo>40(Fo))
R1 (all data)

0.0305/0.0847
0.0309

0.0612/0.1173
0.1529

Largest diff peak and hole (e".A™3) 0.582,-0.213 0.155, -0.157

The main H-bonds, O1-H...N2 and O1-H...03 (shown in Figure IV - 6 and summarized in Table
IV - 4), form a corrugated arrangement of PXL molecules as a result of the 21 screw axis along
[100] direction, giving rise to a periodic bond chain (PBC) spreading along the [100] direction
(Figure IV - 6b). These PBCs are regenerated in the bc-plan by means of the two remaining 21
axes, as shown in Figure IV - 6¢ and interact by means of C-H...O contacts (Table IV - 4) and

weaker van der Waals interactions.
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Figure IV - 6. (a) View of the two PXL molecules A and B of the asymmetric unit of El. (b) View of the PBC spreading along
[100] (the asymmetric unit is highlighted in green). (c) View of the crystal packing along the [100] direction. The green
rectangles highlight the PBC. H-bonds are shown in blue (or red, if hanging). Non-H-bonding hydrogen atoms have been

removed for clarity.

Table IV - 4. Summary of the isopropyl torsion angles (°) of the different PXL molecules in the asymmetric unit of El and RI,
and main D...A H-bond distances (&) and D-H...A angles (°) within the crystal structures of El and RI. The distances given for

RI are averaged over the three molecules of the asymmetric unit

El RI

Torsion Angle A B 1 2 3

C4-N1-C3-C2 98.2 104.4 104.6 108.4 -104.7

N1-C3-C2-C1 -172.6 -62.3 -178.2 -179.6 179.5
H-Bonds D-A D-H-A D-A D-H-A
01-H...N2 2.841(5) 169.9 / /
O1-H..03 2.756(5) 170.4 / /
01-H..02 / / 2.785 £ 0.008 169.5 £ 8.0
C4-H...03 3.277(3) 157.5 3.140 £ 0.040 144.8 £8.0
C4-H..01 3.356(5) 156.6 / /

By contrast, Rl crystallizes in the space group P3cl (Table IV - 3, described here using the
hexagonal conventional coordinate system), a non-centrosymmetric non-Sohncke space

group adopted by less than 0.3% of the reported crystal structures of organic molecules.**%>
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This confirms the racemic compound nature of Rl. The asymmetric unit is shown in Figure IV -
7a and contains three independent PXL molecules (labelled 1, 2 and 3). Molecules 1 and 2
correspond to the (R) enantiomer, molecule 3 is the (S) enantiomer. Molecules 1 and 2 are
linked by a C4-H...03 contact (Table IV - 4). Unlike El, it can be seen from Table IV - 4 that
molecules 1 and 2 have the same isopropyl conformations but molecule 3 has opposite C4-
N1-C3-C2 and N1-C3-C2-C1 torsion angle values. The main H-bond existing in this structure
consists of a O1-H...02 interaction (Table IV - 4) which gives rise to a unidimensional PBC in
which the enantiomers are packed along the [001] direction in an alternating fashion (Figure
IV - 7). These heterochiral PBCs are arranged in the ab plane and linked by a C4-H...03 contact
and weaker van der Walls interactions. Figure IV - 7c highlights the 3-fold symmetry of the

crystal packing.

(b) . \ o drecion

Figure IV - 7. (a) View of the three PXL molecules 1, 2 and 3 of the asymmetric unit of RI. (b) View of the PBC spreading
along [001] (the R enantiomer is shown in green). (c) View of the crystal packing along the [001] direction. The green circles
highlight the PBC. H-bonds are shown in blue (or red, if hanging). Non-H-bonding hydrogen atoms have been removed for

clarity.

From the analysis of the crystal structures of Rl and El, it is worth noting that: (i) the isopropyl
moiety of the PXL molecule can adopt several conformations, (ii) the crystal packings of these
two phases are primarily governed by H-bonds being established by the hydroxyl function bear

by the isopropanol moiety. It can be therefore envisaged that the flexibility of the H-bond
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donor moiety of the molecule is the main factor contributing to the diversity of solid phases
observed in the case of PXL.1'7 By analogy with the situation observed for DPL,*® where the
conformational variability of the molecule at the solvated state was found responsible for
nucleation hindrances of the racemic compounds, this feature may also account for the rather
long induction times reported for the crystallization of Rl in several solvents, which allowed
Harfouche et al. to perform preferential crystallization by managing the metastable equilibria
of the conglomerate cEl.8° However, as stated in the introduction of this chapter, it should be
noted that the efficiency of the preferential crystallization process was better in the case of

DPL compared to PXL, both in terms of productivity and optical purity.

IV.2.4 - Determination of the binary phase diagram

To further confirm the solid-state nature of each solid phase and their thermodynamic
properties, the binary phase diagram between (S)- and (R)-PXL enantiomers is constructed

using DSC measurements

IV.3.1 - Stable equilibrium between Rl and El

To gather experimental data for this equilibrium, physical mixtures of the stable forms Rl and
El are prepared and analyzed by DSC. The thermograms obtained for 0.5 < X(g < 1 mixtures
are shown in Figure IV - 8, alongside those of pure Rl and El. Two thermal events are detected:
(i) an endothermic invariant at ca. 131 °C, corresponding to the eutectic temperature and (ii)
another endothermic signal whose temperature varies between the melting points of pure R
and El, corresponding to the liquidus line,'® with a minimum near to the Xp = 0.65

composition, corresponding to the eutectic point.
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Figure IV - 8. DSC curves of Rl and El mixtures (X(R)) (a) RI (b) 0.6 (c) 0.7 (d) 0.8 (e) 0.9 (f) El. Dotted lines are guide for the
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eyes.

Using the measured melting enthalpies for the different solid forms (Table IV - 1 and Table IV
- 2), the equilibrium between the stable forms Rl and El can be estimated using the Schroeder
Van-Laar (SVL hereafter, for El) and Prigogine Defay (PD hereafter, for RI) simplified
equations.’>29 Table IV - 5 reports that the predicted eutectic temperature of this equilibrium
is at )24t = 128.6 °C. The agreement between predicted (T,5%¢ = 128.6 °C) and measured (T,¢4
= 131.0 °C) eutectic temperature is satisfactory (Table IV - 5) although suggesting a slight
deviation from thermodynamic ideality.

Table IV - 5. Summary of the predicted, measured and recalculated invariant temperatures between the different solid

phases in the binary system of PXL enantiomers. Invariants temperature for RI/Ell and RII/Ell have been recalculated based

on a theoretical value of the Ell melting enthalpy.

Invariant Temperature (°C)

Equilibrium
Predicted Measured by DSC Recalculated
RI/ EIl 128.6 131.0 n/a
(R)PXL / (S)PXL (cEl) 111.2 120.4 n/a
RI / Ell n/a n/a 111.9
RII / Ell n/a n/a 100.6
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IV.3.2- Metastable equilibrium of racemic conglomerate (cEl & cEll)

The metastable conglomerate cEl is characterized by mixing an equimolar mixture of (R)-PXL
and (S)-PXL (crystallized as El crystals of opposite chirality), which is analyzed by DSC at 20
K.min (Figure IV - 9a). A single and wide endotherm, typical of a eutectic invariant for such
“manually prepared” conglomerate (hereafter labelled cEl),* is detected at ;55" = 120.4 °C
with a melting enthalpy of AHSE! =20.4 ki.mol-1 (Table IV - 6). This eutectic temperature is
further confirmed by analysing a second sample with a non-racemic composition of Xz = 0.84,
for which the onset of melting was detected at 120.5°C (result not shown). The metastable
invariant corresponding to the conglomerate cEl is also estimated using the SVL equation,

giving an invariant temperature at T,2% = 111.2 °C.

The agreement between the predicted (T;¢¥ = 111.2 °C) and measured (Tg% = 120.4 °C)
eutectic temperatures of cEl is rather poor, suggesting that the melting of this racemic
conglomerate presents a non-ideal behaviour. Indeed, the calculated entropy of mixing in the
liquid state based on the experimental data obtained from the DSC experiments gives AS;’}};‘
= - 3.5 J.mol™.k™, 2024 thus further confirming the non-ideal behaviour of this system (4S5,

=-5.76 J.mol™t.k1).

Normalized Heat Flux

60 80 100 120 140 160
T(°C)

Figure IV - 9. DSC curves obtained by heating: (a) the equimolar physical mixtures of El at 20 K.min! (b) the equimolar

physical mixtures of Ell at 50 K.min"! and (c) a magnification of the temperature range 60-100 °C.
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Table IV - 6. Thermochemical data collected by DSC analyses of the different manually prepared racemic conglomerate of

PXL.
Forms Preparation of the sample TSHE (°C) AH ¢ (kJ.mol?)

cEl mixing El 120.4 204

cEll mixing Ell 81.2 n/a

Thereafter, the metastable conglomerate cEll is characterized by analysing an equimolar
mixture of Ell crystals of opposite chirality (isolated after SCM annealing) by DSC, which gives
rise to a wide endotherm starting at ca. T,¢%t = 81.2 °C (Figure IV - 9b and c) followed by two
other endotherms at ca. 100 °C and 130 °C, attributed to the melting of more stable forms (for
instance RIl and RI). Considering the high metastability of this preparation, a minimum of 50
K.min heating rate is required to detect the melting onset of cEll (T, = 81.2 °C), which
explains the discrepancy with the melting temperature measured for this form prepared by
SCM crystallization (T,¢%t = 84.5 °C, Table IV - 2). It is worth noting that cEl is of lower
thermodynamic stability compared to Rl since it melts ca. 15 °C lower but is more stable than

RII (TR = 111.5 °C) and cEll (T, = 81.2 °C).

IV.3.3- Other metastable equilibria and phase diagram

According to the above investigations, the binary phase diagram based on experimental data
and theoretical computation is shown in Figure IV - 10. RI/El and cEl equilibria are shown as
black full lines (for the stable equilibrium) and blue dashed lines (for the metastable
equilibrium). Additionally, using the measured eutectic temperature of cEll (T,¢%¢ = 81.2 °C)
and the melting temperature of pure Ell (TE" = 116.1 °C), the melting enthalpy of Ell is
estimated by using the SVL equation, assuming an ideal thermodynamic behaviour (Table IV -
6). This gives an estimated AHE! value of 22.8 kJ.mol™ and allowed the theoretical liquidus
of Ell to be recalculated, which is shown as green dashed lines in Figure IV - 10. The melting
point of RIl (T;R!! = 111.5 °C) being too close to the invariant temperature of cEl (T,5f= 111.2
°C), the RII/El invariant temperature is not predicted although it should lie between 111.5 and
111.2 °C. Nevertheless, the estimated melting enthalpy of Ell permits to predict two other
metastable invariant temperatures using SVL and PD equations: RI/EIl and RII/Ell equilibria,
listed in Table IV - 5. The corresponding equilibria are shown as red and orange dashed lines,

respectively, in Figure IV - 10. However, due to the too high metastability of RIl and Ell, it was
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not feasible to confirm these calculated temperatures experimentally since the physical
mixtures prepared with these phases consistently resulted in the crystallization of more stable

phases prior to DSC analyses.

160

140

60 I T N TN [N TR N N | IR TR NN T N TN N N 1
0 0.25 0.5 0.75 1
Molar fraction of (R)-PXL

Figure IV - 10. Binary phase diagram between PXL enantiomers. Black full lines correspond to the stable equilibria
measured experimentally (A ). Red, orange and green dashed lines correspond to the metastable equilibria predicted by
SVL and PD equations. Blue dashed lines correspond to the metastable equilibria fitted with the experimental points. Some
experimental points are also shown: (m) melting of RI, (®) melting of El, (m) cEl invariant, (=) melting of RII, (=) cEll invariant
(#) melting of Ell (®) melting of Elll.

Consequently, two different racemic compounds (i.e. Rl and RIl) and two mixtures of
enantiopure crystals (i.e. racemic conglomerates cEl and cEll) are highlighted at the racemic
mixture of PXL from the above investigations. The melting temperatures of Rl, Rll and cEll are
in good agreement with the three “modifications” reported by Griesser et al. (Table IV - 7).”
Concerning the pure enantiomer of PXL, three crystal forms are reported and characterized:
El, Ell and Elll. It should be underlined that another racemic mixture of enantiopure crystals
cElll must exist but could not be experimentally characterized. These results confirm the
versatility of the crystallization behaviour observed in the series of theophylline derivatives to

which DPL also belongs.*
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Table IV - 7. Thermochemical data comparison.

Griesser et al. This study
Racemic Racemic Enantiopure
ID T(°C) ID T(°C) ID T(°C)
Mod. | 133.5 RI 134.0 El 148.3
n/a n/a cEl 120.4 Ell 116.1
Mod. Il 1135 Rl 1115 Elll 98.4
Mod. Il 82-85 cEll 81.2

IV.3 - Modulating H-bonding propensity

Combined with the data observed for DPL, the study on PXL further emphasizes that factors
beyond thermodynamic, such as the molecular flexibility, hydrogen bonding interactions, or
specific crystallization conditions, may play a more significant role in favouring the nucleation
and growth of enantiopure crystals and therefore determining the efficiency of crystallization-

based chiral resolution routes under non-equilibrium conditions.

Indeed, the molecular flexibility of the H-bond donor moiety of 1,3-dimethylxanthine-based
chiral derivatives likely plays a substantial role in explaining their versatile phase behaviour.
This observation suggests that both molecular flexibility and hydrogen bonding interactions
are crucial factors enabling the possibility of a preferential crystallization process in conditions
where the spontaneous nucleation of stable racemic phases is hindered. Consequently, this
allows the system to evolve through metastable equilibria, such as metastable conglomerates.
Therefore, we aim to prepare and investigate more members of the 1,3-dimethylxanthine-
based family exhibiting different H-bonding propensity by substituting the hydroxyl group(s)
of PXL and DPL with different chemical functions: namely acetoxyl (Figure IV - 11, 1a and 2a),
methoxyl (Figure IV - 11, 1b and 2b), amino (Figure IV - 11, 1c and 2c) and amino-alcohol
(Figure IV - 11, 2d).
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Figure IV - 11. List of the targeted 1,3-dimethylxanthine-based derivatives

Access to the molecules listed in Figure IV - 11 could be elaborated by organic synthesis using
either racemic or enantiopure PXL and DPL as starting material. Although racemic
proxyphylline and diprophylline are commercially available, access to enantiopure materials
necessitates the use of chiral pool syntheses following published procedures with slight
modification, especially the equivalence of propylene oxide in the case of proxyphylline

(Figure IV - 12).>13
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Figure IV - 12. Synthesis path used for the synthesis of enantiopure PXL and DPL.
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IV.3.2.1- 1,3-dimethylxanthine-based derivatives: Acetoxyl chemical function

Acetylation of hydroxyl function is a well-documented chemical reaction.?>?’ More
specifically, Conelly-Espinosa et al. reported a synthesis route of 2a using acetic anhydride,?®
whose procedure is repeated in the present work using either racemic and enantiopure DPL
as starting material to isolate either (RS)-2a and (R)-2a in good yield (= 85 %). It should be
noted that the crystallization of this chiral system as racemic compound was already
highlighted by the resolution of its racemic crystal structure (P1) by Conelly-Espinosa et al.
(Figure IV - 13a, CSD refcode: ROXWEI).

After synthesis and purification, the crystallization from ethanol of (RS)-2a resulted in the
isolation of the reported racemic solid phase (labelled (RS-/)-2a hereafter) whose XRPD pattern

is displayed in Figure IV - 13b. Intriguingly, DSC measurement of this solid phase revealed a

shouldered endotherm at T*5™P72% = 141 5 °C (Figure IV - 13e, AHSS P 7292 38 9 kJ.mol ).
Indeed, a subsequent heating of the SCM triggered the crystallization of a more stable solid

phase (labelled (RS-1I)-2a hereafter), as illustrated by the exothermic event at ca. 90 °C in

Figure IV - 13f and the higher melting point T.F5710 722 = 1470 °c (AHFS~1D~2% = 34 4 k). mol"
). It should be noted that a small endotherm is observed prior to the final melting in Figure IV
- 13f, which could be indicative of the presence of remaining (RS-/)-2a particles. More
importantly, this new solid phase is isolated out of the DSC oven by annealing the SCM at 100
°C for 30 minutes and analyzed by XRPD (Figure IV - 13c), underlining its structural differences
compared to (RS-/)-2a. Although attempts for growing single crystals of this solid phase remain

unfruitful, it must be a polymorphic form of the racemic compound as it melts higher (T,SIR)_Z'I

=134.4°C, AH,(rf)_za =35.6 kl.mol}, Figure IV - 13f) and has a different XRPD pattern than its

pure enantiomer (R)-2a (Figure IV - 13g).
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Figure IV - 13. XRPD patterns of (a) ROXWEI (b) (RS)-2a after 30min of SCM annealing at 100°C (c) (RS)-2a after stirring in
ethanol at room temperature (d) (R)-2a. DSC curves at 5 k.min! of (e) (RS)-2a after stirring in ethanol at room temperature
(f) reheating the SCM from 20 °C to 160 °C (g) (R)-2a. Preferential orientation of the [201] (25.3° 20) was observed for (b),

its intensity has been limited to 1000 counts for better comparison.

According to the heat-of-fusion rule,?® one would predict an enantiotropic relationship
between (RS-/)-2a and (RS-11)-2a. This behaviour is confirmed by cross-seeding experiments,
which demonstrate the thermodynamic stability of (RS-/)-2a at room temperature despite its
lower melting point. Although the solid-solid transition could not be experimentally observed,
the polymorphic transition is estimated by constructing the phase diagram between 2a
enantiomers (Figure IV - 14). The stable equilibrium is first characterized by DSC analysis of
various mixtures consisting of enantiopure 2a and (RS-//)-2a (Figure IV - 14, triangles). The
quasi-perfect alignment of the experimental points with the predicted liquidus of (RS-//)-2a
using PG simplified equation underlines the validity of such prediction in the present case
study (Figure IV - 14, black lines). Consequently, a similar prediction is computed for (RS-/)-2a
and extrapolated until it intersects the predicted liquidus of (RS-//)-2a, estimating therefore
the solid-solid polymorphic transition at 123 °C. Additionally, the eutectic temperature
associated to the metastable racemic conglomerate is also estimated by predicting the
liquidus of (R)-2a using SVL simplified equation, emphasizing the substantial relative stability

of the racemic crystals.

169



— Chapter IV: Toward a generalized directed evolution: the case of proxyphylline

150

140

100 I TR TR TN N S TN T S S TN T TN T A T T T
0 0.25 0.5 0.75 1

Molar fraction of (R)-2a

Figure IV - 14. Binary phase diagram between 2a enantiomers. Black full lines correspond to the stable equilibria predicted
by SVL and PD equations alongside experimental points measure by DSC ( A ). Dashed lines correspond to the metastable

equilibria predicted by SVL and PD simplified equations.

Despite the absence of H-bond donors in case of derivative 2a, at the exception of weakly
polarized C-H bonds,3%32 the ability of this system to crystallize as different polymorphic
forms remains. Akin DPL and PXL, the crystal structure of (RS-/)-2a demonstrate the key role
of the acetoxy moiety in the crystal packing. Indeed, the PBC is ensured by C-H...O contacts
involving the polarized methyl function of the 1,3-dimethylxantine moiety and the oxygen of
the acetoxy moiety (= 3 A) along the bc plan. It can therefore be assumed that the molecular
flexibility of 2a and the polar behaviour of the acetoxy function are factors enabling this

polymorphic behaviour.®

Figure IV - 15. View of the crystal packing of (RS-/)-2a along the [010] direction (CSD refcode: ROXWEI).
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Thereafter, derivative 1a is synthesized using the same procedure using racemic or
enantiopure PXL as starting material instead of DPL. Although similar investigations are

conducted on 1a, only a single solid phase could be isolated either at the enantiopure (T,ﬁf)‘l“

=103.8 °C, AH,(rf)_la =23.1 kl.mol}, Figure IV - 16a) or at the racemic composition (T,;RSH“

=89.7 °C, AH,(,fS)_la =20.8 kl.mol}, Figure IV - 16b) exhibiting different XRPD patterns (Figure

IV -16c and d).
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Figure IV - 16. DSC curves at 5 k.min! of (a) (S)-1a (b) (RS)-1a. XRPD patterns of (c) (S)-1a (d) (RS)-1a.

It can be seen that the acetylation of PXL lowered substantially the melting temperature of ca.
50 °C although the melting temperature difference of 1a is comparable to PXL (ATR RS =14.1
°C) (Figure IV - 17). Although the common adage “in general, the number of forms known for
a compound is proportional to the time and money spent in its research” is often verified,33-3°
no polymorphic form could be identified from this system. This could be a result of the
reduced molecular flexibility and H-bond propensity of 1a compared to PXL and 2a. A
structural study could help understanding this behaviour, however, any attempt to grow single

crystals remained unfruitful.
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Figure IV - 17. Binary phase diagram between 1a enantiomers. Black full lines correspond to the stable equilibria predicted
by SVL and PD equations alongside experimental points measure by DSC ( A ). Dashed lines correspond to the metastable

equilibria predicted by SVL and PD simplified equations.

IV.3.2.2- 1,3-dimethylxanthine-based derivatives: Methoxyl chemical
function

Alike the well-documented acetylation of hydroxyl function, their methylation is also
extensively described in the literature.33% In our study, methoxyl groups are formed by
reacting either enantiopure or racemic PXL or DPL with methyl iodide, a potent alkylating
agent, in presence of sodium hydride, a strong but non-nucleophilic base, under dry and inert
conditions. These procedures afford derivatives 1b and 2b in decent yield (= 50 %) for both

racemic and enantiopure compositions.

After several purification steps and crystallization from dichloromethane, the two derivatives
could be crystallized as a single enantiopure solid form and a single racemic form, exhibiting
different XRPD patterns (Figure IV - 18), whose thermochemical data are summarized in Table
IV - 8. Their respective binary phase diagrams are drawn in Figure IV - 19, underlining the

quasi-perfect alignment of the experimental data with SVL and PD predictions.
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Figure IV - 18. XRPD patterns of (a) (S)-1b (b) (RS)-1b (c) (R)-2b and (d) (RS)-2b. A magnification of (a) and (b) in the 20-30

20 range for better comparison.

Table IV - 8. Thermochemical data of derivative 1b and 2b.
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Figure IV - 19. Binary phase diagram between 1b enantiomers (left) and 2b enantiomers (right). Black full lines correspond

to the stable equilibria predicted by SVL and PD simplified equations alongside experimental points measure by DSC (A ).

Molar fraction of (R)-1b

Molar fraction of (R)-2b

Dashed lines correspond to the metastable equilibria predicted by SVL simplified equation.

More importantly, both systems exhibit a quasi-similar thermal behaviour as function of the

enantiomeric composition. Interestingly, the melting temperatures of these systems is
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drastically decreased compared to their respective hydroxylated molecules. It can be
concluded that suppressing the H-bond propensity as well as reducing the polarity of the
isopropyl moiety drastically decrease the intermolecular interactions at the solid-state.
Moreover, the racemic compound is all the more thermodynamically favoured in this case.
Although a structural study could help understanding this behaviour, any attempt to grow

single crystals remains unfruitful.

IV.3.2.3- 1,3-dimethylxanthine-based derivatives: Amino chemical function

The access to derivatives 1c, 2c and 2d requires the implementation of a multistep synthesis
involving a tosylation (i.e. formation of a nucleofuge), an azidation, whose protocols are
extensively described in the literature due to its relevance for click-chemistry,3! and a
Staudinger reduction (Figure IV - 20).#27% This synthesis procedure afford the derivative 1c in
good yield at the racemic composition. Unfortunately, applying the same synthesis procedure

to access enantiopure 1cyield an oil, hindering therefore the characterization of its solid-state.

OH OTs NH,
~ o //Q o //Q

\N N TsCl NaN3 PPhg/HzO

A e 41\ | /> 5% )\ e )\ I />

o T b

Figure IV - 20. Synthesis path of derivative 1c.

However, further TGA-DSC-MS examination of the racemic (RS)-1c highlighted its hydrated
behaviour whose associated mass change is coherent with a monohydrated solid phase
(Figure IV - 21). Despite several attempts, access to anhydrous (RS)-1c remains unfeasible.
Although interesting, these data cannot be included in our study since it does not reflect the

impact on the crystal packing of the amino function itself.
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Figure IV - 21. TG-DSC measurements of (RS)-1c. A mass loss of 7.57% is detected (green curve)

Derivatives 2¢c and 2d are obtained using the same synthesis procedure.*> Moreover, both
tosylated intermediates are accessible in one pot by controlling the addition rate and the
equivalence of tosyle chloride and easily isolated by silica gel column chromatography (Figure
IV - 22). Similar to 1c, derivatives 2c and 2d yield an oil after complete synthesis and
purification, suggesting that the protic function strongly inhibit the nucleation of 1,3-

dimethylxantine-based derivatives.
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Figure IV - 22. synthesis path of derivative 2c and 2d.

Even though derivative 2c could not be crystallized in either its racemic or enantiopure
composition, derivative 2d is successfully isolated after several crystallization trials
(evaporation in several solvent, temperature cooling, antisolvent, evaporation under reduce
pressure), both as pure enantiomer and racemic mixture. More importantly, XRPD analyses of
the two isolated solid phases demonstrate the perfect superimposition of their XRPD pattern
(Figure IV - 23a and b), indicating that (RS)-2d is a racemic mixture of enantiopure crystals: 2d

is therefore a conglomerate-forming system. This affirmation is further supported by SHG
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microscopy observations of the racemic solid (Figure IV - 24b) showing the presence of an SHG
emission for these crystals and confirming that the associated crystal structure is non-

centrosymmetric.
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Figure IV - 23. XRPD patterns of (a) (S)-2d (b) (RS)-2d and DSC curves of (c) (RS)-2d and (d) 2d at 50 e.e.% (d) (S)-2d.
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Figure IV - 24. SHGM analysis of (a) (S)-2d (b) (RS)-2d. Green pixels denote a SHG positive signal.

The DSC measurements of (S)-2d (Figure IV - 23e) revealed two endotherms at To5¢t = 143.9

°C and T25¢t = 184.5 °C. This first endotherm may indicate the presence of a polymorphic
form or a deviation in enantiopurity resulting from the various steps of the chiral pool
synthesis, which would suggest a eutectic invariant. Interestingly, DSC analysis of (RS)-2d at
0.5 K.min* (Figure IV - 23c) shows an identical behaviour with an endotherm at T215¢¢ = 144.5

and a second endotherm associated to the eutectic invariant at T2/%°¢t = 153.9 °C. Considering
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the versatile crystallization behaviour of PXL and DPL, it can be envisioned that this endotherm
T2nset = 143.9 °C is due to a solid-solid transition. Supporting this hypothesis, temperature-
resolved SHG (Figure IV - 25A) and XRPD (Figure IV - 25B) measurements was performed and
demonstrate the structural change occurring at ca. 143 °C. However, this structural change
seems to be rather small as indicated by the apparent similarities of both XRPD patterns
(Figure IV - 25B, d and e), mostly indicating an order-disorder transition or polymorphic forms
sharing strong structural similarities. In absence of hard evidence regarding the nature of the
two solid forms, the low and high temperature solid phases will be labelled 2d and 2dg,

respectively.
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Figure IV - 25. Evolution of (A) the SHG signal and (B) XRPD as function of the temperature of (S)-2d. (A) black circles
represent the low temperature form while black triangles represent the high temperature form. (B) (a) 21 °C (b) 133 °C

(c) 138 °C (d) 143 °C (e) 153 °C (f) 158 °C (g) 163 °C.

Moreover, the agreement between the predicted equilibria using SVL simplified equation
(T,e*t = 151.8 °C) and measured (T,5% = 153.9 °C) eutectic temperatures is rather good (Figure
IV - 26). Additionally, DSC measurement on an enantioenriched 2d sample (Figure IV - 23d)
confirms the two invariant transitions and fit the predicted equilibria using SVL simplified

equation (Figure IV - 26).
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Figure IV - 26. Binary phase diagram between 2d enantiomers. Black full lines (liquidus and eutectic invariant) correspond
to the stable equilibria predicted by SVL simplified equation alongside experimental points measure by DSC ( A). (i) <(S)-
2de> +<(R)-2d.>; (ii) <(S)-2dp> +<(R)-2dg> ; (iii) <(S)-2de> + sat.sol. ; (iv) <(R)-2ds> + sat.sol. ; (v) u.s.s.

IV.3.2.4—- Ranking the Gibb’s free energy AG® of the THP derivatives

Consistently with the idea of a directed evolutionary design based on AG® measurements, we
computed this data for the different 1,3-dimethylxanthine-based derivatives (Table IV - 9). It
can be seen that, at the exception of 1a, derivatives are evolving toward low AG® as function
of the increase H-bond propensity and polarity of the molecule. It demonstrates a powerful
example of an informed and rational directed evolution strategy enabling the identification of

kinetically accessible conglomerate, but also stable conglomerate-forming system.

Table IV - 9. AG® value for the different 1,3-dimethylxanthine-based derivatives.

Acetoxyl Methoxyl Hydroxyl Amino
1a 2a 1b 2b PXL DPL 2d
AG®(k).moll) 1.23 3.01 3.38 3.59 3.42 2.01 1.00 0.17

IV.4 — Discussion & conclusion

The crystallization behaviour of racemic and enantiopure PXL was investigated by using
several crystallization methods and this study highlighted, similarly to DPL, the benefit of using
melt crystallization to access a number of phases inaccessible by solvent crystallization. This
study shows a very rich binary phase diagram between PXL enantiomers with no less than
three polymorphs of the pure enantiomer (i.e. El, Ell, Elll) and two polymorphs of the racemic

compound (i.e. Rl and RIl) in monotropic relationships. Mixtures of PXL enantiomers can also
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crystallize into three metastable conglomerates, one of which was experimentally obtained
via SCM thermal treatment, echoing the impact of non-equilibrium condition to reach chiral

discrimination.

The crystallization behaviour of PXL was further explored through the analysis of the crystal
structures of the most stable phases, Rl and El, leading to the conclusion that the molecular
flexibility of the H-bond donor moiety likely plays a significant role in explaining the versatility
of PXL phase behaviour. This observation is similar to the reported case of DPL, suggesting
that molecular flexibility and hydrogen bonding interactions are crucial factors enabling the
possibility of preferential crystallization in conditions where the spontaneous nucleation of
stable racemic phases is hindered, allowing the system to evolve through metastable

equilibria (i.e. metastable conglomerates).

Combined with the data observed for DPL, the present work suggests that other factors, such
as the molecular flexibility, hydrogen bonding interactions, or specific crystallization
conditions, may play a significant role in determining the efficiency of preferential
crystallization performed with metastable conglomerate. The synthesis of other 1,3-
dimethylxantine-based derivatives exhibiting a gradient of H-bonding propensity support this
hypothesis. Specifically, a drastic decrease in thermal stability is observed for the
methoxylated derivatives 1b and 2b, which are furthermore associated with the highest AG?
values among the studied derivatives. Moreover, the lowest AG? value is obtained for the
amino alcohol derivative 2d, which exhibits the chemical function with the highest proticity,
and which was isolated as crystalline particles in the present study. More importantly, the
nucleation of the racemic compound is sufficiently unfavourable in this case for its

enantiopure counterpart to becomes thermodynamically stable.

Intermediate case is observed for acetoxylated derivatives 2a, where weak C-H...O
interactions remain possible as demonstrated by the crystal structure of (RS-/)-2a, leading to
an increase in the stability of the racemic compound compared to DPL while keeping a
versatile crystallisation behaviour. Interestingly, the acetoxylated derivative 1a does not
follow the same trends as its AG® value is even lower than PXL, it would be interesting to

further explore this chiral system to understand the underlying factor(s) responsible of this
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behaviour and to check whether preferential crystallization by enantiopure seeding would

proceed without recrystallization of the racemic compound.

The identification of key factors hindering the nucleation of the racemic compound, as in the
case of DPL, helps inform our directed evolution strategy by targeting the right way to proceed
derivatization. However, such factors hindering the nucleation of the racemic compound could
also hinder the nucleation of any solid phase, as demonstrated by derivatives 1c and 2c.
Consequently, this approach is a compromise between destabilizing the racemic compound

to low values of AG® while retaining the enantiopure counterpart.

More importantly, our insights can directly be implemented for the rational, almost predictive
discovery of chiral compounds that crystallize as stable conglomerates, provided that peculiar

molecular features favouring the enantiopure phase are uncovered.
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General discussion

The central aim of this Ph.D. manuscript is to demonstrate that the conventionally accepted
boundaries of crystallization-based chiral resolution methods can actually be systematically
bypassed by the clever use of both thermodynamics and kinetics. In doing so, we reveal the

significant potential of studying families of chemically related derivatives.

We must acknowledge the number of conglomerate-forming systems identified among the 53
chiral molecules synthesized and studied in this work, yielding to a hits frequency of 7.5 % (4
out of 53). Although aligning with previously reported conglomerate frequencies,’ one must
remember that two of them are composed of a hardly-racemizable chiral core (praziquantel
derivative 3u and 1,3-dimethylxanthine-based derivative 2d) and the two other are a case of
a conglomerate cluster forming an isomorphous crystal structure (triazole ketone derivatives
1a and 1c). This analysis emphasizes that a substituting site in a directed evolution strategy is
an important factor to consider. It can also be related to the large fluctuation of the
conglomerate propensity from one series of molecule to another: from 75 % successful
conglomerate hits for para-substituted triazole ketone derivatives to 33 % including the ortho-
substituted ones.*® Moreover, 3u exhibited an uncommon case of eutectoid transition,
further emphasizing the large propensity of nature to form heterochiral structure. It also
definitely demonstrates the importance of a careful investigation of the solid-state behaviour
of each newly engineer solid form, as enantiomeric systems can show complex solid-state
behaviour (e.g. 3u, 3t, 3ae, 3ag, 2a, PXL etc.) which should not be overlooked during, for

instance, drug development and crystallization process design.

To address this large propensity of heterochiral structure, we here disclosed the proof-of-
concept of a novel solid-state deracemization approach based on the formation of
conglomerate host-guest mixed crystal structures by making use of a highly discriminative
chiral recognition phenomenon, akin chirality transfer and Dutch resolution processes.”” It
allows the introduction of the substance to be deracemized within the lattice sites of a
conglomerate host structure. The resulting mixed crystals can then undergo deracemization
and only one mixed crystal enantiomorph will emerge. More precisely, it is possible to direct
the complete symmetry breaking towards a single handedness for a racemic-compound-
forming system by using a solid solution with a chemically related racemizable conglomerate
through conventional deracemization routes (e.g. TCID). The main advantage of this method

compared to conventional derivatization strategies (multicomponent crystal, reversible
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synthesis etc.) is that the conglomerate behaviour is always ensure by the conglomerate host
structure, while conventional derivatization strategies rely on trial-and-error iterations

exhibiting the same 5-10% unfavourable outcomes.

Interestingly, conglomerate mixed crystals were systematically characterized for our two
model systems, despite differing solid-state miscibility limit. This raises the question of how
this chiral recognition phenomenon extends to other chemically related or unrelated systems.
For instance, we could make use of the library of actually known conglomerate-forming
system to find suitable chemical host to any racemic compound-forming system of interest.
Furthermore, this statement echoes the natural library of chemically related derivative of
amino acids, some of which crystallize as conglomerate (e.g. threonine, asparagine
monohydrate etc.). One could speculate that such conglomerate mixed crystal may have

played a role in the evolution of the homochirality of life observed nowadays.

Moreover, a clear example of a forced extension of the solid solution domain under neat high-
energy milling is characterized, in which operative deracemization condition is successfully
implemented. More importantly, we demonstrate that high energy inputs provide sufficient
far-from-equilibrium conditions for accessing metastable structures with efficient chiral
discrimination capabilities. We thereby open new pathways for chiral resolution of substances
that do not form conglomerates and underline the tremendous potential of
mechanochemistry in the field of chiral resolution and deracemization of metastable solid
form. Among the two successful examples, we could deracemize up to 25 wt% of the racemic
compound inside the conglomerate matrix. Although the solid-state miscibility limits could be
extended through non-equilibrium forced extension, the effectiveness of this deracemization

strategy remains limited by this phase boundary.

We also took advantage of fundamental kinetic asymmetries between enantiomers
crystallizing as conglomerates under temperature variations, demonstrating a striking
consistency in the out-of-equilibrium dissolution phenomenon and proportionality with
respect to the temperature variation, even starting from a racemic solid mixture. These out-
of-equilibrium phenomena induced sufficient e.e. imbalances to drive a complete chiral
resolution of a conglomerate-forming system throughout a kind of chiral segregation induced

by simple temperature cycling. This result may be considered in relation with the driving force
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behind TCID processes. Additionally, this chiral resolution process could also be included in
conventional conglomerate screening process for straightforward identification of
conglomerate-forming system from racemic mixture. This could be done by simply monitoring
the evolution of the e.e. while exchanging the solid-free liquid between two symmetrical
racemic slurries under temperature variations. A deviation from the racemic composition

would be indicative of a conglomerate-forming system.

Finally, the most important portion of results produced by this thesis, both in terms of
scientific impact and time spent, is provided by chapter Illl and IV. In summary, by
systematically investigating the energy differences between the racemic and enantiopure
crystal forms of structurally related molecules, we introduce how combining directed
evolution and combinatorial chemistry enables the expedient discovery of enantiopure crystal
phases that can be, at least kinetically, stabilized for isolating enantiomers of the desired
handedness. Until now, hindered by thermodynamic limitations, it was generally understood
that merely 5-10% of chiral molecules were accessible as enantiopure crystals. In contrast, we
here estimate that 45 to 60% of all chiral molecules are accessible as enantiopure crystals
through non-equilibrium crystallization. Moreover, this estimation does not stand as an
unbreachable boundaries as this approach may also work for systems with higher AG@,

provided that suitable non-equilibrium conditions are found.

Our insights can directly be implemented for the rational discovery of chiral compounds that
can be separated by crystallization. Even though the change of even a single atom can
drastically change the stability of crystal phases, we observe clustering of similar derivatives
within a library which enables methodological library design. Specifically, we envision the
autonomous construction of chemical libraries in self-driven labs,%!! following an iterative
manner, in which a rapid assessment of AG? serves as a diagnostic guide for the design of new
library entries and the efficient discovery of targets for chiral resolution or deracemization.
Analogous to directed evolution in catalysis,'>"1* we propose to synthesize a small library with
very diverse entries that are ranked according to AG® as a fitness parameter, after which the
most favourable entry is selected for synthesis of the next generation of entries. This
evolutionary strategy prevents that only unfavourable zones with high AG® are screened, and
instead iterate within only a few cycles towards favourable low AG®. We foresee that making

informed design choices may be further aided by integrating Crystal Structure Prediction (CSP)
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methodologies. Ultimately, combining advanced machine learning, CSP methods, and our
directed evolution strategy may enable the rapid discovery of (kinetic) conglomerates within

self-driven laboratories.

Moreover, we shown that identifying key factors hindering the nucleation of the racemic
compound, as in the case of DPL, helps inform our directed evolution strategy by targeting the
right way to proceed derivatization. Specifically, our directed evolution strategy based on the
conclusion of the work of Brandel et al.>'7, allowed us to engineer a molecule exhibiting a
higher H-bonding propensity for which the nucleation of the racemic compound is sufficiently
unfavourable for its enantiopure counterpart to becomes thermodynamically stable.
Conversely, reducing the H-bonding propensity enhanced the relative stability of the racemic
compound, demonstrating an almost predictive discovery of chiral compounds that crystallize
as stable conglomerates. However, this aspect needs to be the subject of a more in-depth case

study on other model compounds to be confirmed.

Moreover, for entries with low AG?®, we here show that enantiopure crystals can successfully
be isolated from racemic mixtures by applying suitable non-equilibrium conditions. The key
next step is to systematically exploit non-equilibrium conditions under which crystallization
rates, instead of thermodynamic stabilities alone, determine which crystalline phase is
favoured such that for instance, the favoured kinetic conglomerate grows faster than the
unfavoured racemic compound. Alternatively, specific non-equilibrium conditions can be
exploited to supress the nucleation and growth rate of stable racemic compound crystals, such
that the desired enantiopure crystals can be isolated. Furthermore, the crystallization process
offers a large parameter space that can be exploited to achieve these favourable rates of
nucleation and growth, ranging from choice of solvent, confinements such as microdroplets,
and (chiral) additives to temperature gradients and mechanochemistry.’®2* Importantly,
mechanical grinding and temperature gradients have also been used to achieve
deracemization of solid phases,?~%® suggesting possibilities to simultaneously yield non-
equilibrium conditions that destabilize racemic compounds and directly convert the solid into
the desired enantiomer. Hence, both the library design through directed evolution and the
exploitation of non-equilibrium conditions open many new opportunities for crystallization-
based routes towards enantiopure molecules that are essential in our daily lives (Figure G.D.

- 1).
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Figure G.D. - 1. Directed evolution strategy based on the derivatization of a model compound crystallizing as a racemic
compound using AG® as a fitness parameter, further assisted by CSP and machine learning methods, to iterate toward

(kinetically) accessible conglomerate.

To further refine the limits of chiral resolution under non-equilibrium conditions, additional
preferential crystallization experiments and nucleation behaviour assessment must be
conducted on other systems within the praziquantel and proxyphylline libraries. More
specifically, a thorough exploration of the solid-state landscape and nucleation behaviour of
the amino-alcohol derivative of proxyphylline remains necessary. Moreover, the relevance
and applicability of our directed evolution strategy must be expanded to other model

compounds and more complex cases, for instance cocrystals or salts.
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This Ph.D. work contributes to our general understanding of crystallization-based route to
enantiopurity, as well are reconsidering the admitted boundaries hindering any such chiral

resolution for the overwhelming majority of chiral molecules.

This was firstly exemplified by introducing two unconventional strategies toward
enantiopurity, both playing with crystallization kinetics, enabling the chiral resolution of
racemic compound forming system and non-racemizable molecule. It demonstrates how a
slight kinetic deviation to thermodynamic ideality enables a natural chiral segregation, likely
driven an Ostwald’s ripening process acting much like Pasteur’s tweezers. This out-of-
equilibrium nature of crystallization was leveraged in the deracemization of conglomerate
mixed crystals, that initially occurs close to equilibrium. It demonstrated the numerous
possibilities that must be included considered in our toolkit to improve any crystallization
process, even if the method appears to rely on thermodynamic equilibrium. The results
relative to the binary isoplethal section between triazole ketone derivatives and the TCID
experiments on the engineered conglomerate mixed crystal were published in Chemistry: A

European Journal.?® The result relative to the out-of-equilibrium variation using high energy

milling is currently being drafted for publication.

Bearing this in mind, we hence introduced the library of the praziquantel derivatives. Although
the conventional conglomerate screening of this set of chemically related molecules would be
definitely considered as a failure, interesting solid-state landscapes was investigated,
characterized and discussed in detail. More importantly, careful analysis of this data set
permitted the correlation of a thermodynamic data (AG®) with their chemical and crystal
structure. Notably, the statistical distribution of this thermodynamic data revealed that most
systems exhibited a slightly stable the racemic compound form. This leaves significant room
for kinetic factors to drive these systems toward enantiopurity, ultimately reversing the odd
in our favour. Indeed, it was generally understood that merely 5-10% of chiral molecules were
accessible as enantiopure crystals. In contrast, we here estimate that at least 45 to 60% of all
chiral molecules are accessible as enantiopure crystals through non-equilibrium
crystallization. This has been well exemplified for the two case studies 3t and 3ag for which
successful preferential crystallization was implemented despite their racemic-compound
nature, further demonstrating the impact of the solvent selection. Ultimately, the rational

clustering of derivative within a set of chemically related molecules enabled us to depict a
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directed evolution strategy, enabling rational experimental design and straightforward access
to kinetically stabilizable conglomerate. The results relative to the determination of the
enantiotropic solid-state landscape of derivative 3ag (i.e. binary phase diagram, structural
study, polymorph stability) were presented as an oral conference at a national congress

(Journées d’Etude des Equilibres entre phases 2023 in Rouen, France) and were published in

Organic Process Reasearch and Development journal.3° The results relative to the directed

evolution strategy and crystallization under non-equilibrium condition were presented as an

oral conference at two international congresses (International Symposium on Industrial

Crystallization 2023 in Glasgow, Scotland & International Workshop on Industrial

Crystallization 2024 in Delft, The Netherland) and are currently being drafted for publication.

Finally, the study of 1,3-dimethylxanthine-based chiral derivatives enabled the identification
of specific molecular features favouring the enantiopure phase, already uncovered in the case
of DPL by the work of Brandel et al.>'” The study of the solid-state landscape of PXL
demonstrated the striking similarities of its solid-state behaviour with that of DPL and the
impact of the molecular flexibility as well as the H-bonding propensity in its crystallization
properties. Supporting this statement, modulating these two factors by slight chemical
modifications enabled us to direct the solid-state classification of these derivative to either a
relatively more stable racemic compounds or a relatively less stable racemic compound.
Ultimately, enhancing these two factors yielded the formation of a conglomerate forming-
system. The results relative to the polymorphic solid-state landscape of PXL (i.e. binary phase

diagram, structural study, polymorph stability) were published in Molecular Pharmaceutics

journal.

The study of chemically related chiral derivatives and the chiral resolution by crystallization
under non-equilibrium conditions was at the centre of the present work. It demonstrated the
relationship between the thermodynamic properties, molecular features, crystal structures
and the macroscopic solid-state behaviour of the resulting crystals. More importantly, we
bring a new practical directed evolution approach enabling the rational modulation to the
access of chiral discrimination, either through stable or metastable equilibrium, that was

previously unconsidered.
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APPENDICES




A - I. Materials & Methods

A - 1.1. Chemicals & Syntheses

A -1.1.1. Chemicals

Racemic Praziquantel was kindly provided by Symeres (Groningen, NL) or purchased from TCI
EUROPE (purity >98%, Zwijndrecht, Belgium). Acyl chlorides were purchased from Sigma-
Aldrich (purity >98%, USA). (-) or (+)-dibenzoyl-tartaric acid were purchased from Fisher
Scientific (purity 98%, USA). Triazole ketone derivatives were previously synthesized by Céline
Rougeot and used after assessing their chemical and purity by NMR, DSC, HPLC and XRPD.
Racemic proxyphylline, racemic diprophylline and theophylline were respectively purchase
from TCI EUROPE (purity >98%, Zwijndrecht, Belgium), Sigma-Aldrich (purity >98%, USA) and
VWR chemical purity >98%,, France). All commercial chemicals were used without further
purification. HPLC grade solvents and other reagents were purchased from Fisher Scientific

and used as received.
A - 1.1.2. Synthesis of the praziquantel library

50mg of derivatives 3a-ad were provided by Symeres (Groningen, NL) in both enantiopure and

racemic form. Additional materials were synthesized If needed (Figure A-1. 1).
ENT
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Figure A - I. 1. List of the synthesized praziquantel derivatives



Praziquantel derivatives 3ae-al were synthesized in three steps (Figure A - |. 2):

(i) commercial racemic praziquantel was first hydrolysed into racemic praziquanamine by
following a procedure previously published.! racemic praziquanamine was prepared with a
satisfactory yield of 93 % (mp = 119.5°C), *H NMR (300MHz, CDCl3) 6 (ppm): 7.20-7.05 (m,
4H), 4.84-4.71 (m, 2H), 3.70-3.43 (m, 3H), 2.86-2.65 (m, 4H), 2.08 (s, 1H)).

(i) After the hydrolysis step, racemic praziquanamine was either used in its racemic form or
resolved to obtain (R) or (S)-praziquanamine by using the cyclic Pasteurian resolution
procedure based on the reported one by Woelfle et al.! using a 1:1 ratio of IPA/H0 ratio (e.e.

= 99% (determined by polarimetry in dichloromethane:! [a]3’= - 305 °), mp = 122.1°C).

(iii) Finally, racemic and enantiopure derivative of were prepared following a reported
procedure? with slight modifications: 1.1 eq of the corresponding acyl chloride was added
dropwise under argon atmosphere to an ice-cooled solution of either racemic or (R)-
praziquanamine (leq) and triethylamine (1.5eq) in anhydrous dichloromethane (25mL).
Water was added after 15h of stirring at room temperature and the biphasic liquid was stirred
for an 1h. After removal of the water layer, the remaining organic layer was washed with a
saturated solution of sodium carbonate, a 0.5 M hydrochloric acid solution and a saturated
NaCl aqueous solution. Afterwards, the organic layer was dried over magnesium sulfate,
filtered, and evaporated with a rotary evaporator to afford either racemic or enantiopure
praziquantel derivative (> 70% yield). This method has been used at different scale (from few
mg to ca. 10g of final product). All derivatives were then check for purity by NMR, DSC and

XRPD. Derivatives

! Woelfle, M.; Seerden, J.-P.; de Gooijer, J.; Pouwer, K.; Olliaro, P.; Todd, M. H. Resolution of Praziquantel. PLoS
Negl Trop Dis 2011, 5 (9), €1260. https://doi.org/10.1371/journal.pntd.0001260.

2 Valenti, G.; Tinnemans, P.; Baglai, |.; Noorduin, W. L.; Kaptein, B.; Leeman, M.; ter Horst, J. H.; Kellogg, R. M.
Combining Incompatible Processes for Deracemization of a Praziquantel Derivative under Flow Conditions.
Angew. Chem. 2021, 133 (10), 5339-5342. https://doi.org/10.1002/ange.202013502.
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Figure A - I. 2. Scheme of the synthesis route of the praziquantel derivatives from racemic praziquantel.

A - 1.1.3. Synthesis of the 1,3-dimethylxanthine-based chiral derivatives

Enantiopure diprophylline was synthesized following a published procedure.® Enantiopure
proxyphylline was synthesized from theophylline and enantiopure propylene oxide following

a published procedure with slight modifications (Figure A - I. 3).%
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Figure A - I. 3. Synthesis route of enantiopure proxyphylline and diprophylline.

3 Brandel, C.; Amharar, Y.; Rollinger, J. M.; Griesser, U. J.; Cartigny, Y.; Petit, S.; Coquerel, G. Impact of Molecular
Flexibility on Double Polymorphism, Solid Solutions and Chiral Discrimination during Crystallization of
Diprophylline Enantiomers. Mol. Pharmaceutics 2013, 10 (10), 3850-3861. https://doi.org/10.1021/mp400308u.
4 Borowiecki, P.; Paprocki, D.; Dudzik, A.; Plenkiewicz, J. Chemoenzymatic Synthesis of Proxyphylline
Enantiomers. J. Org. Chem. 2016, 81 (2), 380—-395. https://doi.org/10.1021/acs.joc.5b01840.




A mixture of anhydrous theophylline (7.5 g, 41.6 mmol, 1 eq), (R) or (S)-propylene oxide (purity
99%, e.e. 97%) (3.5 mL, 49.9 mmol, 1.2 eq) and a catalytic amount of triethylamine (1.2 mL,
8.3 mmol, 0.2 eq) in methanol (50 mL) was stirred overnight at reflux. After cooling the
mixture, the solvent was evaporated under reduced pressure. Then, the resulting solid was
recrystallized from methanol, and the flask was stored in the freezer (-18 °C) overnight. The
obtained solid was filtered off and washed with cold ethanol leading to the desired product
(R) or (S)-7-(2-Hydroxypropyl) theophylline, (R) or (S)-PXL, as a white crystalline solid (8.4 g,
35.3 mmol, yield = 85 %, mp = 148.3 °C (DSC), [a]4’= — 53° (c = 1.00 mg.mL}, CHCls, (5)-PXL),
e.e. HPLC (S)-PXL = 99.9 %, *H NMR (CDCls, 300 MHz) & (ppm): 1.25 — 1.27 (d, 3H, J = 6 Hz),
3.38 (s, 3H), 3.56 (s, 3H), 4.05- 4.19 (m, 2H), 4.46-4.52 (dd, 1H, J1 = 3 Hz, J2 = 15 Hz), 7.61 (s,

1H).
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Figure A - 1. 4. List of the 1,3-dimethylxanthine-base chiral derivatives.



The different 1,3-dimethylxanthine-base chiral derivatives (Figure A - I. 4) were synthesized as

followed :

1-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)propan-2-yl acetate (1a) and 3-
(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)propane-1,2-diyl diacetate (2a):
ca. 1g of either racemic or enantiopure proxyphylline or diprophylline were set at reflux in
60mL of in acetic anhydride for 8 hours. Thereby, the resulting reaction mixtures were cooled
to room temperature and the solvent evaporated under vacuum and recrystallized in 10 mL
of a 1:1 DCM/Hexane solvent mixture to produce white powders (> 80 % yield). 'H NMR (CDCls,
300 MHz) 6 (ppm, 1a): 1.27 (d, 3H), 1.95 (s, 3H), 3.40 (s, 3H), 3.59 (s, 3H), 4.21 - 4.64 (dq, J* =
6 Hz, =3 Hz 2H), 5.21 - 5.32 (m, 1H), 7.53 (s, 1H). *H NMR (DMSO-d6, 300 MHz) & (ppm, 2a)
1.93 (s, 3H), 2.03 (s, 3H), 3.23 (s, 3H), 3.43 (s, 3H), 4.05 - 4.29 (dqg, J* = 6 Hz, /= 3 Hz 2H), 4.44
- 4.60 (dq, J* = 6 Hz, J2=3 Hz, 2H), 5.34 - 5.39 (m, 1H), 8.07 (s, 1H).

7-(2-methoxypropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione  (1b) and 7-(2,3-
dimethoxypropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (2b): ca. 0.5g of either
racemic or enantiopure proxyphylline or diprophylline were stirred with NaH (leq per
hydroxyl function) in anhydride DMF under argon at 0 °C for 30min. Thereby, Mel (1leq per
hydroxyl function) was added dropwise and the resulting reaction mixtures were left stirring
for an additional 24h at room temperature. The DMF was then evaporated under vacuum and
the resulting oil was redissolve in DCM, washed with 0.1M aqueous LiCl solution and brine.
The organic layer was dried over MgSO4 and evaporated under vacuum to yield a pale white
to brownish solid (> 50 % vyield). For some reactions, a yellowish oil was obtained that
necessitated a recrystallization step from pentane. *H NMR (CDCls, 300 MHz) & (ppm, 1b): 1.22
(d, 3H),3.25 (s, 3H), 3.42 (s, 3H), 3.62 (s, 3H), 3.64 —3.68 (m, 1H), 4.07 - 4.51 (dq, /2 =9 Hz, /2 =
6 Hz 2H), 7.62 (s, 1H). *H NMR (Acetone-d6, 300 MHz) & (ppm, 2b) 3.32 (s, 3H), 3.38 —3.42 (s,
sand m, 3H, 3H and 1H), 3.59 - 3.61 (s and m, 3H and 1H), 3.66 —3.72 (m, 1H), 4.24 - 4.62 (dq,
J1=6 Hz, /=3 Hz, 2H), 7.60 (s, 1H).

7-(2-aminopropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (1c): ca. 10g of racemic
proxyphylline were stirred with TsCl (1.2 eq) in 30 mL of dried DCM under argon. Then, EtsN
(1.2 eq) was added at 0 °C, and the resulting reaction mixture was stirred for 24h. Thereby,
water was added to dissolve the remaining solid, the organic layer was washed with brine,

dried over MgS04 and evaporated under vacuum. The residue was purified on a silicagel



column using 8:2 AcOEt/Heptane solvent mixture to afford racemic 1-(1,3-dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)propan-2-yl 4-methylbenzenesulfonate (89 % yield). *H NMR
(CDCls, 300 MHz) & (ppm, tosylated 1c): 1.55 (d, 3H), 2.34 (s, 3H), 3.32 (s, 3H), 3.54 (s, 3H),
3.98 - 4.36 (dq, /2 =9 Hz, J? = 6 Hz 2H), 4.88 - 4.97 (m, 1H), 7.09 — 7.49 (dd, 2H), 7.46 (s, 1H).

ca. 1g of racemic tosylated 1c and NaNs (3 eq) were dissolve in 15 mL of dry DMF and stirred
at 80 °C for 3h under argon. Thereby, the resulting reaction mixture was cooled to room
temperature and the solvent evaporated under vacuum. The residue was purified on a silicagel
column using 8:2 AcOEt/Heptane solvent mixture to afford racemic 7-(2-azidopropyl)-1,3-
dimethyl-3,7-dihydro-1H-purine-2,6-dione (83 % vyield). 'TH NMR (CDCls, 300 MHz) & (ppm,
azide 1c): 1.27 (d, 3H), 3.36 (s, 3H), 3.55 (s, 3H), 3.95 - 4.04 (m, 2H), 4.36 - 4.45 (m, 1H), 7.58
(s, 1H).

ca. 0.5g of racemic azide 1c and PPhs (4 eq) was stirred in 7.5 mL of pyridine for 1h at room
temperature. Thereby, 20 mL of aqueous NH3 32% was added and stirred for an additional 3h.
The water layer was then washed with PE and DCM, evaporated under vacuum, and the
recovered residue was recrystallized from EtOH to yield racemic 1c in its dehydrated solid
form (62 % Yield). *H NMR (D0, 300 MHz) & (ppm, 1c): 1.39 (d, 3H), 3.38 (s, 3H), 3.58 (s, 3H),
3.95-4.00 (m, 1H), 4.60 - 4.62 (d, 2H), 8.09 (s, 1H).

7-(3-amino-2-hydroxypropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (2c) and 7-(2,3-
diaminopropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (2d): ca. 3g of either racemic
or enantiopure diprophylline were stirred with TsCl (1.2 eq) in 30mL of dried DCM under
argon. Then, EtsN (1.2 eq) was added at 0 °C, and the resulting reaction mixture was stirred
for 24h. Thereby, water was added to dissolve the remaining solid, the organic layer was
washed with brine, dried over MgS04 and evaporated under vacuum. The residue containing
mono-tosylated 2c and di-tosylated 2d was purified on a silicagel column using 8:2
AcOEt/Heptane solvent mixture to afford either racemic or enantiopure 3-(1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-2-hydroxypropyl-4-methylbenzenesulfonate (mono-
tosylated 2c) and racemic or enantiopure 3-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)propane-1,2-diyl-bis(4-methylbenzenesulfonate) (di-tosylated 2d) (1 : 1.01 ; 54 %
yield). 'H NMR (CDCls, 300 MHz) & (ppm, mono-tosylated 2c): 2.47 (s, 3H), 3.38 (s, 3H), 3.58
(s, 3H), 3.98 — 4.07 (m, 2H), 4.09 — 4.15 (m, 1H), 4.32 - 4.37 (m, 1H), 4.53 - 4.58 (m, 1H), 7.36
-7.38(dd, 2H), 7.64 (s, 1H), 7.79 - 7.81 (dd, 2H). *H NMR (CDCls, 300 MHz) & (ppm, di-tosylated



2d): 2.33 (s, 3H), 2.48 (s, 3H), 3.29 (s, 3H), 3.53 (s, 3H), 4.32 = 4.51 (m, 4H), 4.96 — 5.02 (m, 1H),
7.04 - 7.06 (dd, 2H), 7.38 - 7.39 (dd, 2H), 7.41 - 7.42 (dd, 2H), 7.45 (s, 1H), 7.82 — 7.85 (dd, 2H)

ca. 1g of either racemic or enantiopure mono-tosylated 2c or di-tosylated 2d and NaNs (3 eq
per tosylated function) were dissolve in 15 mL of dry DMF and stirred at 80 °C for 3h under
argon. Thereby, the resulting reaction mixture was cooled to room temperature and the
solvent evaporated under vacuum. The residue was purified on a silicagel column using 8:2
AcOEt/Heptane solvent mixture to afford racemic or enantiopure 7-(3-azido-2-
hydroxypropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (mono-azide 2c) and racemic
or enantiopure 7-(2,3-diazidopropyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (di-azide
2c) (85 % yield). *H NMR (CDCls, 300 MHz) & (ppm, mono-azide 2c): 3.41 (s, 3H), 3.42 - 3.44
(m, 1H), 3.59 (s, 3H), 3.71-3.72 (m, 1H), 4.16 — 4.18 (m, 1H), 4.31 - 4.36 (m, 1H), 4.50 - 4.54
(m, 1H), 7.63 (s, 1H). *H NMR (CDCls, 300 MHz) & (ppm, di-azide 2d): 3.41 (s, 3H), 3.44 - 3.47
(m, 1H), 3.61 (s, 3H), 3.66 —3.70 (m, 1H), 4.15-4.21 (m, 2H), 4.49 - 4.56 (m, 1H), 7.63 (s, 1H).

ca. 0.5g of racemic or enantiopure mono-azide 2c and PPhs (4 eq) was stirred in 7.5 mL of
pyridine for 1h at room temperature. Thereby, 20 mL of aqueous NH3 32% was added and
stirred for an additional 3h. The water layer was then washed with PE and DCM, evaporated
under vacuum, and the recovered residue was recrystallized from EtOH to yield racemic 2c
(85 % Yield). *™H NMR (D20, 300 MHz) 6 (ppm, 1c): 2.63 - 2.85 (qd, 2H), 3.29 (s, 3H), 3.47 (s, 3H),
3.95 - 3.98 (m, 1H), 4.21 - 4.23 (m, 1H), 4.44 - 4.48 (m, 1H), 7.97 (s, 1H). ESI-MS* (calc. for
C10H1503N5253.12): m/z [M+H]* = 254.1248 (mw = 254.12477) ; m/z [M+Na]* = 276.1066 (M
=276.10671). The same protocol using 8 eq of PPh3 was applied to di-azide 2d, but 2d did not

crystallizes

A - 1.2. Materials

A -1.2.1. Thermal analyses

DSC and TGA-DSC analyses were performed on a DSC 214 Polyma (Netzsch, Germany) and a
STA 449C (Netzsch), respectively. Each analysis was performed using circa 2 to 6 mg of sample
in aluminium pans with pierced lids. Most analyses involved a single heating step at a heating
rate of 2 K.min?, but more complex temperature programs were also used, sometimes
involving isothermal steps. The atmosphere of the analysis was regulated by a nitrogen flux

(40mL.min?). The Proteus Software was used for data processing. Onset temperatures were



employed for invariants phenomena whenever feasible with an experimental error of + 0.2
°C, while peak temperatures were employed for liquidus with an experimental error of +0.5

°C.
A - 1.2.2. X-Ray Powder Diffraction (XRPD)

XRPD analyses were performed at 25 °C using a D8 Discover diffractometer (Bruker analytic X-
ray Systems, Germany) with a Bragg-Brentano geometry. The instrument is equipped with a
copper anticathode (40 kV, 40 mA, Ka radiation, A =1.5418 A), and a Lynx-Eye linear detector.
The diffraction patterns were recorded with a scan rate of 0.04° (26) in the angular range of

3-30° 26, with a counting time of 0.5s per step. The Eva software was used for data processing.
A - 1.2.3. Single Crystal X-Ray Powder Diffraction (SC-XRD)

Crystal structure resolutions were performed on three different apparatuses:

Reflections were measured on a Bruker D8 Quest diffractometer with sealed tube and
Triumph monochromator (A = 0.71073A). Software package used for the intensity integration
was Saint (v8.40a).° Absorption correction was performed with SADABS.® The structures were

solved with direct methods using SHELXT-2014/5.7 Least-squares refinement was performed

o 2
with SHELXL-2018/38 against |Fh| of all reflections. Non-hydrogen atoms were refined freely
with anisotropic displacement parameters. Hydrogen atoms were placed on calculated
positions or located in different Fourier maps. All calculated hydrogen atoms were refined

with a riding model.

Reflections were measured on a Bruker SMART APEX diffractometer equipped with a CCD area

detector (with Mo Kal = 0.71071 A). The cell parameters and the orientation matrix of the

> SAINT+ V6.02 (1999), Saint Software Reference Manual, Bruker Advanced X Ray Solutions, Inc., Madison,
Wisconsin, USA.

6 Krause, L.; Herbst-Irmer, R.; Sheldrick, G. M.; Stalke, D. Comparison of Silver and Molybdenum Microfocus X-
Ray Sources for Single-Crystal Structure Determination. J Appl Crystallogr 2015, 48 (1), 3-10.
https://doi.org/10.1107/51600576714022985.

7 Sheldrick, G. M. SHELXT — Integrated Space-Group and Crystal-Structure Determination. Acta Crystallogr A
Found Adv 2015, 71 (1), 3-8. https://doi.org/10.1107/52053273314026370.

8 Sheldrick, G. M. Crystal Structure Refinement with SHELXL. Acta Crystallogr C Struct Chem 2015, 71 (1), 3-8.
https://doi.org/10.1107/52053229614024218.




crystal were preliminary determined by using SMART Software.® Intensities were integrated
and corrected for Lorentz polarization and adsorption effects using SAINT Software.> The

program package WinGX? was used for structure solution and refinement.

Reflections were measured on a SuperNova dual wavelength microfocus diffractometer,
equipped with a 135 mm Atlas CCD detector, using Cu- Ka radiation (A=1.54184 A). The data
collection, reduction, and analytical absorption corrections were performed with the

CrysAlisPro program suite.!?

The crystal structures have been solved by direct methods and successive Fourier difference
syntheses and refined by weighted full-matrix least squares method against F2 using SHELX
suite.® All non-hydrogen atoms have been refined anisotropically. All H atoms were located in
difference Fourier electron-density maps and were treated as riding on their parent atoms,
with C-H = 0.950 A, and Uiso(H) = 1.2x Uiso(C) for bond length distances and riding restraints,
respectively. Views of the crystal structures have been prepared by using the Mercury?!?

software and measurements were performed using the Diamond?*3 software.
A - 1.2.4. Temperature Resolved X-Ray Powder Diffraction (TR-XRPD)

Temperature Resolved- X-Ray Powder Diffraction analyses were performed on a Bruker- D8
Advance Series Il diffractometers equipped with a hot-stage temperature cell TTK 450 Anton
Paar. Measurements were performed from 20°C up to 130°C by 5°C steps. Between each
measurement, heating rate was fixed at 2K/min. The analytical conditions of every analyzing
step were as following: angular range: 4°-30° (20) ; step size : 0.04° ; measuring time per step:

0.5s ; kB filter (Ni); cupper anode (40 kV, 40 mA) and fixed sample.

A - 1.2.5. In-situ X-Ray Powder Diffraction (InSituX®)

9 SMART for WNT/2000 V5.622 (2001), Smart Software Reference Manual, Bruker Advanced X Ray Solutions, Inc.,
Madison, Wisconsin, USA.

O WinGX: Version 1.70.01: An Integrated System of Windows Programs for the Solution, Refinement and Analysis
of Single Crystal X-Ray Diffraction Data, By Louis). Farrugia, Dept. of Chemistry, University of Glasgow.

1 CrysAlisPro (CCD & RED), 2021.

2 Macrae, C. F.; Sovago, |.; Cottrell, S. J.; Galek, P. T. A.; McCabe, P.; Pidcock, E.; Platings, M.; Shields, G. P.;
Stevens, J. S.; Towler, M.; Wood, P. A. Mercury 4.0: From Visualization to Analysis, Design and Prediction. J App/
Cryst 2020, 53 (1), 226-235. https://doi.org/10.1107/51600576719014092.

13 pennington, W. T. (reviewer). DIAMOND - Visual Crystal Structure Information System. J App! Cryst 1999, 32
(5), 1028-1029. https://doi.org/10.1107/S0021889899011486.




In situ X-ray diffraction data were collected using a prototype of diffractometer developed in
our laboratory (Figure A - 1. 5).1* This apparatus has an original goniometer with a reverse-
geometry (-6/-0). Its association with a dedicated reactor, with a bottom window transparent
to X-ray, allows in situ analyses. The instrument is equipped with a copper anticathode (40 kV,
40 mA, Ka radiation, A =1.5418 A), and a Lynx-Eye linear detector. X-ray diffraction analyses
were performed with a step of 0.04° (26), with 0.5 s/step from 5 to 30° (20).
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Figure A - I. 5. Schematic representation of the InSituX prototype.

A - 1.2.6. Polarimetry

The optical rotations of praziquanamine samples were measured at 20 °C with an incident

wavelength of A =589 nm on an Anton Paar 5100 polarimeter in DCM ([a]3°= - 305 °)'.
A -1.2.7. Hot Stage Microscopy (HSM)

Polarized light microscopy images and videos were taken with a Nikon Eclipse LV100 optical
microscope, equipped with a Nikon Digital sight DS-Ril camera. The samples (a few milligrams
of powder in a quartz cell) were placed in a computer-controlled heating—cooling stage

(Linkam THMS-600). The temperature was regulated via Linksys software.

A - 1.2.8. Second Harmonic Generation (SHG)

14 Coquerel, G.; Sanselme, M.; Lafontaine, A. Method of Measuring Scattering of X-Rays, Its Applications and
Implementation Device. W02012/136921, October 11, 2012.



A Nd:YAG Q-switched laser (Quantel) operating at 1.06 um was used to deliver up to 360 mJ
pulses of 5 ns duration with a repetition rate of 10 Hz. An energy adjustment device made up
of two polarizers (P) and a half-wave plate (A/2) allowed the incident energy to vary from 0 to
ca. 200 mJ per pulse. A RG1000 filter was used after the energy adjustment device to remove
light from laser flash lamps. The signal generated by the sample (diffused light) was collected
into an optical fibre (500 um of core diameter) and directed onto the entrance slit of a
spectrometer (Ocean Optics). A boxcar integrator allowed an average spectrum (spectral
range 490-590 nm) with a resolution of 0.1 nm to be recorded over 3 s (30 pulses). SHG signal
intensities were compared to the signal of a reference compound (a-quartz powder- 45 um

average size).
A -1.2.9. Second Harmonic Generation Microscopy (SHG-M)

Two photon fluorescence (TPF) and second harmonic generation (SHG) microscopy were
performed by coupling an Insight X3 single laser with automated dispersion compensation
(Spectra-physics, Santa Clara, USA) and a TCS SP8 confocal microscope (Leica Systems,
Wetzlar, Germany). The laser emits pulsed light with a repetition rate of 80 MHz and a
temporal width around 120 fs. It is also tuneable between 680 and 1300 nm, its average power
at 900 nm is around 2.50 W. The effective power used during experiments can be controlled
as a percentage of the maximum power. An electro-optical modulator is used to adjust the
laser power at the entrance of the confocal system. A dedicated software (LASX Leica
software, Leica Systems) is used to control the laser. The confocal microscope is equipped with
a long working distance dry Leica objective (HC PL Fluotar 5x NA 0.15). Three detectors are
used to record images. Two of them are Leica hybrid descanned detectors. They can collect
light between 380 and 780 nm by dispersing photons with a prism and by selecting the spectral
band with a motorized split mirror. The third detector is a photomultiplier detector operating
in transmission and giving an image of the sample in shades of grey (bright field image). The
whole coupled system permits to perform confocal microscopy of the samples, giving 3D

information.
A - 1.2.10. Chiral-High-Performance Liquid Chromatography (cHPLC)

Chiral HPLC analyses were performed using an Ultimate 3000 HPLC (ThermoFisher Scientific).

For the determination of enantiomeric composition of samples from the praziquantel library,



HPLC analysis was performed on a Phenomenex Lux Cellulose 4 column (3.0 x 150 mm x 3 um),
Chiracel OJ-H, OD-H columns (4.6 x 250 mm, 5um) or CHIRALPAK IC column (4.6 x 250 mm,
5um) with a UV detection at a wavelength of 220 nm with a mobile phase consisting of n-

heptane and 2-propanol at flow rate of 1 mL.min™.

For the determination of enantiomeric composition of samples from the triazole ketone
library (x%-1b): cHPLC was performed using a Chiracel OD-H column (250 mm x4.6mmx5 pm)
with a UV detection at a wavelength of 220 nm, employing a mixture of isopropyl 2-propanol
/ n-heptane (3:97, v/v) as eluent at a flow rate of 1 mL.min™. (x%-1d): 2D-cHPLC method was
performed using a Chiracel OD-H and Chiralpak AD-H columns (250 mm x4.6mmx5 pm) with
a UV detection at a wavelength of 220 nm using a mixture of 2-propanol / n-heptane / TFA

(95:5:0.1, v/v/v) as eluent at a flow rate of 1 mL.minL.
A - 1.2.11. Liquid Chromatography - Mass Spectrometry (UHPLC-MS)

Chromatography separation was achieved using a Vanquish UHPLC system (Thermo Scientific)
equipped with a Acquity UPLC BEH column (C18 2.1 x 50 mm, 1.7 um) set at 35 °C with a
constant flow rate of 0.3 mL.minL. The injection volume and temperature were set at 0.5 pL
and 10 °C. The mobile phase consisted of H,0 and ACN with the following gradient procedure:
H,0 / ACN (98:2 v:v) to ACN 100 % in 4min, ACN 100 % for 1.3 min and H20 / ACN (98:2 v:v) in
0.5 min. The chromatographic system was connected to an Orbitrap Exploris 120 mass
spectrometer (Thermo Scientific GmbH; Dreieich, Germany) equipped with an electrospray
ionization (ESI) source in positive mode at spray voltage 3.5 kV. Sheath gas, auxiliary gas and
sweep gas were set at 50, 10 and 0 a.u., respectively. The capillary temperature and the
vaporizer temperature were set to 325 °C and 350 °C, respectively. Data acquisition was

performed from 120 — 1800 m/z at a resolution of 60.000.
A -1.2.12. Nuclear Magnetic Resonance (NMR)

1H spectra were recorded on a Fourier 300 MHz FT-NMR Spectrometer System (Bruker,
Germany) using deuterated solvents (> 99.98 %). The data were processed using the

MestReNova software.

A -1.2.13. High Energy Milling



Milling experiments were all conducted with a Mixer Mill MM400 equipped with two 10mL-
jars. They are composed of ZrO2 as well as the 10mm diameter bead used to ensure the
milling. The different compositions of the two binary racemic isopleth sections between the
triazole ketone derivatives were prepared by grinding 150 mg of the targeted mixtures at 30
Hz for 30 minutes. In all mixed crystal deracemization experiments, ca. 100 mg of model
compounds was ground with around NaOH (0.5eq) and 50 mg of NaCl. All jars were prepared
in glove bags under nitrogen atmosphere. The mixtures were ground at 30 Hz for at least four
consecutive hours. The maximum of the ground material was removed and washed with a

sufficient amount of water to remove any trace of base before cHPLC analyses.
A - 1.2.14. Scanning Electron Microscopy (SEM)

SEM pictures were obtained with a JEOL JCM-5000 NeoScope instrument (secondary
scattering electron) at an accelerated voltage between 10 and 15 kV. Powder samples were
stuck on an SEM stub with gloss carbon and coated with gold to reduce electric charges

induced during analysis with a NeoCoater MP-19020NCTR.

A - 1.3. Methods

A - 1.3.1. Seeded Isothermal Preferential Crystallization procedure

SIPC method

~ 800 mg of racemic 3t and 3ae was dissolved in 10 mL and 30 mL IPA using a 20 mL and 50
mL vials respectively by heating the resulting stirred mixture (cross-shaped PTFE magnetic
stirring bars (BOHLC369-25, VWR) and standard stirring plate at 700rpm) until a clear solution
is obtained (double-jacketed flasks connected to a circulating cryostat (F34-HE, Julabo)). The
clear solution was then filter through 0.22 um syringe filter and cooled to reach a
supersaturation B =2 (15 °Cand 20 °C respectively) with respect to the solubility of the racemic

compound and seeded with 40 mg of pure enantiomer.

Sampling methods and sample preparation

For compound 3t and 3ae, the chiral resolution via preferential crystallization was monitored

by sampling ~ 0.5mL of the slurry from the crystallization flask using a single channel



mechanical pipettor (613-0155, VWR). The solid and liquid phases were isolated from the

collected suspension following two procedures :
e By casting it on top of filter papier laid down on glass filter connected to a vacuum
filtration setup
e By centrifuge filtration using standard micro centrifuge (Fisherbrand) and 0.22pm

cellulose acetate centrifuge tube filter (525-0017, VWR)

~ 1.5 mg of the solid phase was dissolved in 1.5 mL of a n-Heptane/IPA mixture (80/20; v/v)
with subsequent ultrasonication while the liquid phase was diluted 9 times with the same

solvent mixture prior to HPLC analyses.

HPLC methods and SIPC monitoring

Enantioselective HPLC analyses for compound 3t and 3ae were performed on a Chiracel OD-
H column (4.6 x 250 mm, 5um) with a mobile phase consisting of n-heptane and 2-propanol
(85/15 and 60/40 v:v respectively) at flow rate of 1 mL.min~! with a UV detection at 220 nm.

Each run had a total time of 60 minutes.

The crystallized mass was obtained by (i) weighing the total amount of enantiopure solid

recovered or (ii) determining the concentration of the solute based on a calibration curve.
A - 1.3.2. Solubility measurements & Crystal16

Temperature-dependent solubilities were measure using the Crystal1l6 apparatus (Technobis,
Alkmaar, the Netherlands) using four 1.5 mlL vials at different concentrations. The
temperature program consisted in three consecutive cycles involving a heating step at 0.3
K.min, a holding step at the top temperature for 15 minutes, a cooling step at 0.5 K.min* and
a holding step at the bottom temperature for at least 6h to ensure the recrystallization of the
samples. Clear points were characterized once 100% transmittivity was reach during the
heating steps. The clear temperatures were fitted with the Van 't Hoff equation, allowing the
estimation of any solubility of a pure component in the observed temperature. All vials were
weighted after each experiment to ensure that no evaporation resulting from the successive

cycles occurred.



Isothermal solubilities of the mixed crystal systems were measured in triplicate in various
solvent and temperature by using the standard gravimetric method. The suspensions were
prepared in targeted solvents and stirred at fixed temperatures using a thermostated double-
jacket glass vessels. After equilibration for at least 2days, the suspension was filtered using a
13mm syringe filter (0.45 um PTFE membrane), the solid phase in equilibrium with the solution

was identified by XRPD and the saturated solution was weighed before and after evaporation.



A - 1. Crystallographic data

(RS)-3t (R)-3t (RS)-3af (S)-3af (RS)-3ah (RS)-3al
Crystal System orthorhombic  orthorhombic monoclinic orthorhombic  orthorhombic  orthorhombic
Space Group Pbca P2:2:2, P2:/n P2:2424 Iba2 Pccn
2,7 16, 2 4,1 4,1 4,1 8,1 8,1
a (A) 16.3560(6) 10.4553(5) 10.1228(3) 10.4629 44.0851(13) 34.2375(10)
b (A) 10.4483(3) 90 10.5106(3) 10.5045 7.5935(2) 7.5473(2)
c(A) 33.5637(12) 90 14.2364(4) 13.2819 10.2787(3) 10.6671(3)
a () 90 90 90 90 90 90
6(°) 90 90 103.5188(10) 90 90 90
v(°) 90 90 90 90 90 90
vV (A?) 1472.74(7) 1431.65(12) 1472.74(7) 1459.78 3440.90(17) 2756.39(13)
Calculated Density (g.cm?) 1.261 1.264 1.568 1.581(9) 1.156 1.317
Measured data 6595 3013 4495 3642 1920 4966
Observed data (Fo>4.0 o(Fo)) 3208 2922 4053 3617 1808 4518
No. Restraints/params 0/396 0/183 0/190 0/190 1/202 0/183
Goodness-on-fit on F2 1.014 1.040 1.068 1.071 1.07 1.084

R1/WR2 (Fo>4.0 o(Fo))
R1 (all data)

Largest diff peak and hole (e".A™3)

0.0547/0.120
0.1281

0.163/-0.175

0.0393/0.110
0.0405

0.132/-0.195

0.0292/0.068
0.0340

0.411/-0.387

0.0191/0.052
0.0192

0.243/-0.303

0.0638/0.193
0.0654

0.367/-0.212

0.0443/0.107
0.0404

0.424/-0.203




(RS)-3aj (RS)-3aj (RS)-3ak (R)-3ak
Crystal System monoclinic orthorhombic Monoclinic orthorhombic
Space Group P2i/c P212124 C2/c P212:24
,7 8,2 4,1 8,1 4,1
a(A) 19.3528(13) 6.10440(10) 22.7042(7) 6.6402(2)
b (A) 10.3202(7) 13.2481(2) 10.3391(3) 13.1536(5)
c(A) 16.1741(10) 20.6984(3) 14.8198(5) 18.6825(8)
a(’) 90 90 90 90
8(°) 95.757(2) 90 105.7620(10) 90
v () 90 90 90 90
vV (A3) 3214.1(4) 1673.91(4) 3348.00(18) 1631.78(11)
Calculated Density (g.cm™) 1.370 1.315 1.394 1.430
Measured data 8012 3648 4508 4057
Observed data (Fo>4.0 o(Fo)) 6361 3648 3475 3948
No. Restraints/params 0/451 0/226 0/235 0/235
Goodness-on-fit on F2 1.031 1.042 1.121 1.016
R1/wR2 (F¢>4.0 o(Fo)) 0.0497/0.140 0.0348/0.095 0.0594/0.201  0.0289/0.082
R1 (all data) 0.0652 0.0369 0.0811 0.0299
Largest diff peak and hole (e.A)  0.334/-0.287  0.178/-0.171  0.446/-0.351  0.274/-0.183

The four crystal structures of the praziquantel derivative 3ag [(RS-/)-3ag, (RS-//)-3ag, (RS-1l)-

3ag, (R)-3ag] have been deposited to the CSD with refcodes 2328334 (POZFOD), 2328335

(POZFUJ), 2328336 (POZGAQ), 2328337 (POZGEU). The crystal structures of proxyphylline Rl

and El have been deposited to the CSD with refcodes 2297554 and 2297602 (POZFIX).



A - lll. Thermochemical data

Entry

Compound

RS
Tom

(K)

RS
AH¥
(kJ/mol)

T

(K)

AHF
(kJ/mol)

AG®
(kJ/mol)

3a

3b

3c

3d

3e

3f

3g

3h

3i

3j

3k

3l

3m

3n

30

2-benzoyl-1,2,3,6,7,11b-hexahydro-
4H-pyrazino[2,1-a]isoquinolin-4-one

2-isonicotinoyl-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(2-methylbenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(2-fluorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(3-chlorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one

2-(2-fluoro-5-
(trifluoromethyl)benzoyl)-
1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-alisoquinolin-4-one
2-(3,5-dimethoxybenzoyl)-
1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-alisoquinolin-4-one
2-(4-methylbenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(4-methoxybenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(4-fluorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(4-chlorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(4-bromobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(4-ethylbenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
2-(4-(tert-butyl)benzoyl)-
1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-alisoquinolin-4-one
2-(2-phenylacetyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one

165.0

140.3

116.6

127.6

183.4

148.4

n/a

187.1

218.3

187.1

217.9

213.6

173.5

202.8

120.8

34.6

28.9

22.0

27.8

371

38.2

n/a

36.4

40.9

30.7

49.2

45.2

38.3

35.9

25.3

1345

163.9

105.7

162.8

161.6

171.3

n/a

185.9

209.0

206.2

237.2

2374

141.1

184.7

116

20.4

25.6

16.8

25.7

315

n/a

n/a

37.5

52.2

40.9

52.0

35.8

25.4

33.8

20.4

4.76

1.00

2.80

0.23

4.28

n/a

n/a

2.74

3.55

1.02

0.87

1.14

5.17

4.00

2.55




Entry Compound T AH’IS ’ Tm AH? a6?
(K)  (k/mol) (K)  (ki/mol) (kJ/mol)

2-(2-(4-methoxyphenyl)acetyl)-

3p 1,2,3,6,7,11b-hexahydro-4H- n/a n/a n/a n/a n/a
pyrazino[2,1-alisoquinolin-4-one

3q n/a n/a n/a n/a n/a
2-(2,2-dimethylbutanoyl)-

3r 1,2,3,6,7,11b-hexahydro-4H- 164.9 35.6 126.5 27.7 5.43
pyrazino[2,1-alisoquinolin-4-one

35 2Propionyl-1,2,3,6,7,11b-hexahydro- 0 ) 550 499 329 2.23
4H-pyrazino[2,1-a]isoquinolin-4-one

3t 2-isobuty_ry|—1,2,3,6.,7,1l.b-hfexahydro- 114.8 24.1 146.2 311 -0.09
4H-pyrazino[2,1-a]isoquinolin-4-one 117.5 26.2 0.12
2-pivaloyl-1,2,3,6,7,11b-hexahydro- 152.0 33.2 0.11

3u 4H-pyrazino[2,1-a]isoquinolin-4-one 154.4 30.6 180.9 368 0.31

3y 2—butyry|—1,2,3,'6,7,l.lb—hexahydro—4H— 115.1 339 n/a n/a n/a
pyrazino[2,1-alisoquinolin-4-one
2-(3-methylbutanoyl)-1,2,3,6,7,11b-

3w  hexahydro-4H-pyrazino[2,1- 111.9 20.3 n/a n/a n/a
alisoquinolin-4-one
2-(2-ethylbutanoyl)-1,2,3,6,7,11b-

3x  hexahydro-4H-pyrazino[2,1- 124.5 27.0 n/a n/a n/a
alisoquinolin-4-one
2-hexanoyl-1,2,3,6,7,11b-hexahydro-

3y 4H-pyrazino[2,1-a)isoquinolin-4-one 731 24.7 n/a n/a n/a
2-(5-bromopentanoyl)-1,2,3,6,7,11b-

3z hexahydro-4H-pyrazino[2,1- 95.2 23.5 n/a n/a n/a
alisoquinolin-4-one
2-(4-methylpentanoyl)-1,2,3,6,7,11b-

3aa hexahydro-4H-pyrazino[2,1- 65.5 14.6 n/a n/a n/a
alisoquinolin-4-one
2-methyl-1-oxo-1-(4-oxo-
1,3,4,6,7,11b-hexahydro-2H-

3ab pyrazino[2,1-alisoquinolin-2- 1516 36.2 n/a n/a n/a
yl)propan-2-yl acetate
2-(cyclopentanecarbonyl)-

3ac 1,2,3,6,7,11b-hexahydro-4H- 133.9 33.0 140.17 25.8 1.95
pyrazino[2,1-alisoquinolin-4-one
2-(1-acetylpiperidine-4-carbonyl)-

3ad 1,2,3,6,7,11b-hexahydro-4H- 139.8 14.0 n/a n/a n/a
pyrazino[2,1-alisoquinolin-4-one

142.6 25.7 0.11

3ae z'ace.tyl'lz'zl's’6.7’11'.°'hfxa;ydr°'4H' 143.6 276 1807 263 0.25
pyrazino[2,1-alisoquinolin-4-one 1482 24 0.55
2-(2,2,2-trichloroacetyl)-1,2,3,6,7,11b-

3af hexahydro-4H-pyrazino[2,1- 185.6 34.7 142.4 23.0 5.66
alisoquinolin-4-one
2-(cyclopropanecarbonyl)- 126.4 20.7 1.05

3ag 1,2,3,6,7,11b-hexahydro-4H- 144.5 41.47 149.1 233 2.15
pyrazino[2,1-alisoquinolin-4-one 149.3 24.7 2.45




Entry

Compound

RS
Tom

(K)

AHPS
(kJ/mol)

T

(K)

AHF
(kJ/mol)

AG®
(kJ/mol)

3ah

3ai

33j

3ak

3al

PzQ

2-(3,3-dimethylbutanoyl)-
1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-alisoquinolin-4-one
2-(2,4-dichlorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
4-(4-ox0-1,3,4,6,7,11b-hexahydro-2H-
pyrazino[2,1-alisoquinoline-2-
carbonyl)benzonitrile
2-(4-nitrobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
alisoquinolin-4-one
N,N-dimethyl-4-oxo0-1,3,4,6,7,11b-
hexahydro-2H-pyrazino[2,1-
alisoquinoline-2-carboxamide
2-(cyclohexanecarbonyl)-
1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-alisoquinolin-4-one

113.2

138.2

217.0

211.4

99.9

140.7

22.7

24.7

34.5

40.1

215

341

n/a

157.4

184.4

224.6

n/a

111.14

n/a

30.9

27.3

41.2

n/a

23.6

n/a

0.99

4.93

1.70

n/a

4.65




Abstract

Crystallization is widely used for isolating biorelevant enantiopure molecules, which requires
enantiomers to self-sort into separate enantiopure crystals. Unfortunately, this behaviour is
unpredictable and rare (5-10%), as both enantiomers predominantly crystallize together into
racemic crystals, hindering any such chiral sorting. Recognizing that non-equilibrium
conditions may overcome these unfavourable statistics, we explored the solid-state
landscapes and thermodynamic properties of different series of numerous analogous
molecules derived from three distinct chiral cores: Praziquantel, Proxyphylline and
Paclobutrazol. Our investigations led to three key approaches for enhancing crystallization-
based chiral resolution methods: (i) A directed evolution strategy based on the energy
differences between racemic and enantiopure crystal phases, (ii) the identification of specific
molecular features favouring the crystallization of enantiopure crystals and (iii) engineering a
crystal structure with efficient chiral discrimination capabilities that relies on a host-guest
association strategy. These insights relying on the study of chemically related derivatives open
new, previously unconsidered possibilities for isolating pure enantiomers that are essential in
our daily lives.

Key words: Chirality, Enantiomeric purification, non-equilibrium conditions, Polymorphism,
Phase diagram, directed evolution

Résumé

La cristallisation est beaucoup utilisée pour isoler des molécules d’intérét pharmaceutique
sous formes énantiopures, ce qui nécessite que les énantiomeére s’auto-discriminent a I'état
solide. Malheureusement, ce comportement est imprévisible et rare (5-10%), car les deux
énantiomeéres cristallisent majoritairement sous forme de composé racémique, empéchant
toute résolution chirale par cristallisation. Réalisant que des conditions hors équilibres
peuvent surmonter ces statistiques défavorables, nous avons exploré les comportements a
I'état solide et les propriétés thermodynamiques de différentes séries de molécules analogues
dérivées de trois composés model chiraux : le praziquantel, la proxyphylline, le paclobutrazol.
Nos investigations ont conduit a trois approches clés pour améliorer les méthodes de
résolution chirale par cristallisation : (i) une stratégie d’évolution dirigée basée sur les
différences d’énergie entre les phases cristallines racémique et énantiopure, (ii)
I'identification de caractéristiques moléculaires spécifiques favorisant la cristallisation de
cristaux énantiopures et (iii) la conception d’une structure cristalline avec des capacités de
discrimination chirale efficaces reposant sur une stratégie d’association hote-invité. Ces
avancées, reposant sur I'étude de dérivés chimiquement apparentés, ouvrent de nouvelles
possibilités, précédemment inconsidérées, pour I'obtention d’énantiomeéres purs qui sont
essentiels dans notre vie quotidienne.

Mots-clés : Chiralité, Purification énantiomérique, conditions hors équilibre, Polymorphisme,
Diagramme de phases, évolution dirigée



