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General Introduction

The key word of this PhD manuscript is chirality. Since its discovery in the 19" century,
chirality has been found to be involved in a large panel of domains: biology, pharmacy,
chemistry, physico-chemistry, physics, etc. Thus, chirality is not sufficient to describe this
thesis. More specifically, we have been interested in the phase equilibria involving chirality,

and the opportunity of separation of the enantiomers that results from them.

The need for access to pure enantiomers has been accelerated since the nineties when new
pharmaceutical restrictions imposed by medicinal agencies resulted in a strict control of the
difference in activity and side effects between the enantiomers. The importance, and demand,
for new, cheap, efficient and robust processes to obtain pure enantiomers are thus more

important than ever.

Among the possible route for the access to pure enantiomers, one can directly synthesize
the desirable enantiomer (asymmetric synthesis, synthesis from chiral pool, etc) or can use a
process to separate the enantiomers from a racemic mixture (chromatography, Pasteurian

resolution, ...).

In this work, we focus only on processes using crystallization of chiral components, in

particular via Preferential Crystallization or Deracemization.

After the recall of basic notions in Chapter 1, two studies will be presented.

The first one, the Chapter 2, is the basic application of an already well-known resolution
process to a molecule of pharmaceutical interest. Baclofen, already used as muscle relaxant,
has been undergoing an increase of its demand since recent results against addictions.
Application of a low-cost separation method being relevant, Preferential Crystallization has
been carry on its hydrogenomaleate salt. Even if the resolution of a conglomerate forming
system by Preferential Crystallization is a well-known process, its application to mirror image

partial solid solutions is more unusual.

The third chapter of this thesis is devoted to the phase equilibria existing between the
racemic composition of two couples of atropisomers. This study is not directly related to the
separation of enantiomers, but it could result in a facile deracemization. Through this chapter

would be investigated:
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General Introduction

Three different quaternary equilibria (stable, metastable and apparent).

A new simple recrystallization accelerator.

A new kind of chirality (Chirality Induced by Dissymmetric Distribution) will be
presented and theoretical cases will be discussed.

The various possibilities of total or partial deracemization at different compositions

of the system will be pointed out.
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Chapter 1 — Thermodynamics, Crystallogenesis & Chirality

Introduction

In this chapter, generalities about crystalline state, thermodynamics of heterogeneous
equilibria and chirality will be briefly detailed. The aim is not to treat thoroughly those different
domains, but to give a general overview of them to ensure to the neophyte readers, as far as

possible, a pleasant lecture of this work.

Part.| Thermodynamics & Heterogeneous Equilibria

I Thermodynamic phase and states of the matter

A system is a part of the universe delimited by real or fictive boundaries. Open systems
exchange both matter and energy with surroundings, closed systems exchange only energy and

isolated systems exchange nothing.

A phase is a part of a thermodynamic system that can be considered as homogeneous in

properties (e.g composition, density, temperature, ...) and constant in time.!*

Crystalline is applied to phases that exhibit a periodic, three dimensional and strict
arrangement of particles (atom(s), ions and/or molecule(s)). Those phases, called crystals,
present a Long Range Order (LRO). Instead of crystal, in the contest of thermodynamics and

heterogenous equilibria, we prefer to use the term of solid to describe this state of the matter.

In the gas or vapor phase, molecules have no interaction one with the other. In the liquid
phase, molecules interact with their neighborhoods with certain conformations leading to the

formation of a Short Range Order (SRO) (Figure 1).
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Figure 1. Schematic 2 dimensions representation of LRO (left) and a SRO (right).

According to the United States Pharmacopeia, the amorphous solid (or glassy state) is defined
as “a solid containing the maximum possible density of imperfections, such that all long-range order
is lost while only the short-range order imposed by its nearest neighbors remains”. They present
an “infinite” viscosity and a very low diffusion of particles. They are characterized by a glass
transition temperature corresponding to the transition of the frozen glassy state to a supercooled
liquid.® This glass transition temperature is not a thermodynamic transition since it depends on
different conditions such as the heating condition, the solvent content (plastizing effect), the history

of the sample, etc.

Thus, from thermodynamics point of view, amorphous solids are considered as a liquid-like

state and not as a solid-like state.

IT Phase equilibria

II.1 Energy of a system
The state of a system is given by its energy respecting one simple rule: the lower the energy,
the better. To describe this energetic state, the molar free enthalpy or Gibb’s free energy G is

commonly used.*
G=U+PV-TS Eq 1

Where U is the molar internal energy of the system, V the molar volume, S the molar

entropy and P and T the pressure and the temperature.
Gibb’s free energy can also be written as:
G=H-TS Eq.2

Where H is the molar enthalpy of the system which represents the total amount of heat of

the system whereas the entropy is associated to its disorder.’
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The pre-mentioned rule concerning the energy of a system can be formalized by:%’

- A single transformation of a system is made spontaneous when the free energy of

the final state is lower than that of the initial one.
AG = Gfinat — Ginitim = AH —TAS <0 Eq. 3

- The most stable state of a thermodynamic system is attained when its molar free
energy is at its lowest possible value. A mixture of different phases can be necessary

to fulfill this condition.

1.2 Equilibrium and stability
When concomitant thermal (8T), mechanical (6P) and chemical (én;) equilibria are

reached, the system is at equilibrium and at a minimum value of free energy.
Several levels of equilibria can be reached. Thus, one can define (Figure 2):

- Instable state: when the free enthalpy is not at a minimum value, the system is
unstable and will evolve to reach the nearest equilibrium.

- Metastable equilibrium: if the system reaches a local minimum of the free enthalpy,
it is at a metastable state. It is at equilibrium but not the lowest one. System would
need activation energy (E, or AG,) to leave this equilibrium to a more stable one
(metastable or stable).

- Stable equilibrium: the global free energy minimum corresponds to the stable

equilibrium.

Unstable

Unstable
lst
metastable

2" metastable
AGqs

Stable

State

Figure 2. Energetic landscape for a system with two metastable equilibria.

Ostwald rule of stage®’ sets that an out of equilibrium system will undergo transformation(s)
(phase transition(s)) between intermediate metastable state(s) before to reach the stable

equilibrium.
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[.3 Variance

The variance corresponds to the number of degrees of freedom. If C corresponds to the
number of independent component(s) of a system (not linked by any chemical reaction), N the
number of extensive variable(s) and ¢ the number of phase(s) in equilibrium, so the variance
v is given by:

v=C+N-—¢ Eq. 4

This equation is known as the Gibbs’ phase rule.* 1t is the number of the C — 1+ N

variables (pressure, temperature and/or composition(s)) that can be changed without modifying

the equilibrium.

For v = 0, the equilibrium is invariant, monovariant for v = 1, bivariant for v = 2, and

SO On...

III Phase diagram

This part is mainly based on the book of John Ettore Ricci, The phase rule and

heterogeneous equilibrium published in 1966.'°

Heterogenous equilibria studied and presented in this work concern the condensed liquid
and solid phases. The gas phase would be represented in the low order systems but we will not
discuss its equilibria. Solid lines represent stable equilibria whereas dotted lines represent

metastable equilibria.

[1.1 Unary phase diagram
A phase diagram dealing with chemically pure component (C = 1) is called unary phase
diagram. The extensive variables are the temperature and the pressure (N = 2). It can be

represented in 2D (P,T) diagram:
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Pressure
Ic
Liquid
Solid
f Gas
Temperature
Gibb's free energy
GGas
GSvstem
GSoIid
GLiquid
Temperature

Figure 3. Unary phase diagram (top) and P4 corresponding (G,T) diagram.

The variance for such a system is given by the Eq. 5 and the shape of each domain, according

to the variance, is listed in Table 1.°

v=3-—¢ Eq. 5

Table 1. Domains shape for unary phase diagram.

(P,T)
representation
Type of domain
Variance iy
< Domain’s shape
v=3-¢
Monophasic 2 Surface
=1
Biphasic i
1 Line
(p=2)
Triphasic i
0 Point
(p=3)

Phases repartition and domains shapes are determined by the minimization of the free
energy G (Figure 3). Linear combinations of two free energies give rise to a biphasic domain
and linear combinations of three free energies to a triphasic domain (triple point for unary

system).

Over a certain P and T value, super-critical fluid appears that corresponds to both liquid

and gas phases merging into a unique one.
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Moreover, several solid phases may exist for the same component (atom(s), ions and/or
molecule(s)). This behavior is known as allotropism or polymorphism''~'* defined by Mc Crone
as “a solid crystalline phase of a given compound, resulting from the possibility of at least two
different arrangements of the molecules of that compound in the solid state”. As polymorphs
present different structural packings, their physicochemical properties, related to their

structures, are different.

As shown in Figure 4, when two polymorphs have their own domains of stability, they have
an enantiotropic behavior. There is a reversible transition, between the two polymorphs, at

defined temperatures and pressures.

Otherwise they have a monotropic behavior: one polymorph is metastable while the other

one is the stable solid phase.

Pressure Pressure

s, s, 5,

S G T,

Temperature Temperature

Figure 4. Monotropic (left) and enantiotropic (right) behavior in unary phase diagrams.

[11.2 Binary phase diagram
In addition of the pressure and the temperature, another variable appears for binary system:
the composition between the A and B components (€ — 1 = 1). Compositions can be expressed
in weight (x;) (Eq. 6) or in molar (X;) (Eq. 7) fraction.

my mp

X4 = e—— and xp = ——— with x4 +xp=1 Eq. 6
X, =—4 and Xp=—2 with X, +Xp=1 Eq.7
A~ ngp+npg B — nap+npg A B = 4-

General expression can be made for a j-order system (j components):

m:
Xi=g5—— and X; =3
Zk=1mk Zk=0nk

ni

with Y_ x=Y_,X;=1 Eq8
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J. E. Ricci wrote that “A binary system is completely defined, in representation, by a three-
dimensional figure with the coordinates P, T, ¢, where c is the composition in weight percentage

or mole fraction.”'° (Figure 5).

1atm

/ Pressure
y 4
4
yd
4
7
y4

—
% B

Temperature

Figure 5. Completely defined binary system exploring pressure, temperature and composition variables.

Domains boundaries are in bold line, tie-lines are in thin lines.

Due to the difficulties of pressure exploration and 3D representation and visualization,
binary phase diagrams are, most of the time, represented by their isobaric representation

(T\%B) at P = 1 atm (Figure 6).

Temperature

gas o
lig t

liq
<A> +liq lig +<B>

<A>+<B>

—
A % B B

Figure 6. Isobaric binary section. Domains boundaries are in bold line, tie-lines are in thin lines.
The expression of the variance for a binary system is:
v=4-—¢ Eq. 9
Nevertheless, the isobaric sections permit a new expression of the variance (with N = 1):

vV=3-¢ Eq. 10
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Table 2. Domains shape for binary phase diagram

Isobaric (T,%B) Complete (P,T,%B)
representation representation
Type of domain
Yarlance Domain’s shape MO Domain’s shape
vV=3-¢ v=4—¢
LA P 2 Free surface 3 Free volume
(=1
Biphasic 2D bundle of 3D bundle of
1 .. 2 s .
(p=2) tie-lines tie-lines
Triphasic 0 Point 1 Line
(¢=3)

The different domains listed in Table 2 are obtained by free energy minimization (Figure
7). In binary systems, the stable state of a domain is often the mixture of several phases. Those
phenomena appear when those phases, at different compositions, share the same slope break of

the free energy:

aGphase 1(X1) _ aGphase 2(X2)
(1)).¢ (1)).4

Eq. 11

In that case, it is possible to draw a tangent line between the two curves of free enthalpy at
X, and X, (Figure 7). Outside of those compositions, the system follows the free energy
minimization rule. Between those compositions, the free energy of the system follows this
tangent line and the two phases are in equilibrium. This is the tangent rule that can be
encountered for higher order systems. Biphasic domains correspond in fact to tie-lines on which
the two phases in equilibrium are represented by the extremities. The equilibrium condition
imposed that tie-lines are isobaric and isothermal. Usual “biphasic domain” refers to the
juxtaposition of infinite discrete tie-lines between the same phases (states are constant but
compositions may vary) (Figure 5 & 6). For the sake of clarity, those discrete tie-lines are not

represented (Figure 7) except when it is necessary (e.g solid solutions).
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AtT, AtT, AT,
Temperature Gibb's free energy Gibb's free energy Gibb's free energy
G, G,
gas 55 A A
—+
lig
iquid
qu 'T3 Liqui
\y
<A liq +<B> }
x Ilq a Tz G GSystem
G stem System
<A> +<B> [T, pret ~— 4
A —_— B A —_— B A —_— A —_— B

%8B %B %B B %B

Figure 7. Binary phase diagram (left) and corresponding (G, %B) diagrams for three different

temperatures.

A large number of equilibria can be encountered between two components since an

“infinity” of pair of components can be established. Here below are listed the most common

and useful,

in this work, kind of binary phase diagrams:
Eutectic invariants (Figure 7) correspond to the reaction:

<A>+<B>£3Uq

Where two solids have a depression in their melting points. Eutectic invariants are
defined by the eutectic point (composition and temperature) and by the
compositions limits of the invariant.

Stoichiometric compounds (or defined compound) (Figure 8.a) are new solid phases
formed by the crystallization of different components together (cf. Part.II.1.2.4).
The case presented here has a congruent melting: the molten state has the same
composition as that of the compound.

Peritectic invariants (Figure 8.b) correspond to the incongruent melting of a

defined compound according to the reaction:

<C>g§Lm+<B>
The peritectic invariant (temperature and composition) and the compositions limits
of the invariant define this three phases domain at a fixed temperature.
Eutectoid invariants (Figure 8.c) are the equivalence of the eutectic invariant but

only with solid phases (AH>0 from left to right):

AG=0
<A>+<B>==<C>
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The same equivalence is found between peritectoid and peritectic invariants (Figure

8.d (AH>0 from left to right):

AG=0
<C>—<A>+<B>
Enantiotropy also affects phase diagrams in different way. In the case presented in

Figure 8.e, it induces an invariant with the reaction (AH>0 from left to right):

<B>”g3<3>m

Complete solid solutions or Solid Solution by means of Substitutions (cf.
Part.I1.1.2.4) reflect in phase diagram by monophasic solid domains whatever the
composition (Figure 8.f). The case represented here is a solid solution with a simple
loop for melting. Nevertheless, the loop can present maximum or minimum
melting(s).

When the free energy curve of a phase has two inflection points, the tangent rule
can be applied resulting in a biphasic domain. This phenomenon is called demixion
or miscibility gap (Figure 8.g). It involves solid or liquid phases and appears in
phase diagram by a biphasic domain surrounded by a monophasic one.

If the miscibility gap is large enough to reach the fusion loop, it creates a eutectic
invariant whose limits are not the pure components (Figure 8.h). The domain

between this limit and the pure component corresponds to a partial solid solution.
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a. b. c. d.
Temperature Temperature Temperature Temperature
lig
lig lig lig
lig
. liq .
+<B> N e li
li +I;CI|3> <A> lig+|, liq\/+ <B> <A> . <0|I3>
<A> 9| 4 ig <A> +liq << +lig
+lig <C> +lig \/ZC> +lig
<A> +<C> <C>+<B> <A>+<B>
<A> +<C> <C>+<B> <A> +<C> <C>+<B> <A> +<C> <C>+<B>
<A> +<B>
A C B A C B A C B A C B
o o o —_—
% B % B % B % B
e. f. g. h.
Temperature Temperature Temperature Temperature
lig
liq lig Tiq+ liq
. s.5.S .
liq lig
<A> +<B>y HT liq + <AS +s.sB
+li S5.5.8 s.5.5 i
iq +1iq s.sB
<A> +<B>,; /-\
5.5.8
5.5, +5.5, ' <A> +s.sB
<A>+<B>; LT / \
A —_— B A —_— B A —_— B A —_— B
% B % B % B % B

Figure 8. Binary phase diagrams with (a) a stoichiometric compound with congruent melting, (b) a
stoichiometric compound with incongruent melting, (c) a eutectoid phase transition, (d) a peritectoid phase
transition, (e) an enantiotropic behavior for one component, (f) a complete miscibility between the solid phases,

(g) a miscibility gap and (h) a partial miscibility for one component.

In addition to those cases, other equilibria can be found.'* To finish, metastable equilibria
(monotectic, monotectoid, metatectic, syntectic, ...) also enrich the possible landscape of binary

phase diagrams.

When a mixture, of given composition and temperature, is in a biphasic domain, the two
phases in equilibrium (nature and composition) are given by the tie-line at this temperature.
Thus, in the Figure 9 mixture m is composed of a solid phase <B> at x,,,» composition and a

liquid phase liq at x,,’.

Moreover, it is often useful to know the proportion between those two phases. This

proportion can be deduced from the lever rule:

7 _ ’ _
mm'’ X, 11—Xm mm Xm—X,,/

1

m m : m m
= = and = = with f + = Eq. 12
fllq m'm'’ X1 =%t f<B> m'm'’ X1 =Xy fllq f<B> q
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Isoplethal section
Temperature

Temperature
lig
liq + <B>

<A> /
/ m o
+ li m m
q i 1
L L

i i
4A> + <B>

Pressure

H : x,
A—> % X, B "
Xp

—
% B

Figure 9. Lever rule applied in biphasic domain (left) and the %A = %B = 50% isoplethal section (right).

Isoplethal sections correspond to parts of phase diagram respecting fixed composition(s)
ratio. In a binary diagram, to fix a composition impose to fix the other one. Isoplethal sections

have so unary shape (Figure 9): dimensions are reduced from 3 (T, P and %B) to 2 (T and P).

[11.3 Ternary phase diagram
Ternary is an adjective applied to system containing three components. For a mixture of
those components, the compositions of each one are given by Eq. 8. The third composition
being deduced from the two other, a complete ternary phase diagram is a S-order system
represented in four dimensions: T, P, %A and %B. A visual representation of such system is
impossible in our 3D space, therefore the pressure is usually fixed to reduce to a 4-order system

represented in 3D: T, %A and %B (Figure 10).

Temperature

Ey
E,

Ey

E; | _—
%A —
—
% C
A
%\B‘ Isobar

B
Figure 10. Isobaric representation of a ternary phase diagram with a ternary eutectic invariant at Er.

Domains boundaries are in bold line, tie-lines are in thin lines.

Phase repartition is possible in such representation but the shape and boundaries between

each domain is difficult to visualize (Figure 11). This is why, as for binary system, a 2D
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representation is preferred: the temperature is also fixed and the isobaric isotherm adopts the
Gibbs’ composition triangle* (Figure 11). In theory, the composition triangle can adopt any
shape but in practice, the equilateral triangle and isosceles rectangular triangle (not represented

here) are used.

Temperature

Isobaric isotherm ()
(pressure and
temperature fixed)

+lig

liq

E, —— B

%B

Isobar

Figure 11. Repartition of the phases in Figure 10 ternary phase diagram (left) and T, isothermal and

isobaric ternary section.

According to the representation used, the variance evolves:

- For the complete system:

v=5—-¢ Eq. 13
- Isobaric representation:

vV=4—¢ Eq. 14
- Isobaric isotherms:

vV'=3—-¢ Eq. 15

Shapes of the different domains according to the representation and the variance are listed
in Table 3. For the isobaric and isothermal 2D representation, those shapes are easily visible
(Figure 11 & 13). For the isobaric 3D representation, the visualization is more difficult (Figure

12) since the boundaries between the domains are often curved surfaces.

As for previous systems, the minimization of G and the tangent rule give the stable state of
the system. Note that ternary domains correspond to a tangent line between three different

phases (Figure 12).

39




Figure 12. Shape of the different domains (left) and free energy versus composition diagram at T, (right) for

Different usual cases of ternary isotherms are presented in Figure 13. Note that they are
represented with the third component as a solvent and for temperatures inferior at the melting
point of the two other components. Consequently, the liquid phase can be call a solution that

can be undersaturated (U.S.S), saturated (sat. sol.) or even multiple saturated (d.s.s for doubly

Type of domain

Monophasic
(p=1

Biphasic
(p=2)

Triphasic
(p=3)

Quadriphasic
(=4

Temperature

Biphasic domain
(bundles of tie-lines)
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Table 3. Domains shape for terna

Isobaric and isothermal
(%A,%B) representation

phase diagram.

Isobaric (T,%A,%B)
representation

Variance . Variance .
e Domain’s shape 7 Domain’s shape
v'=3—-¢ vV=4—¢

3 Free volume
2 3D bundle of
tie-lines
3D bundles of

2 Free surface
1 2D bundle of
tie-lines
0 Tie-triangles
-1 Point

Monophasic domain

Biphasic domain

c
Triphasic domain

(bundles oftie-riangles)
<A> +<C> % C
+<B>

Isobar

the Figure 10.

(bundles of tie-lines)

Triphasic domain
(bundles of tie-triangles)

tie-triangles

0 Point

Gibb's free energy at

saturated) (cf. Part.ILII.1.1). The cases presented below are:

isotherm between two non-miscible solids (fop left).

isotherm with a partial miscibility of B (middle top).

isotherm for a complete miscibility binary system (fop right).

isotherm with a defined binary compound with congruent solubility (bottom left).

tangent
lines

defined binary compound with non-congruent solubility (middle bottom).
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- isotherm with a defined ternary compound (bottom right).

Solvent L Solvent L Solvent L

Isotherm
and
Isobar

%L

<B>+
sat. sol.

sat. sol.

d.s.s + <A> +5sB

d.s.s + <A> + <B>

q —_— B ¢ —_— B A —_— B
%B %B %B
Solvent L Solvent L Solvent L

Isotherm
and

<A> + <B> +<C>

B A e B

A -
%B

Figure 13. Classical ternary isotherms between: a solvent and (i) two non-miscible solids (top left), (ii) two

solids with one partial miscibility (middle top), (iii) two totally miscible solids (top right), a system with a binary

compound (C = AyB,) with (iv) congruent solubility (bottom left) and (v) incongruent solubility (middle bottom)

and (vi) a system with a ternary compound (C = A, B, L, ) (bottom right).

As for binary system, metastability and other behaviors enlarge the landscape of ternary

phase diagrams.

The analogy with binary system also fits for determination of the nature and proportion of

the phases in a biphasic domain: compositions are the limits of the tie-line and the proportions

are given by the lever rule (Figure 14). The same logics is applied in triphasic domains: nature

of the three phases are given by the three apexes of the triangle (tie-triangle) and the proportion

of each phase by a ratio of distances.

Example is given by point M in Figure 14 for which:

- Global composition in component C is given by:

cyuM

%(C =
/0 cyC

+100 = é +100 Eq. 16
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- Global composition in component B is:
ByM
0, — M

%oB BB * 100 Eq. 17
Whereas the proportion of phase <B> at this point is:

M _m,’wM_b

Temperatuge

Isobar
temperature
projection

Figure 14. Compositions and phases proportions in a ternary isotherm (left), polythermal projection of
Figure 10 ternary phase diagram (right) and different isoplethal sections in a ternary diagram (middle): green

%A = 75% binary isoplethal section and orange %A = 3 * %C binary isopleth.

Middle picture of Figure 14 presents two binary isoplethal sections extracted from ternary
phase diagram. The two isopleths are governed by different kinds of rule: the green one is
obtained by fixing one composition constant (%A here) whereas the orange section is obtained

by fixing the ratio between two compositions constant (ratio %A and %C here).

Last representation in Figure 14 is the polythermal projection. This representation is useful

when there is an interest on invariants (here ternary eutectic E) and in invariant valleys.

[1l.4 Quaternary phase diagram
With another dimension to deal with, phase diagrams with 4 components cannot be fully
represented in 3D. Therefore, quaternary systems are represented as isothermal and isobaric

tetrahedron with each component on the apexes (Figure 15).
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Solvent L

Isotherm
and
Isobar

B

Figure 15. Isothermal and isobaric regular tetrahedron representation of a quaternary diagram.

The initial variance is:

vV=6—¢ Eq. 19

The isothermal and isobaric tetrahedron permits to modify the variance to:

vV=4—¢ Eq. 20

The shape of the different domains according to this new expression are listed in Table 4:

Table 4. Domains shape for quaternary phase diagram.

Isobar and isotherm

(%A,%B,%C) representation
Type of domain

Variance .
, Domain’s shape
vV=4—¢

Lo 3 Free volume
(=1
Biphasic 2 3D bundle of
(p=2) tie-lines
Triphasic 1 2D bundle of
(p =3) tie-triangles
Ui 0 Tetrahedron
(p=4
Pentaphasic .
(@ = 5) 1 Point

Those shapes are highlighted in Figure 16. The case represented concerns a solvent and
three different solids.
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Monophasic
domain

" Thpllasic domain
(bundles of tie-triangles)

Isotherm
and
Isobar

Biphasic domain
(bundles of tie-lines)

Biphasic domain
(bundles of tie-lines)

<B>+<C>+
d.s.s

<A> +<B> + <C>
+1.5.8

Triphasic domain

(bundles of tie-triangles)

Quadriphasic domain
(tetrahedron)

| | Biphasic domain
[ (bundles of tie-lines)

Figure 16. Different phase-domains and phase repartition for the Figure 15 quaternary system.

Two kinds of isopleths can be isolated from a quaternary system (Figure 17):

- Ternary isopleths can be isolated fixing one composition rule such as one
composition constant (green triangular plane) or one compositions ratio constant
(orange triangular plane)

- Binary isopleths are isolated combining two composition rules: two constant
concentrations (violet line), two constant ratios (red line) or one ratio and one

composition constant (blue line).
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Solvent L

Isotherm
and
Isobar

B
Figure 17. Different isoplethal sections in a quaternary diagram: (i) Zf—i = Z//O_i = 1 binary isopleth (red), (ii)
%A = 3 * %B and %L = 0% binary isoplethal section (blue), (iii) %C = 25% and %L = 0% binary isoplethal

section (pink), (iv) %L = 75% ternary isopleth (green) and (v) Zf—? = 1 ternary isopleth (brown).

lIl.5 Hereafter
Systems with higher orders exist, but their study is reduced to the study of binary or ternary

section. Even quaternary systems are not often study as such and isopleths are mainly used.

Part.Il Crystals

The word crystal comes from the Ancient Greek “crytallos” (kpvotaAloc) which means
“cold drop™ or “frozen drop”, chosen term after the observation of the hardness of stalactites.
Two domains can be distinguished about crystal science. Crystallography is the part of science
that interests in the structure of crystals, meaning how the particles are arranged in the three
dimensions. Crystallogenesis interests on crystallization, i.e how crystals appear from

disorganized states of the matter (gas, solution or amorphous mater).

I Crystallography

Modern crystallography results from the work of mathematicians of the group theory who
conceptualized geometrical and analytical properties of crystals.'> As for all research domain,
it was a step by step conceptualization. The first mention of periodicity was made by Romé de
I'Isle'® and René J. Haiiy!” based on macroscopic observations of calcite in 1784. Based on this

918

theory, several other notions such as the “Miller indices”'® or the “unit cell”* have been
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proposed but without evidence. Crystallography finally passed from this hypothetical view of
periodic elements to a physical reality thanks to the discovery of the X-ray diffraction

phenomenon by crystalline matter.'

[.1 The group theory
[.1.1 Repetition motif

The repetition motif is the entity the crystal is composed of. Its nature (atom(s), ions and/or

molecule(s)) and shape obviously control the interactions that insure the crystalline cohesion.
[.1.2 Asymmetric unit

The asymmetric unit is the smallest unit of repetition motif necessary to build the whole
crystal using the symmetry operations. This unit can incorporate several repetition motifs (Z’ >

1) or only partof it (Z'=Y2, %, ...).

Thus, crystallographers defined as Z’ the number of repetition motif included in the

asymmetric unit and as Z the number of repetition motifs in the unit cell.
[.1.3 Point Group

When a set of symmetry elements is structured into a Group (mathematical sense), the

operations of that group generate equivalent of the initial object (Figure 18).

4 C, axis 3 C, axis

1inversion
i center i
No symmetry 6 C; axis
element \
except identity N .
E x 3 rectangular
NN} _| mirrors
\\I =
1N
B
I
=
A
| \

Figure 18. Symmetry elements for: a Ying and Yang symbol (left), a snowflake (middle) and a cube (right).
Among all the possible macroscopic symmetry elements, only ten are available to describe
crystalline structures:

- The proper rotation x, that rotate the crystalline structure around a x-fold axis (x

rotations of 21t /x ). Five different can be encountered: 1, 2, 3,4 and 6.
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- The improper rotation X, that is a proper rotation x followed by an inversion i. Five

of them can also be find: 1 = i,2 = m, 3,4 and 6.

Combining those different elements, 32 Point Groups, or Crystal Classes, can be
encountered in crystallography (Table 5). Those PG can be used to describe the morphology of
the crystals and the macroscopic properties. They can be classified according to their dominant
symmetry element in the 7 Crystal Systems and 11 of them present the inverse center i

symmetry element.
1.1.4 The unit cell

Let us define a Multiple Unit Cell as a volume that permits to rebuild all the crystal lattice
by simple translation of it. In this purpose, such a volume must adapt a parallelepipedic form

defined by three basic vectors. The corners of the unit cell are the lattice points (or node).

We can define the Unit Cell as the one exhibiting the smallest volume and the highest
symmetry. This Unit Cell is defined by the lattice parameters: a, b and c (the lengths of the

basic vectors) and «,  and y (the angles between the edges) (Figure 19).

The planes exhibiting a high motif density are called reticular planes. They are defined by
their miller indices h, k and [ ((hkl) plane) and their reticular distance dyy; corresponding to

the distance between two planes of the same family (parallel planes).

Figure 19. Representation of a unit cell defined by the lattice parameters a, b, ¢, a, B and y. Lattice points

are represented by blue circles, reticular planes (111) in yellow and (010) in violet.

All the structural information is contained in the unit cell which can be used to rebuild the
entire crystal by translation 7 = u.d + v.b +w.¢ (with u, v and w integers). Note that this

translation can also be applied to the lattice point of the network.
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[.1.5 Modes

When the unit cell only contains one lattice point (the 8 corner ones being share with 8 unit
cells generated by translation), this unit cell is called primitive.

Nevertheless, this one lattice point per unit cell condition is not always respected. Indeed,

unit cells can contains 1, 2 or 4 nodes.?° So Bravais?! introduced the 4 lattice modes:
- P primitive or simple mode.
- A, B orC base-centered: nodes are also present on the middle of the faces described,

respectively, by the d, b or & vector (2 nodes per unit cell).
- I body-centered: a node at the middle of the unit cell (2 nodes per unit cell).
- F face-centered: nodes are present in each faces of the unit cell (4 nodes per unit

cell).

Thus, modes also correspond to a translational symmetry £ = u.d + v. b+w.é (with u, v

and w equal to O or ¥2).

Combination of the 4 different modes and of the 7 crystal systems leads to the /4 Bravais

Lattices.
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Table 5. The seven crystal systems and their associated point groups and modes.

Dominant 14 Bravais Lattice
Crystal System Point Group Cell Parameters
Symmetry Primitive P Base Centered C Body Centered I Face Centered F/

C . . = a+b+c
Triclinic 1 (identity) 1and1 P
. a+hb+c
.. -
Monoclinic 2 along b 2, mand2/m a=f— > o
-7 a+b+c
Orthorhombic 2 &obmiau b Ay AT TP 4
and ¢ 2/m2/m2/m QHHHQ\HM
_  3,3,32,3mand p=l=g
Trigonal 3 along ¢ i 4
3m a=B=y# M
Tetragonal = 4, 4,422, 4mm, a=b+c
e 4 along ¢ 4m2,4/mand e (= e n
q 4/m2/m2/m “P=Y=5
6, 6,622, 6mm, a=b=+c A
Hexagonal 6 along ¢ 6m2, 6/m and . T _2m
6/m2/m2/m QIHIN#H\I 3 B B
. 3alongthe 23, m3,432,43m a=b=c L‘
Cubic : 4 g |
space diagonal and m3m a=f=y=— n\
’ )/
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[.1.6 Space Group

In addition to the symmetry operations of the PG, other symmetries may exist in the
description of a crystal structure. Those new operations combine microscopic translation and

rotation.
Two kinds can be extracted:

- Screw Axes: rotation followed by a translation along the axis of the rotation. One
canlist: 24, 31, 35, 41, 4,, 43, 64, 65, 63, 6, and 65 (e.g 65 corresponds to a rotation
of 2 /6 followed by a translation of 5/6 of the shortest translation vector along
this axis).

- Glide Planes: combination of a mirror and a translation parallel with this mirror.
Five different exist: a, b, ¢, n and d (e.g a corresponds to a reflexion of a m mirror

followed by a translation of d/2 with d // m).

The combination of all those elements (point group, lattice mode and translational symmetry

operation) leads to the 230 Space Group (SG).?°

According to their characteristics, they can be
divided in several sub-categories. One interesting sub-category in this work is the
centrosymmetric/non-centrosymmetric space group repartition. Centrosymmetric refers to
space groups containing the inverse center operation i, thus, non-centrosymmetric refers to

space groups without the i operation.

.2 Organic crystals
According to the nature of the motif and of the bonds in the crystal edifice, one can classify
crystals as ionic (e.g. NaCl, ZnS, etc), metallic (e.g. metals and their alloys), covalent (e.g. C

diamond, Si0,, etc) or molecular (e.g. H,0, Fe(CsHs),, etc).

Among those last, we can distinguish organometallic crystals and organic crystals which

are the investigated class of components in this work.
[.2.1 Crystallographic data

As already mentioned, inner symmetry of the chemical motif influences the symmetry

elements of the crystal packing.

Indeed, if the motif has an high symmetry, it has a propensity to crystallize in one of the

high symmetry crystal systems (tetragonal, hexagonal or cubic).’

50




Chapter 1 — Thermodynamics, Crystallogenesis & Chirality

By contrast, asymmetric motifs would crystallize in the low symmetry systems (triclinic,

monoclinic, orthorhombic and sometimes tetragonal).22

Organic molecules belong to the 2" category because their irregular shapes and electronic
densities (various chemical functions) make the vast majority of them very “unsymmetrical”.
Consequently, when there is no orientational disorder (e.g plastic crystal), Cambridge
Structural Database (CSD) shows that 70% of the organic crystals crystalize in only 10 space
groups (more than s for P2, /c only).

Table 6. Space group repartition for organic crystals.

S

Space Group CSD entries prol():(igons
P2,/c 131222 34.29%
P2,2,24 44 631 11.66%
P2 32 446 8.48%
C2/c 24252 6.34%
Pbca 14 044 3.67%
Pna2, 5969 1.56%
P1 5160 1.35%
C2 4610 1.20%
Pnma 3063 0.80%
Pbcn 2 668 0.70%
Other 220 space groups 114 572 29.95%
Total 382 637 100%

[.2.2 Interactions in organic crystals

Different interactions insure the crystal cohesion of organic molecules. Those interactions
can be intra-molecular (different parts of the same molecule linked) or inter-molecular
(different molecules linked). Most of the time, several kinds of interactions contribute to the
crystal cohesion, forming a bonds network. One can list: van der Waals interactions,” -

25,26

stacking,24 hydrogen bonds, coulombic interactions, etc.

[.2.3 Polymorphism of organic compounds

As for other crystals, organic crystals exhibit polymorphism. Nevertheless, in addition of
the strict definition of packing polymorphism, molecular crystal, and so on, organic ones, can
exhibit another kind of polymorphism called conformational polymorphism.'>*"*® There, it is
the conformation of the molecule itself which varies from one polymorph to the other to

accommodate to the different bonds networks.
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Nevertheless, different conformations can exist in the same crystal (roughly '3 of the cases

whenZ’ > 1)
[.2.4 Nomenclature of organic crystals

Different names are used to designate the organic crystals: salt designates crystal in which
constituent(s) are charged, cocrystal for neutral multi-constituents crystal, solvate for neutral
multi-constituents crystal in which at least one constituent is a solvent, host-guest associations,

etc (no particular word is used to designate crystals of pure neutral constituent).

IT Crystal genesis

Crystallization refers to a first-order transition from a disordered state to a crystalline one.
Variant names can be found according to the initial disordered state: solidification from vapor
state, recrystallization from amorphous solid, melt crystallization, precipitation from solution,

etc.

In this work, precipitation, melt crystallization and recrystallization from amorphous have
been used. If the details of the mechanisms differ according to the method, global procedures

are similar.

1.1 Precipitation?®

[1.1.1 Supersaturation

The solubility S is the maximum quantity of a compound (the solute) that can be dissolved
in a solvent for given temperature and pressure. The resulting solution is so saturated. If the

concentration is lower than that value, it is said undersaturated.

Saturation corresponds to a thermodynamic equilibrium. Nevertheless, it is possible to reach
higher concentrations. It is the supersaturation which is the driving force of crystallization. To

quantify it, several formulas are available: absolute supersaturation (AC), relative

supersaturation (o) or the supersaturation ratio (8).>°
AC=C-S o=%  p=% Eq. 21

Supersaturation can be obtained via different ways: solvent can be evaporated or the
solubility decreases by temperature variation (most of the time by cooling). Solubility can also
vary by anti-solvent addition, pH variation, etc. Pressure variations are also used for

recrystallization of biologic samples like viruses or proteins.
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A supersaturation higher than 1 is theoretically sufficient to induce the crystallization. In
practice, supersaturation must be over a certain limit called Ostwald metastable limit® (Figure
20) to induce a spontaneous nucleation and crystallization. Otherwise, the system is out of
equilibrium: thermodynamics states that the system should nucleate but nuclei cannot reach the

critical size. Seeding is the best way to obtain a fast crystallization in this zone.

The width of the metastable zone depends on kinetic factors: the cooling rate and/or the

evaporation rate, the solubility, the stirring mode and rate, time, impurities, etc.

Temperature Solubility
A curve
Ostwald
metastable
limit

<solid>
+ Sat. Sol.

Concentration

Figure 20. Solubility curve (solid line) and Ostwald metastable limit (dashed line). Crystallization pathway

by (1) cooling or (2) solvent evaporation.

[1.1.2 Nucleation

The first step of crystallization is the nucleation which is the first appearance in the medium
of groups of particles, the nuclei, respecting the crystal packing and having the possibility to

grow into crystals.
11.1.2.1 Primary nucleation & CNT

Primary nucleation corresponds to the development of nanocrystals from the medium
without any nuclei. It can be homogeneous if nucleus appears inside the solution,®! or

heterogeneous when nucleus appears on solid interface (impurities, reactor wall, stirrer, etc).??

The Classical Nucleation Theory (CNT) is an attempt to conceptualize homogeneous
nucleation from an energetic point of view.*** Assuming that nuclei adopt a spherical shape

of r radius, the free enthalpy variation AG,,,creation related to those nuclei is given by:
AG jon = 2 IT3Ag, +4Tr? Eq. 22
nucleation — 3 nr-AgyTaAMr-y q.

With Ag,, the Gibbs free energy variation per unit of volume and y the surface tension.

The equation includes two contributions:*
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- The first term is a stabilizing one and corresponds to the creation of solute/solute
interactions. It is directly related to the volume of the nucleus.
- The second term corresponds to solute/solution interactions that destabilize the

system and is directly related to the surface of the nuclei.

The sum of those two contributions results on a free energy evolution as presented in Figure
21.

Free enthalpy
A

AG
AG” Nucleus radius
r*
AGy
v

Figure 21. Stabilizing volume contribution (red curve) and destabilizing surface contribution (blue curve) of

the free energy evolution of a spherical nucleus according to its radius (green curve).

The evolution of free energy passes via a maximum:

« _ 16my?
3(Agv)2

- For r <17, the surface contribution prevails and the formation of the nucleus is

1

= and
Agy

Eq. 23

energetically unfavorable. Nuclei of those sizes will preferably re-dissolve but they

can also grow.
- For r = r*, nuclei reach the critical radius r*corresponding to the energy barrier
AG™. At this size, nuclei can either grow or reduce.

- For r > r*, nuclei are stable and will grow to decrease their free energy.

To conclude, nucleation is a stochastic process also driven by kinetics.

Heterogeneous nucleation occurs for lower energy barrier since the destabilizing
crystal/solution surface is reduced for the benefit of solute/foreign surface interface (foreign

surface being impurity, reactor wall, ...).
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1.1.2.2 Secondary nucleation

During crystallization processes, crystals are often submitted to intense mechanical stress
like shear stress or collisions with other crystals or reactor walls. In such conditions, small parts

of the crystals can be wrenched out of it, and so generate new nuclei.®

[1.1.3 Growth

Once a nucleus reached the critical radius, it will grow absorbing molecules in the
neighborhood. Solvated molecules will dock to the surfaces and will be incorporated into the
crystal. This process continues until the system goes back to crystal/saturated solution
equilibrium (AG = 0). Chemical motif would be incorporated by several ways. The two majors

are:

- Spiral growth:*" screw dislocation provides large preferential sites where chemical
motifs can dock on. Layer by layer the spiral is regenerated and provides a more
regular development than the 2D nucleation at low supersaturation.

- Two dimensional nucleation:*® chemical motif cannot be adsorb on a perfectly flat
surface since molecules cannot find any preferential sites. A chemical motif can
migrate on the surface by diffusion and be the starting point of a 2D nucleus on this

surface. This growth is favored for supersaturation higher than spiral growth.

Final morphology of crystals depends on growth rates of the different faces. Faces with the
lowest growth rates will be the prevalent ones (Figure 22). Growth rates are influenced by the

crystalline structure and the interactions at the crystal/solution interface and impurities.

A

QQ_.U_.G i
v v 7T\

v

Figure 22. Schematic representation of the crystal growth. Blue arrows symbolize lower growth rates than

red ones and controlled the final morphology.

Different theoretical models have been established to predict crystals morphology. The two
majors are: the Bravais-Friedel-Donnay-Harker (DFDH)?!° (the higher the d,;, the lower the
growth rate, and so the larger the morphological index of the (hkl) face) and the Periodic Bond
Chains (PBC)* model (based on the interactions between the chemical motifs and associated

energies: crystals will grow favoring the formation of the strongest interactions).
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Figure 23. Distinction of the different kinds of crystal faces mentioned in the PBC model:* flat F, step S and
kink K.

[1.1.4 Ostwald ripening41

As soon as several crystals are present in suspension, the smaller ones will be dissolved to
the profit of larger crystals. The explanation is that larger crystals are more thermodynamically

favored than smaller due to more favorable volume over surface ratio.

Ostwald ripening also occurs as soon as there is a contact between crystals but it is faster for
a crystal/saturated solution system due to the substantial interactions at the interface and fast

diffusion in solution.

I.2 Defects in crystals
Extreme Oswald ripening should lead to a ‘perfect’ single crystal. This perfect single crystal
should be composed of perfect repetitions of the unit cell and should adopt a morphology related
to the specific reticular plans of the structure.!® In practice, ‘perfect’ crystals do not exist and

crystals present defects at least in conformity with thermodynamics for T # 0 K.

Defects can be:

- Punctual (0D):*? local perturbation of the crystal periodicity. They can be a vacancy
(absence of a part of the motif) on a molecular site, a substitution on a molecular
site (by another component or a part of the motif) or an insertion on an interstitial
site (by another component or a part of the motif). If another component is
introduced in the crystal lattice, it is a solid solution. It is Solid solution by mean of
insertion if the extra-component is incorporated in interstitial sites or solid solution
by mean of substitution if the constituent occupies molecular sites of the major
component.

- Dislocations (1D)* are linear defects of the crystal lattice along a reticular

direction. Two types can be encountered: edge dislocation (disruption of a single
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molecular plane that results in a local compression of the system) and screw
dislocation (screw disposition of molecular plane along a reticular direction).

- Grain boundaries, stacking faults and twin crystals (2D) are surface defects and
concern “polycrystalline crystals”.** Grain boundaries appear at an abrupt change
of direction of the crystal lattice, stacking faults consist of an error on the repetition
of the pattern and twin crystals are composed of crystals sharing a special reticular
plane.

- Inclusions (3D) correspond to solid, liquid, gas or fluid (gaseous bubble surrounded

by a liquid) trapped in a single crystal.*
Vacancy Interstitial
i L J
4 ] ‘ o ) i Y
’ ¢ %
C ) ) ; Substitution

Self-interstitial

Twin Plane

Figure 24. Top left: Different punctual defects in crystals. Top right Edge and screw dislocations. Bottom
left: twin crystals. Bottom right: solid inclusions in quartz and fluid inclusions in ammonium perchlorate (Dr.

Emilie Bobo credit).

[1.2.1 Powdered sample

A powdered sample can be described as a set of randomly oriented small crystalline
particles. This set of particles containing single crystals, polycrystalline crystals and damaged

crystals.
[1.2.2 Single crystal

When the suitable conditions are fulfilled, one can extract from a batch a crystal of sufficient

quality (low density of defects) for structural analysis, seeding, etc.
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Part.lll Chirality

I Definition

I.1 History
The French mineralogist René-Just Haiiy first observed, in 1801, that quartz crystals can be

divided in two families image of the other through a mirror. He called those families “plagiedre

f@
05

Figure 25. Morphology of quartz “plagiédre gauche” and “plagiedre droit”

droit” and “plagiedre gauche”.

In 1815, Jean-Baptiste Biot observed that some compounds (solid, liquid or in solution),

like sucrose or tartaric acid, rotated the polarized light (clockwise or anticlockwise).*’

In 1820, the industrial researcher Charles Kestner synthesized a new compound presenting
the same composition than tartaric acid. Nevertheless, this new compound did not deviate
polarized light,*® contrary to conventional tartaric acid extracted from wine. This compound

was named “racemic acid” (from the Latin “racemus” meanings “grapes”).*’

In 1848, Kestner gave some of this racemic acid to Louis Pasteur who recrystallized the
sodium ammonium tartrate tetrahydrate salt. Disappointed when he realized that the salt did not
rotate the polarized light, he also noticed that crystals presented two mirror image shapes.>® He
separated manually the two families and determined their optical rotation of polarized light.
Both deviated polarized light with the same intensity but with the exact opposite angle. Based
on that fact, he deduced that the crystals were composed of the same molecules themselves
image one of the other in a mirror.’! Pasteur just has established the bases of chirality and

achieved the first chiral separation.

58




Chapter 1 — Thermodynamics, Crystallogenesis & Chirality
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Figure 26. Dextrorotatory (left) and levorotatory (right) sodium ammonium tartrate tetrahydrate crystals

and respective tartrate configurations.

In 1874, Jacobus Henricus van’t Hoff>> and Joseph Achille Le Bel®>® simultaneously
proposed the spatial arrangement of the asymmetric carbon as an explanation to the chirality

(tetrahedral carbon linked with 4 four substituents).

Ten years later, Lord Kelvin first introduced the word chiral: “I call any geometrical figure,
or group of points, chiral, and say that it has chirality, if its image in a plane mirror, ideally

2954

realized, cannot be brought to coincide with itself.”>" Chiral coming from the Greek “cheir”

(xeip) means “hand”.

-~ —

left hand right hand
mirror

Figure 27. Chiral objects: hands.

The term enantiomorph was introduced by Pierre Curie® in 1894. It comes from Ancient
Greek “enantios” (évavtioc) and “morphé” (noper), respectively meaning “opposed” and

“form”.

.2 Chirality around us
Chirality can be found everywhere. Macroscopic effect can be observed, of course, in
objects like crystals or even shoes, but it can be also observed in the livings: hands and other
parts of human body are chiral, but also numerous shells and some plants (hops always grow

with a left rotation).

Figure 28. Chiral shells (left) and left handed growing hops (right).
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Over those macroscopic considerations, the living organisms are highly impacted by
chirality at the molecular level, even more, we spoke about the homochirality of life. For
instance, human chiral proteinogenic amino acids are L homochiral and sugars building blocks
of DNA and RNA are D homochiral. The origin of the homochirality of life remains unknown,

56,57

researches are conducted on amino acids present in meteorites or slight energy differences

between enantiomers at very low temperatures.’

IT Properties of chiral system

II.1 Properties
Two enantiomers have exactly same scalar properties such as solubility, density, melting
temperature, associated enthalpies, etc. But their vector properties are exactly opposite. This

concerns optical rotation of polarized light, crystal packing, etc.

As illustrated in Figure 29, two enantiomers do not behave the same with another chiral
compound. The majority of chiral molecules have different biological activities depending on
their handedness (e.g. (R)-limonene smells like oranges whereas (S)-limonene smells like

piney-turpentine odor>”).

® L
=% o=
s a3

i A i A

A { \
. [ Y

Figure 29. lllustration of the difference of compatibility between a chiral medium and a pair of enantiomers.

Concerning API (Active Pharmaceutical Ingredient), this effect is far more crucial. Indeed,

the difference of activities can be insignificant, or totally disastrous. Enantiomers can have:

- the same effect (e.g. cocaine).

- less active or inactive effect (e.g. adrenaline and ibuprofen).

- other effects like different therapeutic effects (e.g. levothyroxine used to cure
different diseases) or secondary effects. One can cited the case of thalidomide used
against morning sickness pregnancy in the 50s. Whereas therapeutic studies has
been performed on (R) enantiomer, the racemic prescribed composition caused

deformities on 10,000 infants.%°

Everhardus Jacobus Ariéns was one of the first to denounce what he called “a highly

sophisticated scientific nonsense » 61 He stated that the undesirable enantiomer, the distomer,
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should be treated as an impurity (which give for a racemic mixture, 50% of impurity) and
removed for the benefit of the active enantiomer, the eutomer. In 1992, the FDA (Food and
Drug Administration) imposed new drastic rules for chiral substances:®? industrials have to
report pharmacological, pharmaceutical and toxicological data for each enantiomers and the

racemic composition.5%:63-64

I1.2 Nomenclature & types of chirality
Chiral refers to systems or objects that differ from their mirror image. A contrario, achiral
refers to systems or objects that are unchanged by mirror symmetry. Enantiomer was introduced
by P. Curie to differentiate the two different images and racemic refers to mixture of equal

proportion between enantiomers.

Nowadays, enantiomer is also used to describe the specific kind of chirality involving
asymmetric atom(s). In this work, we will prefer the use of optical antipode or simply antipode

to differentiate the different optical forms of chiral systems.
[1.2.1 Polarimetry

Opposite optical properties were first used to differentiate enantiomers. When deviate light
to the right (clockwise), they are called dextrogyre and noted (+) (and rarely d). When deviate
to the left (anticlockwise), they are levogyre and noted (-) (and rarely /). This notation is always

used but does not give any information on the structure.
[1.2.2 Asymmetric atom & Enantiomery

The most common cases of chirality are asymmetric atoms, generally asymmetric carbons
which are tetrahedral carbons linked with 4 four different substituents (Figure 30). Those atoms

can also be called stereocenter or stereogeneric center.

v

9 €
*o 0’0

Mirror Plane

Figure 30. Chirality of asymmetric carbon.

In this case, the word “enantiomer” is universally used to differentiate the two optical

antipodes.

To describe the chirality of enantiomers, several notations can be used (Figure 31):
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- The absolute configuration of a stereocenter can be established following the rules
edited by Cahn, Ingold and Prelog.5>% Enantiomers are either R (Rectus) or S
(Sinister).

- Fischer projections are used to describe chirality of sugars and amino-acids.
Depending on the position of the substituent with the highest priority, enantiomers

are noted D or L.%

I
1
(% I 9
1
) ; (R)
|
]
< ! 9
1
coor coo | coo coo
I
‘H3N+H = *H,N | H | H NHs* = H+NH3‘
]
CH, CH, : CHs CH,

L D
Figure 31. Absolute configuration (top) and Fischer projection (down) of L-(S)-alanine (left) and D-(R)-

alanine.

[1.2.3 Several asymmetric atoms & Diasteromery

Molecules can have more than one stereocenters. If a molecule has n stereocenters, 2™

stereoisomers exist. They are two by two enantiomers, otherwise they are diastereomers (Figure

32).
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Figure 32. Relations between the four stereoisomers of a molecule with two stereocenters.

[1.2.4 Blocked configuration & Atropisomery

Vladimir Prelog defined atropisomers as stereoisomers “due to the so-called secondary
structure, i.e. hindered rotation around single bonds”.%® The chirality is not up to the

conformation of the molecule but up to its configuration.
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Figure 33. 6,6"-Dinitro-2,2'-dicarboxybiphenyl (left), bis-tetralone (middle) and heptahelicene (right)

atropisomers.

[1.2.5 Spatial arrangement & Supramolecular chirality

In 1898, Kipping & Pope published that “ENANTIOMORPHOUS substances are naturally
divisible into two classes: (a) consisting of those compounds in which the enantiomorphism is
determined by the structure of the chemical molecule, and (b) consisting of those crystalline
substances of which the enantiomorphism is not inherent in the molecules, but is determined
solely by their arrangement.”® Molecules arrange themselves in a non-symmetrical way , most
of the time due to related screw axes. Quartz is a very good example of this since its both
polymorphs exhibit that chirality. In quartz B, Si0, tetrahedron can arrange in left or right screw
axes resulting in both mirror image P6,21 and P6,21 space groups. The same occurs with

Quartz a with P3,21 and P3;21 space groups.

III Thermodynamic of chiral system’®

Due to their symmetrical properties, heterogeneous equilibria involving a couple of

enantiomers are themselves submit to a symmetrical law centered on the racemic composition.

Consequently, properties (transition temperatures, nature of the phases, structures, etc)
observed for a certain composition are also valid for the opposite composition. Enantiomeric
Excess’! (e.e) is a common way to quantify the proportion between the two enantiomers. A
0%e. e corresponds to the racemic composition whereas a 100%e. e refers to pure enantiomers.
Pure definition of e. e does not include any sign and predominant enantiomer must be precise:

np—ng mpr—mg

%we.e = |2=3| « 100 =

* 100 Eq. 24
R+S

|*100=

npt+ng mpgp+mg

For a daily use, “modify” the e.e equation to include a sign is relevant:
R-S
0 j—
Joe.e = s 100 Eq. 25

Here, when (R) enantiomer predominates e. e is positive. If the (S) one is predominant, the

e. e is negative.
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When two phases are mirror image one of the other, the use of the Gibbs-Scott phase rule’*

* (Eq. 26) is more relevant than the classical Gibbs’ phase rule (Part.L.I1.3):

Cchi

Pchi
V= Cachi + 55+ N = Pacni — ="

= Eq. 26

Where C 4.pi is the number of achiral independent component(s) (e.g a solvent), Ccp; the
number of chiral independent component(s) (e.g Ccp; = 2 for the two related enantiomers), N
the number of extensive variable(s), @ 4.pi the number of achiral phase(s) (e.g racemic liquid
or compound) and @ ¢p; the number of chiral phase(s) (e.g @cpi = 2 for two mirror image solid

phases).

1.1 The 3 extreme cases
When talking about phase diagram of chiral system, it is accepted to describe them in only

three different phase equilibria.

[11.1.1 Racemic compound

The most common (90-95% of the cases) example of chiral system forms a defined
compound at the racemic composition called racemic compound or sometime racemate.
Crystals of such phase are ordered assemblies of the two enantiomers in equal proportion
(Figure 34-middle). Racemic compounds have congruent melting and solubility (Figure 34-left

& right) that can be higher or lower than that of the enantiomers.

Solvent

Isotherm

xemperature A and
liq R S R S Isobar
S R S R
R S R S
S R S R
R S R S
S R S R

<S>+ <RS>
+d.s.s

<R> + <RS>
+d.s.s

R RS s
Figure 34. Binary phase diagram (left), racemic composition crystal (middle) and ternary section (right) of

a racemic compound forming system.
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[11.1.2 Conglomerate

When the enantiomers crystallize separately (into enantiopure crystals) (Figure 35-middle),
they form conglomerate (5-10% of the cases). Whatever the composition, enantiomers are
discriminated and form a eutectic invariant (Figure 35-left). At the racemic composition, ideal
conglomerate should present a molar solubility twice as that of the pure enantiomer (Sg,. =

Sk + S = 25R) (Figure 35-right).

Solvent

Isotherm
Temperature and
4 A Isobar
) R R /s s
liq
<R>+ <S>+ R R S S
liq lig R R S S
R R S S
<R> + <S> R R S S
R R s S <R> + <S>
R e S +d.s.s
Xs

R ) k)
Figure 35. Binary phase diagram (left), racemic composition crystals (middle) and ternary section (right) of

a conglomerate forming system.

[11.1.3 Solid Solution

In less than 1% of the cases, enantiomers can form complete solid solution, also known as
mixed crystal or pseudoracemate. Enantiomers are randomly distributed inside the crystal
whose composition equals the composition of the system (Figure 36-middle). In Figure 36-left
are represented minimum, ideal and maximum solid solutions. A ternary section of the latest

case is also represented (Figure 36-right).
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Solvent

Temperature
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R i s
Figure 36. Binary phase diagram (left), racemic composition crystals (middle) and ternary section

(maximum(right) of a solid solution forming system.

1.2 Intermediate cases’*”>
In addition of the three classical systems, other behaviors can be found. Figure 37 presents

some cases where polymorphism, phase transition or partial solid solutions occur in a chiral

system.
Temperature Temperature Temperature
A A ' A ' A
liq liq
<Ryr> <S,r <R> <S>+
+ li >+ liq li
HTS [ i :
9 <R>+<S>
R+ Sur> <R>+ <RS>+ sSR +ssS
LT{ <R>+ <S> <RS> <S>
R e R T s R s
X5 s X; Xs
Temperature Temperature Temperature
A liq A A ' A ] A
) lig liq
<R> > <R> <S>
Hrd g <R%ur>\/ +1ig +liq +liq
<S> +i i
<R> <R>+ a <RS> +
+ <RS,> + <RS> RS> <
LT <R>+ <RS>
<RS,> + <S> <R>+<5>
R RS 5 S R RS ; L) R RS L)
X5 X %

Figure 37.Chiral systems presenting polymorphism of enantiomers (top left) and racemic compound (bottom
left), peritectoid (middle top) and eutectoid (middle bottom) and partial solid solution of enantiomers (top right)

and racemic compound (bottom right).

The addition of a third component (solvent, coformer, etc) to a chiral system modifies its
phase equilibrium and can induces the formation of new compounds with their own behaviors

(Figure 38).
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Solvent L
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and
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+<L,RS> +<L,RS>

Figure 38. Racemic compound and solvated conglomerate (left), conglomerate and solvated racemic

compound (middle) and conglomerate and solvated racemic compound and enantiomers (right) ternary sections.

Other behaviors can also be found.”*76

1.3 Crystallography of chiral compounds
In Part.II1.1.3.5 we have already discussed about crystal structure of both chiral and achiral
molecules. In this part, attention is focused on the distinction between the chirality of the
molecule itself and the chirality of the crystalline structure in which the molecule crystallizes.

Point groups can so be divided in three classes:”"~"°

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

- Non-centrosymmetric Achiral structure (NA): m, mma2, 4, Amm, 42m, 3m, 6,
6mm, 6m?2 and 43m.

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

Enantiomers (and so, conglomerates®’) can only crystalize in a NC space groups (otherwise,
the other enantiomer should be generated by symmetry). 95% of the enantiomers crystallize in

only four space group: P2,2,2,, P24, C2 and P1.

Racemic compounds®! can crystallize in any space group but with a huge preference for CA
space group (95% of them) of which 95% in P2, /c, C2/c, Pbca and P1 space groups. Other
5% racemic compounds crystallize in NA space groups mainly in Pna2,, Pca2,, Cc and Pc.
Last kind of racemic compounds crystallize in NC space groups and are also known as

kryptoracemate .3

Theoretically solid solution can crystallize in all space groups but only few cases were

reported.®?
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Table 7. Crystallographic data for racemic mixture.
Achiral structure Chiral structure

Racemic Proportion ~95% =~ 5% ~0.02%
compound _
(90-95%) Dominant SG P2;/c, C2/c, Pbca and P1 Pna2,, Pca2,, Cc and Pc P2,2,2, and P2,
Proportion Forbiden Forbiden 100%
Conglomerate
(5'10%) Dominant SG / / P212121, P21, C2 and P1
Solid Solution Proportion No data No data No data
(<1%) Dominant SG No data No data No data

IV Access to pure enantiomer

IV.1 Overview
Since the new regulation issued by the FDA in 1992, the use of racemic drugs has been

vanishing in favor of enantiopure ones (Figure 39).

o R = Single enantiomers _a Achiral |

N W oA O 9
o & © © o

(%) Percentage of
total approved drugs

=)

o

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
Year

Figure 39. Annual distribution of FDA-approved drugs (NMEs) according to chirality in the period 1991-

2002. * Including diastereomeric mixtures.*

Enantiopure drugs can be obtained from:3*

- Synthesis from the chiral pool (45%).
- Enantioselective synthesis (9%).

- Resolution from racemic mixture (46%).
To control the enantiopurity of samples two main analysis methods are used:

- The historical one (related to the discovery of chirality)>*>! is the polarimetry. The
optical rotation a of the sample, generally dissolved, depends on its concentration
¢, the length of the measurement cell I (generally 10cm) and of the specific optical
rotation [a]} itself dependent on the sample, the solvent, the temperature and the

wavelength of the polarized light (Eq. 27).”! The deviation varies from maximum,
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and opposite, for the enantiomers, to zero for the racemic mixture. Enantiomeric
excess (actually the so-called optical purity) is calculated from the ratio of the
sample deviation over the deviation of the pure enantiomer (if the analyses are

performed in same conditions) (Eq. 28).

azl*c*[a]t

i Eq. 27
t t

e.e= [a—]’lt = 4 Eq. 28
[“0]1 @o,

- Chiral chromatography® is based on the different interactions between the
enantiomers and the chiral stationary phase. Enantiomers are so eluted at different
times and the areas of the peaks can be directly introduced in the equation for

enantiomeric excess (Eq. 25 & 26).

If chiral chromatography gives more accurate analyses, polarimetry has the advantage to be
quasi-immediate measurements. Therefore, polarimetry can be used for on-line measurements

and chromatography to analyze final samples.

In the frame of this work, only few resolution processes via crystallization would be
presented. Concerning other processes to obtain pure enantiomers without crystallization, one

6

can list: synthesis from chiral pool, asymmetric synthesis,¢ preparative chiral

chromatography,®® biocatalysis,?’ etc.

IV.2 Resolution via crystallization
IV.2.1 Pasteurian resolution

As early as 1853, Pasteur®®®

already performed several chiral resolution exploiting the
difference of properties between the two components of a diastereomeric pair.’”® As
diastereomers are not mirror images and have so different physical and chemical properties,
they can be “easily” separated. Starting from a racemic mixture of enantiomers, another
enantiopure component is added (chiral agent) to induce a symmetry breaking between the two
enantiomers. The two diastereomers formed can then be separated by exploiting their

90-9% are often

differences in solubility (Figure 40). Pasteurian resolution, and its variations,
used at the industrial scale but they need investigations to find the suitable chiral agent

combining low cost production and best resolution efficiency.
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Figure 40. Ternary section representing the difference of solubility used in Pasteurian resolution.

IV.2.2 Preferential Crystallization®>

Preferential crystallization (PC) processes are stereoselective crystallizations of a single
enantiomer at a time. It means that, by means of a suitable control of several parameters, only
one enantiomer crystallizes whereas thermodynamics predicts the crystallization of the two
simultaneously. First preferential crystallization recorded was performed by Désiré Gernez*® in
1866 who obtained only one morphology of the sodium ammonium tartrate tetrahydrate (cf.
Part.II.I.1) by seeding the racemic supersaturated solution with crystals of the same
handedness. Since the publications of Secor”” and Jacques”® in the middle of the 20" century,
preferential crystallization becomes far more interesting for both academic and industrial

researchers.

As for other methods, several variations, based on same principle, exist for preferential
crystallization. Postulate is made that PC is only applicable to conglomerate forming systems
(few examples are known on metastable conglomerate).-36:19-1%4 The true major condition is
in fact that the system must present a genuine chiral discrimination in the solid state. The
extreme chiral discrimination is conglomerate but it can be mirror image partial solid

solutions.'03-106

The major advantage of PC is that by means of recycles of the mother liquor, the yield in

the two enantiomers can be quantitative.
IV.2.2.1 Seeded Isothermal Preferential Crystallization

The Seeded Isothermal Preferential Crystallization (SIPC) is the oldest method of
preferential crystallization. A solution of racemic or slightly enriched (e. e;;;) mixture is cooled
down to make it supersaturated. Seeds of one enantiomer (the one initially in excess) are then

added at this metastable homogeneous doubly saturated solution to skip the primary nucleation
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of this enantiomer and to speed up its selective crystallization. Filtration is performed before

the nucleation of the counter-enantiomer.
IV.2.2.2 Seeded Polythermal Programmed Preferential Crystallization
The same logics takes place for the Seeded Polythermal Programmed Preferential

Crystallization (S3PC) except that once the seeding is performed, the temperature continues to

decrease to increase the crystallizing enantiomer quantity.
IV.2.2.3 Auto-Seeded Polythermal Programmed Preferential Crystallization

The Auto-Seeded Polythermal Programmed Preferential Crystallization process (AS3PC)
was developed by Coquerel & al. in 1995.197 Below is presented its mechanism (Figure

41):102,108
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Figure 41. System pathway (i) in the ternary section (top) and (ii) in [RH] isoplethal section (middle right),
(iii) e.e of the solution and the suspension (bottom) and classical basic description (middle left) of the AS3PC

process.
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. Step 0: a doubly saturated solution is prepared at temperature T g4y sat-
. Step 1: seeds of R enantiomer are added and the system heated to temperature

Tinitiat > T dou sat 10 Obtain a suspension of R enantiomer in a solution lightly enriched
with the same enantiomer. At this step the system is on a stable tie-line (biphasic
domain) and the solution is saturated in R enantiomers.

. Step 2: the system is cooled down from Tipiziqr tO T fingr- Solubility decreases
which induces crystal growth and secondary nucleation of the R enantiomer while the
solution becomes enriched in enantiomer S. Mother liquor moves along a metastable
tie-line between R and a solution saturated in R and supersaturated in S. In theory, PC
could be continued until the system reaches the metastable solubility of R enantiomer.
. Step 3: the system is filtrated before the stabilizing nucleation and crystal growth
of § enantiomer. The crop of R crystals is weighed and the solution moves toward the
metastable tie-line to the metastable solubility. The first run is completed.

. Step 4: The system is heated back to Ti,;tiqr and a mass of racemic mixture,
equal to the mass of the crop of R crystals in step 3, is added to the system. After
equilibration, the solution is at the symmetrical state as in step 1 with a suspension of §
enantiomer in a solution lightly enriched in the same enantiomer.

. Step 5: Symmetrical of step 2: the system is cooled down from T ptiqr t0 T finar-
Solubility decreases which induces crystal growth and secondary nucleation of the §
enantiomer while the solution becomes enriched in enantiomer R. The mother liquor
moves along the metastable tie-line between § and a solution saturated in § and
supersaturated in R. In theory, PC could be continued until the system reaches the
metastable solubility of § enantiomer.

. Step 6: Symmetrical of step 3. The system is filtrated before the stabilizing
nucleation and crystal growth of R enantiomer. The crop of § crystals is weighed and
the solution moves along the metastable tie-line to the metastable solubility. The second
run is completed.

. Final step: By heating back the system to T ;i1 and compensating the harvest
by the same mass of racemic mixture, the system is moved back to the initial step 1. The

first cycle is completed.
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The AS3PC usually gives better results than STPC or S3PC methods due to the auto-seeding.
It allows a better management of the supersaturation: one enantiomer crystallizes all along the
cooling, the system is thus only supersaturated in one enantiomer whereas it is supersaturated
in both enantiomers before the seeding for the other methods. Following a more favorable
metastable equilibrium, crystal growth and secondary nucleation are favored at the expense of

uncontrolled primary nucleation.

Different parameters influence the yield of AS3PC process:

- Parameters inherent to the solvent such as good solubility, good variation of
solubility with temperature, or good chiral discrimination (no undesirable racemic
solvate for instance).

- Initial temperature and composition: the higher the initial concentration, the better
the yield. Moreover, temperature must be adjusted to dissolve a significant part but
not all of the initial enantiomeric excess so that the system is auto-seeded. Crystal
size distribution and morphology of seeds have, usually, limited effects during
AS3PC process.

- The cooling and stirring rate: concerning the cooling rate, the higher the better.
Indeed, faster cooling rate enlarges the width of Ostwald metastable zone delaying
further the nucleation of the counter-enantiomer. Another effect is to accelerate the
crystallization and to promote secondary nucleation and more centered crystal size
distribution. But conversely, high cooling rate induces less control of the
stereoselective crystallization.

Stirring is essential to homogenize the temperature and concentration of the system
but it is also responsible of secondary nucleation that can lead to undesirable
heteronucleation of the counter-enantiomer.

- The final temperature: more important than the cooling and stirring rate is the final
temperature. It is connected to the possibility to crystallize the counter-enantiomer.
This temperature is usually the last parameter to be set and is determined following

the e.e of the solution during a PC run test.
IV.2.2.4 Auto-Seeded Preferential Crystallization Induced by Solvent Evaporation

In 2011, a new process of preferential crystallization has been developed by the SMS

laboratory: the Auto-Seeded Preferential Crystallization Induced by Solvent Evaporation

74




Chapter 1 — Thermodynamics, Crystallogenesis & Chirality

(ASPreCISE).!%1% The principle is the same except that the supersaturation is induced by

solvent evaporation (the composition of the system changes).
IV.2.3 Deracemization

Preferential crystallization consists on successive crystallizations of each enantiomers. Most
of the time, only one enantiomer presents an industrial and pharmaceutical interest, this is why
PC can be described as a 50% yield process. To go further that 50% yield, a new process has to
be designed. Racemization of the distomer can be achieved separately but there is also a
process, called deracemization, that combines both stereoselective crystallization and in-situ
racemization. Starting from a racemic or lightly enriched suspension, the enantiomer in default
would be converted into the other one leading to an enantiopure suspension (Figure 42) and the

theoretical 100% yield.

U585 AN
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Figure 42. Schematic representation of the deracemization process.

Two conditions must be fulfilled by a system to candidate for deracemization: a rapid
racemization in solution and a chiral discrimination at the solid state (as for PC, a conglomerate
is the best). Racemization is the transformation of a sample at a scalemic composition toward
the racemic composition. Racemization can be instantaneous (e.g supra-molecular chirality) or

through a chemical reaction needing a racemizing agent''*!!! (i.e a catalyst).

Two main processes, with their own mechanisms, have been established until now:

112-119 " also known as attrition-enhanced deracemization, is the

- Viedma ripening
first deracemization process highlighted. Several hypotheses concerning its
mechanism have been proposed and refuted. The last version includes the
combination of “four processes: 1) racemization in the solution (not needed for
achiral systems), 2) Ostwald ripening; that is, large crystals growing at the expense
of smaller crystals, 3) enantioselective (partial) incorporation of clusters, and 4)

attrition.” "1

120-124

- Temperature cycle enhanced deracemization can be divided into two steps:

during cooling there is a stereoselective crystallization of the excess enantiomer
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concomitant to a racemization, resulting in 0%ee in the solution. During heating, a
part of the crystals, preferentially the smaller ones, are dissolved. Successive

temperature cycles result in the complete deracemization without need for work up.
IV.2.4 Preferential Enrichment

The last resolution process presented is the preferential enrichment.'*'% It is an unusual
process since, contrary to previous processes, it is the solution that is highly enriched in one
enantiomer and the crystals that are poorly enriched (Figure 43). Mechanism has not been fully
established but an industrial application of this process seems improbable considering the

conditions needed: very high supersaturation, long time experiment, stagnant conditions, etc.

Solution, S
low e.e

1 st crystallization

Solutlon S Crystals R
high e.e low e.e

2nd crystalhzatlon

Crystals S Solution, R
low e.e high e.e

3 rd crystallization

Solutlon S Crystals R
high e.e low e.e

4th crystalhzatlon

Crystals S Solution, R
low e.e high e.e

Figure 43. Phases obtained by consecutive preferential enrichments.
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Introduction

The 4-amino-3-(4-chlorophenyl)-butanoic acid, known as baclofen and distributed as
liorésal, s a chiral Active Pharmaceutical Ingredient (API) (Figure 1). It is a y-Amino-Butyric
Acid (GABA)' agonist used as muscle relaxant in treatments of cerebral palsy,? specific types
of neuralgia,® spinal cord injuries* and addictive behaviors.>” In March 2014, the French
Agence Nationale de Sécurité des Médicaments et des produits de santé (ANSM) issued a
Temporary Recommendation for Use (TRU)? to suppress alcohol dependence based on self-
medication of a French physician.”!° The TRU has been officially recommended by the French

Alcohol Society in 2015.7:11-13

Figure 1. (S)-(+)-baclofen (left) and (R)-(-)-baclofen (right).

In the current prescriptions and pharmaceutical studies, baclofen is used at the racemic
mixture. Nevertheless, it is known that the (R)-(-)-baclofen enantiomer is thrice more active
than the (S)-(+)-baclofen.!* The prescription of (R) enantiomer only seems preferable to reduce
ingested quantities for the same therapeutic activity. This would be particularly interesting

against alcohol addiction for which high-doses seem necessary.
To achieve this enantiopure composition, several ways have been developed.

For example, (R)-(-)-baclofen can be produce using enzymatic catalysts like rhodoccocus

sp. Bacterium" (Figure 2).

NH,
COOH CONH2

e
Rhodoccocus sp a '
COOH

Racemic (R) acid (S) amid (R)-baclofen

Figure 2. Schematic way of synthesis of (R)-(-)-baclofen using rhodoccocus sp. Bacterium.
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Another way of synthesis has been presented by R. Chebenert & M. Desjardins'® using

asymmetric synthesis from a prochiral glutarate (Figure 3).

COOMe

Chymotrypsine
Me

COO0l

Cl Cl

e.e 98% (R)-baclofen

Figure 3. Schematic way of synthesis of (R)-(-)-baclofen via dissymmetric synthesis from prochiral

glutarate.

(R)-(-)-baclofen can also be obtained via asymmetric synthesis from (S)-pyroglutamic

acid'”!8 (Figure 4).

oﬂCQOH _ $ _ N
T N
HOOC
COOH [e) N

o, 0,

Boc
“CI*H3N

o
—z
Wy,

Boc Boc (R)-baclofen
Figure 4. Schematic way of synthesis of (R)-(-)-baclofen from (S)-pyroglutamic acid.

Finally, one can achieve the enantiopure composition via the diastereomeric resolution

between (S)-o-phenylethylamine and a baclofen intermediate of synthesis!® (Figure 5).

i Resolution with

COM
(S)-a-phenylethylamine
73%
CONH, >
ii NaOH, H,0
a NaOCl

57%

GAM ° (R)-baclofen

Figure 5. Schematic diastereomeric resolution leading to the resolution of enantiopure (R)-(-)-baclofen.

However, those processes could be hardly applicable at the industrial scale for several
different reasons. They can involve low yields production, expensive reagents, additional

impurities to remove for therapeutic used, etc.

With the aim of developing a low-cost process to obtain enantiopure (R)-(-)-baclofen,
preferential crystallization processes have been investigated. Those processes, in particular the

auto-seeded ones, are interesting because they can be easily scale up for industrial applications,
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they do not require any expensive chiral derivative agent and they permit successive recycles
of materials.?>?! In the literature, numerous cases are known of preferential crystallization
performed on conglomerate forming systems and only few examples have been published on
systems presenting partial solid solutions.??>?* The phase equilibria of the system presented here
is another example of such a deviation from classical PC and is, to our knowledge, the first

experimental example of complete solid solution close to fusion.

Part.| Screen of conglomerate

It is usually accepted that, in order to achieve preferential crystallization, system must
present a full chiral discrimination in the solid state i.e a conglomerate forming system. This
assumption is not totally true since only a chiral discrimination is necessary. Moreover, if
spotting a conglomerate is not sufficient to insure the application of preferential crystallization,

it is almost an inherent condition to achieve it.>*

In 95% of the cases, the systems form racemic compounds. Conglomerate is thus searched
with crystallization partners: counter ions (salts), solvent molecules (solvates) and/or co-crystal
formers (cocrystals). The formation of a stable conglomerate is an essential preliminary step,
but it has also a drawback by adding step(s) in the process (formation of the conglomerate and

return to the initial system) and bringing new impurities.

I Baclofen system

Unfortunately, baclofen forms a racemic compound, as illustrated in Figure 6 where

different diffractograms have been recorded for racemic and enantiopure baclofen.
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Figure 6. Diffractograms of baclofen racemic compound (blue) and baclofen enantiomer (green).

Since pure baclofen alone does not form a stable conglomerate, a screen of conglomerate

has been performed.

1.1 Workflow of the screen

Workflow to optimize screen of conglomerate has been proposed by Gonella & a

1'24

combining SHG and XRPD measurements (Figure 7). Nevertheless, a more general workflow

can be proposed with an additional step (Figure 8).

100% 20-10% 5%
Comparison between Identical
Signal >0 enantiopure *
[ and racemic ) ) > PC tests
SHG test spectroscopic features Good candidate for being a See scheme 3
—>»  on racemic mixture conglomerate

in its mother liquor®

No signal

Test more
derivatives. >

(chiral SG)

Test if it is
crystallized

Figure 7. Workflow to spot a conglomerate proposed by Gonella & al. **

Similar with
some peak shifts

Conglomerate |
partial solid solution
or complete solid solution

Different

v

Makc surc that
experimental condition of
crystallization are identical
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100%

20-10%

5-10%

A
7
¢ ¢ N Preferential
7 . .
Crystallization test Crystallization test Crystallization test
on racemic mixture on enantiomer
different coformers and/or same conditions that the $
diff:ferlr:’tazxisents SHG positive answer Identical Confirmation of chiral discrimination
dried or suspended samples high probability of conglomerate by XRSCD
ideal case for PC on crystals obtained from

SHG mea.

Signal > 0

A.
surement

No signal

A

Comparison of spectroscopic
analyses
on both racemic and
enantiomer samples
XRPD, IR, NMR, etc

Similar with some shifted peaks
partial solid solutions or
complete solid solution

>

Failed test
check crystallization
conditions

Different
NC racemic compound

racemic composition
crystal structure and composition
100%ee: conglomerate
100%<ee<0%: partial solid solution
0%ee: complete solid solution

or by DSC
for different ee
phase diagram
conglomerate: eutectic invariant
partial solid solution: limited eutectic

test new coformers invariant

and/or derivatives and/or
solvent

Figure 8. Modified workflow to spot a conglomerate.

Crystallization test: tests of crystallization of racemic derivatives or racemic
“cocrystals” (salt, solvate or cocrystal) are performed in different solvents.
Preferably, both “dried” and “in suspension” samples should be analyzed. The
higher the number of candidates (derivatives, cocrystals and solvents), the higher
the chance to spot conglomerate(s).

Second Harmonic Generation (SHG) prescreening:>>** SHG is a nonlinear optic
process permitting to differentiate non-centrosymmetric (SHG positive) and
centrosymmetric (SHG negative) materials. Conglomerates are necessarily SHG
positive whereas the vast majority of the racemic compounds are SHG negative
because of their centrosymmetric space groups. However, SHG cannot be used to
differentiate between conglomerates and non-centrosymmetric racemic compounds
(e.g kryptoracemates). If SHG alone is not sufficient to spot conglomerate(s), this
prescreening serves to eliminate a majority of candidates and presents the advantage
to be a faster (4s for each candidate) and a cheaper method (only racemic mixtures,
generally cheaper than enantiopure, are necessarily).

X-ray powder diffraction (XRPD): as soon that a suitable candidate has been
detected by SHG, differentiation between conglomerate and racemic compound
systems are performed by comparing their spectroscopic properties. Basically,
diffractograms between enantiopure and racemic compositions obtained under the
same conditions are compared. In case of a conglomerate, a perfect match is
expected, whereas diffractograms of racemic compound forming system would be
different. Shifts on the peak positions can be indicative of a complete solid solution
or of mirror image partial solid solutions. The later presents the chiral

discrimination necessary for PC, even if it is less suitable than a conglomerate. If
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other solid state spectroscopic analyses can be performed (IR, NMR, etc) the use of
XRPD would give the most accurate results.

- X-ray single crystal diffraction: this last verification can be concomitant with first
PC tests once suitable system(s) has(ve) been highlighted. Single crystals are grown
from racemic mixtures and then analyzed by XRD. Besides the determination of
the crystal structure (space group, cell parameters, etc), this analysis would also
provide the information on the composition of the single crystal. Helpful
information such as the ratio between the API and coformer(s) but most important
of all, the actual composition between the two enantiomers. In the case of
conglomerate, only one enantiomer would be present. Racemic compound and
complete solid solution systems would present racemic single crystals. For mirror
image partial solid solution, both enantiomer would be present but in different
proportions. In fact, compositions of single crystals would be the miscibility limits

at the temperature of the crystal growth.

I.2 Screen of baclofen conglomerate
The screen of conglomerate on which this study is based has been performed by Dr. Julien
Mahieux. Both carboxylic acid and amine functions are present in baclofen molecule (pKa; =
3.87 and pKa, = 9.62 respectively’’). Thus, the screen has been performed by
cocrystallization of baclofen with different acids and bases to form a salt (in 1:1 stoichiometry).
The advantage of a salt conglomerate is twice: the ionic bond would favor a good crystallinity

of the salt and the return to the free API is normally possible by a simple salting out.

More than one hundred different acids, bases and alkaline metals (Table 1) have been tested.
Four different solvents (water, acetone, methanol and ethanol) have been used and analyses

have been performed in suspension and on dried samples.

Table 1. List of tested partners. Four kinds of samples have been encountered: Bolded
partners are the new phases detected by XRPD but SHG negative. Underlined partners are
SHG positive but patterns are juxtaposition of the initial components. Underlined and bolded
partners have both SHG positive answers and new XRD patterns. Otherwise, tested partners
did not give any SHG positive answer nor any new XRD pattern.

Hydrochloric acid Perchloric acid Hydrobromic acid
Sebacic acid Sulfuric acid Sulfamic acid
Nitric acid Citric acid Adipic acid
Glutaric acid Citraconic acid Fumaric acid
Oxalic acid Malonic acid Maleic acid
Stearic acid Succinic acid Mucic acid
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Itaconic acid
Uric acid
Cholic acid
Pimelic acid
2-tetrahydrofuoric acid
Bromoacetic acid
p-tolylacetic acid
Trifluoroacetic acid
4-nitrobenzoic acid
2,5-dichlorobenzoic acid
3,4-dinitrobenzoic acid
3-methyl-4-nitrobenzoic acid

3-bromo-4-nitrobenzoic acid

3-nitro-5-(triluoromethyl)benzoic
acid

5-chloro-2-nitrobenzoic acid
4-chloro-3,5-dinitrobenzoic acid
1-propansulfonic acid

4-chlorobenzenesulfonic acid

3-pyridinesulfonic acid

2,5-diaminobenzenesulfonic acid

3,5-diamino-2.,4,6-
trimethylbenzenesulfonic acid

n-butyric acid
Undecanedioic acid

o-toluic acid
Pyrophosphoric acid
Hydrocinnamic acid
Methanesulfamic acid

Benzylamine

Ethylenediamine
Tetrahydrofurfurylamine

Ammoniac

Calcium hydroxide

Strontium hydroxide

cis,cis-muconic acid

Boric acid
Glycolic acid
Methylsulfamic acid
Acetic acid
Iodoacetic acid
Dichloroacetic acid
Trichloroacetic acid
4-hydroxybenzoic acid
2,5-dinitrobenzoic acid
3.5-dinitrobenzoic acid

3-methoxy-4-nitrobenzoic acid

3-bromo-5-nitrobenzoic acid
4-fluoro-3-nitrobenzoic acid

2-methyl-3,5-dinitrobenzoic acid
Methanesulfonic acid
Benzenesulfonic acid
4-nitrobenzenesulfonic acid

1H-benzimidazol-2-sulfonic acid

Trifluoromethanesulfonic acid

Propionic acid

2-phenylbutyric acid

Dodecanedioic acid
3,5-dinitro-4-toluic acid
Salicylic acid
Trans-cinnamic acid

Tetrafluroboric acid

Diphenylamine
Tert-butylamine

N.N’-dibenzylethylenediamine

Sodium hydroxide

Magnesium hydroxide

Lithium hydroxide monohydrated
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Subaric acid
Hydroiodic acid
Isophtalic acid

1-hydroxy-2-naphtoic acid

Chloroacetic acid
Methoxyacetic acid
1,2-phenylenediacetic acid
3-nitrobenzoic acid
2,4-dihydroxybenzoic acid
3,4-dichlorobenzoic acid
2-chloro-4-nitrobenzoic acid

3-fluoro-4-nitrobenzoic acid

4-methyl-3-nitrobenzoic acid
4-chloro-3-nitrobenzoic acid

2-chloro-3,5-dinitrobenzoic acid
Ethanesulfonic acid
4-hydroxybenzenesulfonic acid

1-naphtalene-sulfonic acid

2,4-diaminobenzenesulfonic acid

p-toluenesulfonic acid
monohydrated

Butyl-éthyl-hydroxy-propionic acid
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Table 1 collects crystallization partners tested. Among the 49 SHG positive tests,
comparison between diffractograms of racemic and enantiopure cocrystals highlighted that only
the cocrystallization of baclofen with the maleic acid formed a “conglomerate” (Figure 9) in

the four different solvents tested.
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Figure 9. Diffractograms of racemic (red) and enantiopure (blue) baclofen/maleic acid “cocrystal’.

The low occurrence of “conglomerate” for this system (only 1 over 117 tested partners)
seems an unusual behavior. Actually, only twenty new phases have been highlighted (Table 1),
twelve seem to be centrosymmetric racemic compounds (SHG negative), seven non-
centrosymmetric racemic compounds (SHG positive) and only one a “conglomerate”. So, the

only conglomerate detected has to be compared with the limited occurrence of crystallized

mixtures, i.e 1/20.

Part.ll Baclofen/maleic acid system

The use of maleic acid (Figure 10) in this process presents different advantages. Beside the
chiral discrimination that the cocrystal between baclofen and maleic acid provides, maleic acid

is rather cheap?® and is pharmaceutically acceptable.?

HL:\‘O
® ¢

Figure 10. Maleic acid molecule.
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Various solvents can be used to form this “conglomerate” (water, alcohols, acetone, diethyl
ether, dichloromethane, ethyl acetate, acetonitrile, mixture of them, etc). In other words, no
solvate has been spotted for that salt. In the following, crystallization of racemic and
enantiopure composition of the salt have been carried out by evaporation at room temperature
of a suspension in acetone. Several solvents gave rise to single crystals, especially water and

the water/propan-1-ol azeotropic mixture.

I Structure

Single crystals suitable for crystal structure determination by X-ray diffraction analyses
were crystallized by slow evaporation of solutions. It is interesting to observe that some crystals

present hemihedral faces (Figure 11).

Figure 11. SEM pictures of Baclofen hydrogenomaleate. Top left and bottom left present crystal of opposite

hemihedral faces.

The resolution data for one single crystal obtained at 20°C from a racemic solution (Figure
12) are presented below (Table 2). Interestingly, the single crystals display a total reflexion for

certain faces.

Figure 12. Optical microscopic view of a 20°C single crystal obtained from racemic solution.
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Table 2. Crystal data of the baclofen hydrogenomaleate.

Empirical formula Cy0H15CINOS, C,H;0;
Formula weight 329.73 g.mol~?!
Temperature 293.15K
Crystal system Monoclinic
Space group P2, (n°4)
YAVA 2,1
alA 5.728 (1)
blIA 13.774 (1)
c/A 9.618 (9)
al® 90
pl° 106.628 (1)
y/° 90
Volume/A3 727.2 (2)
Final R; (I > 20(1)) 0.0287
Final wR(F?) (I > 20(I)) 0.0812
Final R; 0.0294
Final wR(F?) 0.0817
Flack parameter —0.02(5)

Ri = Z (||Fol-|Fcl|) / Z |Fo|
wR2=[Z [ w (Fo?-Fc?) 2/ Z [ w (Fo?)? 172

The asymmetric unit is represented in Figure 13 and is composed of a single molecule of
baclofen with the protonated amine (ammonium) and of one deprotonated maleic acid molecule
(hydrogenomaleate). Thus, the baclofen hydrogenomaleate salt has been formed and would be

noted BaHMa hereafter.

Figure 13. Asymmetric unit of baclofen hydrogenomaleate (atoms are represented by their anisotropic

movement).

One can observe an intramolecular bond between the two carboxylic functions of the
hydrogenomaleate (one of this function being unprotonated). These intramolecular bonds do
not largely impact the cohesion. Intermolecular hydrogen bonds ensure the cohesion inside the

crystalline structure. They are strong (d<2A) hydrogen bonds (Table 3 & Figure 14) and exist
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between baclofen cations and maleate anions: the ammonium group of baclofen is involved in
two hydrogen bonds with two different maleate anions (Figure 14-pink) and its carboxylic acid

moiety with a third hydrogenomaleate (Figure 14-blue).

Table 3. Strong hydrogen bonds data in baclofen hydrogenomaleate crystalline structure.

do-H)en | d(r..a) A

Intramolecular (yellow)
0O(3A)-H(3A1)...0(2A) 0.82 1.59 2.40 (2)
intermolecular

N(1)-H(1A)...O(1A)#1 (pink) 0.89 2.07 2.87(2)
N(1)-H(1B)...O(4A)#2 (pink) 0.89 2.04 2.84(2)
0(2)-H(2)...0(1A)#3 (blue) 0.82 1.83 2.64(2)

Figure 14. Strong hydrogen bonds scheme. Hydrogenomaleate intramolecular hydrogen bonds are
represented in yellow. Intermolecular hydrogen bonds involving the ammonium functions of baclofen are

represented in pink whereas those involving only carboxylic functions are in blue.

This network of strong hydrogen bonds leads to the formation of corrugated sheets

perpendicular to a axis (Figure 15). Weak hydrogen bonds (d~2.5A) exist between those
pleated sheets (Figure 15-right)
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Figure 15. (a) Side (left) and planar (middle) views of a corrugated sheet and corrugated sheets

Jjuxtaposition (right) (weak hydrogen bonds are represented in green).

As illustrated in Figure 16, both calculated and experimental diffractograms match together.

T T T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 30
29/°

Figure 16. Calculated (red) and experimental (black) diffractogram of BaHMa salt.

In the frame of this work, in addition to single crystals obtained from enantiopure
composition, single crystals grown from racemic mixture at different temperature were
particularly of interest. Here below are compared the crystallographic data of single crystals
grown from racemic composition at 20°C, 50°C and 70°C (Figure 17) in the azeotrope

water/propan-1-ol.
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a

Figure 17. 50°C (left) and 70°C (right) single crystals obtained from racemic solution.

Table 4. Crystallographic data for single crystal grown at 20°C, 50°C and 70°C.

_ 20°C single crystal 50°C single crystal 70°C single crystal

Emplrlcal formula C10H13 ClNO;, C4H304T C10H13 ClNO;, C4,H304T C10H13CZNO;, C4,H304_

Formula weight 329.73 g.mol ™! 329.73 g.mol ™! 329.73 g.mol ™!
Temperature 29315 K 29315 K 29315 K
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2, (n°4) P2, (n°4) P2, (n°4)
AVA 2,1 2,1 2,1

alA 5.728 (1) 5.7359 (6) 5.7360 (6)
blA 13.774 (1) 13.793 (15) 13.7855 (15)
clA 9.618 (9) 9.622 (10) 9.6252 (10)
al® 90 90 90
pl° 106.628 (1) 106.600 (2) 106.667 (2)
e 90 90 90
Volume/A® 727.2 (2) 729.56 (13) 729.12 (13)
Final R; (I> 25(I)) 0.0287 0.0305 0.0299
Final wR(F") (I > 0.0812 0.0776 0.0830
20(1))
Final R, 0.0294 0.0308 0.0302
Final wR(F") 0.0817 0.0779 0.0834
Flack parameter —0.02 (5) 0.01 (5) 0.05 (5)

R, = Z (||Fo|'|Fc||) 1z |Fo|
WR,=[Z[w(F, -F) 1/Z[wE,) 117

The lack of disorder and the low value of Flack parameter together point out a quasi-total
chiral discrimination of the baclofen hydrogenomaleate single crystals. This feature seems to

be valid for temperatures at least below 70°C.

This information is important since, despite the thermodynamic behavior of this system (a
high temperature complete solid solution), application of preferential crystallization makes

sense for temperatures inferior to 70°C.
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II Chemical stability

On heating, maleic acid loses a water molecule to form the maleic anhydride (Figure 18) as

does baclofen through the formation of its lactam?®’ (Figure 19).

HO = -H,0 =
> O
)
© HO ° o)

Figure 18. Maleic acid degradation in its anhydride form.

O O

Figure 19. Baclofen degradation in its Lactam.

Logically, baclofen hydrogenomaleate salt also undergoes degradation concomitant with its

melting (Figure 20).

TG 1% Complex Peak DSC {{imW/mg)

Area. -5559Jig
Peak 1835°C
Onset 180.6°C

1 exo
0

50 100 150 200
Temperature /°C

Figure 20. TG-DSC-MS analysis of enantiopure BaHMa. Water departure has been registered

concomitantly to mass loss by the MS.

As presented in the next part, the behavior upon heating of the BaHMa salt is totally unusual.
In order to correctly describe the heterogeneous equilibria, we needed first to clarify if the

degradation occurred after or before the fusion.

In the first hypothesis, thermal events observed on DSC are the melting of the sample which
precede the degradation. It corresponds to the thermodynamic heterogeneous equilibrium and

can be used to further characterize BaHMa system (invariant phenomenon, solidus shape, etc).

106




Chapter 2 - Preferential Crystallization of a solid/solid demixing system

The second hypothesis corresponds to a chemical reaction prior to the melting. Then, the
composition of the mixture evolves and another system is obtained. The observed events do not

present any interest here.

In an attempt to determine what hypothesis is valid, HS-microscopy (Hot Stage-

microscopy) and solid annealings have been performed for different e.e:

. HS-microscopy (Figure 21 & 22) permitted to observe that crystals were not
submitted to any degradation before their melting into a clear liquid phase. The
coloration of this liquid corresponds to its degradation.

. During the annealings, degradation occurred at different time as a function of
the enantiomeric excess. The lower the e.e, the more delayed this degradation (Figure
23). This behavior is opposite than the one observed during heating where the lower the

e.e, the lower the thermal events.

5%

Figure 21. HS-microscopy result of racemic BaHMa heated at 5 K.min™'.

Figure 22. HS-microscopy result of enantiopure BaHMa heated at 5 K.min™'.
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DSC /(mW/mg)
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Figure 23. Annealing of different e.e samples, from top to down: racemic, 15%ee, 35%ee and 50%ee.

Thanks to those experiments, we can conclude that the BaHMa melting occurs prior to its

degradation, at least when the samples have been submitted to a 5 K.min™!' heating rate.
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Therefore, this system can also be characterized by its melting temperature.

Note that only the first melting event has to been considered since the concomitant
degradation modifies the chemical composition. As a consequence, only the solidus curves can

be investigated.

III Binary phase diagrams

1.1 Data collection
The phase diagram between the two enantiomers of BaHMa is in fact a binary isoplethal

section of the ternary system between (S)-baclofen, (R)-baclofen and maleic acid. This section

is characterized by the constant proportion of maleic acid (X,,q1¢ic acia = 50%).

Three set of results have been useful in its determination:

total chiral discrimination below 70°C.

experiments. The DSC have been performed on different samples issued from the
preferential crystallization, on both solids or evaporated solutions, whatever the
entrainment was successful or not. Thus, a range covering all the possible compositions
between the (R) and (S)-BaHMa has been analyzed.

From it, one can clearly observe that the system does not present any eutectic

invariant indicative of the formation of a conglomerate (Figure 24).
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The first one is the analyses of the different single crystals indicating the quasi

The most useful set of results comes from the exploitation of the DSC
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Instead of an invariant, the melting temperatures of samples of higher compositions
than 30%e.e are similar to that of the enantiopure substance. For lower e.e, solidus
temperatures quickly decrease to that of the racemic mixture. This evolution of the
melting temperature pointed that the system presented a complete solid solution at high
temperature.

To fit high temperature complete solid solution and the chiral discrimination below
70°C, the system must present a transition between the two discriminated phases and
the total solid solution. Accurate re-exploitation of the DSC highlighted that small
phenomena occur before the melting. The lower the e.e, the higher the temperature of
those phenomena (Figure 25).

. The last data collected is the limit of the domain of the partial solid solution at
room temperature. A single crystal grown from the racemic composition at 20°C has
been redissolved and analyzed by chiral chromatography. An enantiomeric excess of

+98.51%ee has been recorded.

DSC /(mW/mg)

X
J 1exo 88.30%ee

82.72%ee

-2 1 59.83%ee

45.35%ee

-6 1 9.63%ee

2.22%ee

10 -

-12 4

60 80 100 120 140 160 180 200
Temperature /°C

Figure 24. Thermograms of different enantiomeric excess of BaHMa.
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Figure 25. Magnified thermograms at different e.e showing the complete solid solution event.

Other experiments such as TR-XRPD or high temperature annealing have been performed
to observe the total solid solution. Unfortunately, none of them were successful, the degradation

of BaHMa put a serious limit to the time dedicated for each experiment.

[1.2 Construction of the binary phase diagram
The different results have been plotted on the binary isoplethal section. Due to the
symmetrical properties of chirality, data collected for a certain enantiomeric excess has been
regenerated for the opposite enantiomeric excess to ease the visualization of the different limits

between the domains.
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The phase diagram is presented in Figure 26. Only the solidus and the demixing curves have
been plotted. Without considering the missing liquidus, the phase diagram is divided in two

domains (the top part, which is a degraded molten liquid, is excluded):

. Prior melting, a monophasic domain is present. It is a unique isostructural solid
phase with the crystal structure previously described (SG = P2;). At high temperature,
the structure can incorporate both enantiomers whatever the proportion. It results in the
formation of a complete solid solution (C.S.S) by means of substitutions of one
enantiomer by the other on every crystallographic site.

. The last domain, crucial for the rest of this study, is a biphasic domain which
corresponds to the demixion in the solid state of the C.S.S into two mirror image partial
solid solutions (ss((R)-BaHMa) and ss((S)-BaHMa)). During heating, the two families of
molecules diffuse to give rise to a single solid phase. From quasi totally demixed phases
at room temperature, the compositions converge to the racemic composition at 145°C.
This discrimination into two chiral partial solid solutions permits the application of

processes usually restricted to conglomerate forming systems with eutectic invariants.

200 gemperature (in °C) 200
Degraded
180.6°CHUMAD 8 &g i auid w8 sl fkidBRr180.6°C
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Figure 26. Binary phase diagram for the BaHMa system. Melting behavior has been deduced from DSC

data ( A ) and the demixion domain combining both DSC data () and the redissolved single crystal composition

(m). Experimental points are full and the symmetrical generated points are transparent.
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Proposed by Coquerel in 2000, it is the first time that a phase diagram involving a

demixion of a complete solid solution of enantiomers has been experimentally observed.

W
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Figure 27. Miscibility gap in the solid state with a maximum critical point.>’

Part.lll Preferential Crystallization, enantiomeric purification & salting

out

I Enantiomeric Excess determination

Two techniques have been used to determine the e.e of the samples.

.1 Polarimetry

Polarimetry has been used between each preferential crystallization run to measure the
enantiomeric excess of both solid and solution phases. Even though this technique is less
accurate than chiral chromatography, it is much faster and provides reliable information which

is essential for the compensation step.

First step was to determine the best wavelength for this system. For this purpose,
enantiopure salt has been dissolved in the azeotrope water/propan-1-ol and the optical rotation

of the different wavelengths have been measured:

Table 5. Optical rotation of enantiopure BaHMa in azeotrope water/propan-1-ol (22 mg.mL") and at 25°C
for the different available wavelengths.

Wavelength A 589 nm 578 nm 546 nm 436 nm 365 nm

Optical rotation a -0.11° -0.08° -0.10° -0.19° -0.35°

The selected wavelength for the rest of the study is 365nm since, as usual, the best optical

deviation of the polarized light (-0.35°) is observed when there is not excessive adsorption.
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Calibration curves for optical rotation at this wavelength and refractive index have been
drawn in parallel. For more precise measurements, the refraction can be used to calculate the
global composition (i.e C = Cg + Cs) which is then used to determine the expected optical

rotation for a 100%ee sample.

Concentration (in mg.mL™)
0.0 5.0 10.0 15.0 20.0
0.00 1.3795

-0.05 y=0.0001x + 1.3765

1.3790
R?*=10.9992

-0.10 1.3785
-0.15
1.3780
-0.20
e 1.3775
-0.25
1.3770
-0.30 y = -0.0161x

-0.35 § R? = 0.9885 @ | 13765

-0.40 1.3760
a(in°) n

Figure 28. Calibration curves of optical rotation (blue curve) and refractive index (red curve) according to

the concentration.

The specific optical rotation can be deduced from the formula:

o = [a]355m * 1+ C

In these conditions, i.e t = 25°C, A =365nm, | = 1dm and with the azeotrope
water/propan-1-ol as solvent, the specific optical rotation of baclofen hydrogenomaleate equals

to ]335, = 16.4°.mL. g~ . dm™1.

Even if the 365nm wavelength was the best available, BaHMa had a low optical deviation
compared to other chiral compounds. Thus, precise e.e determinations using this technique were

not effective (as indicated by the relatively poor coefficient r* of the calibration curve).

.2 Chiral chromatography
The chiral chromatography method used in this work is based on the publication of Hefnawy
& Aboul-Enein®! who developed an analytical HPLC method for the separation of the

enantiomers.

The experimental conditions used here were:

- Column: Chirobiotic T (15cm*4.6mm*5um)

- Mobile phase: isocratic mixture of methanol, water, acetic acid and triethylamine in
those proportions: 98:2:0.1:0.1

- Flow rate: ImL.min"!

- Detection: UV detector set on 226nm

- Injected volume: 10uL per analysis
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Those conditions combine a good separation of the enantiomers and an acceptable time for

analyses (Figure 29):
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Figure 29. HPLC chromatograms of racemic BaHMa (blue) and (R)-BaHMa (orange).
II Preferential crystallization

Baclofen hydrogenomaleate salt has been spotted to be a very good candidate for chiral
resolution since it has a quasi-total chiral discrimination below 70°C. The next step was to find
the adequate experimental conditions for a preparative resolution by using Preferential

Crystallization.

First conditions to be set were the choice of the solvent and of the PC method that would be

applied.

As discussed in the first chapter, AS3PC?!*? (Auto-Seeded Polythermal Programmed
Preferential Crystallization) usually gives better results than SIPC (Seeded Isothermal
Preferential Crystallization) and S3PC (Seeded Polythermal Programmed Preferential
Crystallization) variants. Lack of data are available to compare with ASPreCISE**** (Auto

Seeded Preferential Crystallization Induced by Solvent Evaporation). First applications results
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are comparable to those performed by AS3PC method. Nonetheless, the set-up to perform
ASPreCISE being more constraining (vacuum, distilled solvent management, etc), AS3PC has
been preferred over all other methods, and ASPreCISE was kept in mind as an alternative to
unsuccessful AS3PC (unfavorable variation of solubility versus temperature and/or if chemical

degradation of the chiral solute on heating exists).

For AS3PC application, the solvent must fulfill some conditions: it should not trigger
chemical decomposition, it must give a good solubility at a reasonable temperature, it has to
exhibit a good variation of solubility versus temperature. Moreover, no epitaxy nor undesirable
racemic solvate nor any undesirable metastable equilibria should interfere in the stereoselective

self-assembling process.

In addition to the screen of conglomerates, solvent and solubility screens on the BaHMa salt
have been performed. Twelve different solvents and eight different hydrochloride acid
concentrations have been tested. We focused our screen of solvents on mixtures of solvents,
particularly azeotropes for their interesting properties. Nineteen azeotropic mixtures have been

tested.

If all the “solvents” tested led to the recrystallization of the BaHMa salt from clear solution,

none of them presented interesting solubility except for hydrochloride acid solutions.

I.1 Preferential Crystallization process
Once the suitable conditions have been established, cycles of preferential crystallizations

have been conducted following those steps:

a. A volume V (40mL) of racemic BaHMa saturated solution (doubly saturated
solution) has been prepared at T,y sq¢- The solution has been placed in a closed
cylindric tube (3cm diameter*9cm length) (the reactor) with a cross-shaped
magnetic stirring bar to ensure agitation.

b. A certain mass of (R)-BaHMa corresponding to at least 2.2% of the racemic BaHMa
mass has been introduced in the reactor.

c. The suspension has been heating up to a temperature Tiniriar = Taou sar + AT, AT
being chosen to ensure a partial dissolution of the excess (R)-BaHMa. The system
was now a light suspension of (R)-BaHMa and a (S)-BaHMa undersaturated
solution (saturated in (R)-BaHMa).

d. A temperature program has been applied to the system to cool it down from Tj,;tiar

t0 T¢inq With a controlled cooling ramp dT /dt. With temperature decreasing, (R)-
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BaHMa crystallized (the system stayed lightly supersaturated in (R)-BaHMa), and
the nucleation of the (S)-BaHMa was avoided.

At T nq, the suspension has been filtrated as fast as possible. Liquid phase has been
put back in the reactor and temperature set to Tjy;tiq;- Meanwhile the solid has been
dried, weighed (mg.,,) and a part has been redissolved in the azeotrope
water/propan-1-ol (10 mg.mL™!) to determine its optical rotation (OPF;rop)- The first
PC run was completed.

The same mass of racemic BaHMa as the mass of the crude crops has been
introduced in the reactor (m,,.) and solvent could also be compensated to V.

Once the compensation was completed, Tjyitiq; has been maintained (during t) to
obtain the thermodynamic equilibrium (light suspension of (S)-BaHMa). This

thermodynamic equilibrium is the opposite than the one reached in step c.

. The same temperature program as that used in step d. has been applied. (S)-BaHMa

crystallized while (R)-BaHMa remained in solution.

At Tfing, the suspension has been filtrated as fast as possible. Solid has been dried,
weighed (Mcpqp) and its OF,,, has been measured while the liquid was set to
Tinitiar- The second run was completed.

The system has been compensated in racemic BaHMa and solvent to obtain a light
suspension or (R)-BaHMa.

After t time at Tj,;¢iq; temperature, the system has gone back to a thermodynamic
equilibrium.

Steps d. to k. were repeated all over again to successively preferentially crystallize

(R)-BaHMa during odd runs and (S)-BaHMa during even runs.

Prior to perform cycles of preferential crystallization, several tests must be carried out.

The protocol of the first one follows the steps a. to d. previously described. The only

difference is the cooling step which is carried out on a larger temperature range. Liquid

samplings are performed all along this cooling. The expected enantiomeric excess vs. time

curve of the mother liquor during an effective preferential crystallization run is presented in

Figure 30. First part corresponds to the preferential crystallization of the enantiomer initially in

excess whose concentration decreases in solution. At a moment, when passing through a 50-50

composition, it results in the change of the sign of the mother liquor. The second part is the

filtration window in which the best results can be obtained (best mass and e.e of the crop). The
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third part corresponds to the return to equilibrium for the system due to the crystallization of

the counter enantiomer.

Once a similar experimental curve is obtained, a validation test is performed under the same
conditions but with a filtration carried out inside the filtration window. If the crop presents both
good mass and e.e, preferential crystallization worked. Conditions (cooling rate, AT, stirring,
etc) can be tuned or complete PC cycles can be tested.

my - m, I,,

myg + m,

%e.e =
N

Preferential
crystallization
of (R)

l Ti:&
Filtrati Return to
indo equilibrium

Figure 30. Enantiomeric excess over time during test run of AS3PC.

4

During preferential crystallization, 10uL liquid samplings have been performed to measure
enantiomeric excess versus time by means of HPLC. Moreover, enantiomeric excess of the

solid has been also measured by HPLC to obtain a more accurate value.

1.2 Preferential Crystallization performed in azeotrope water/propan-1-ol

[1.2.1 Advantages of azeotropic mixture

First solvent in which AS3PC has been tested is the one used to prepare BaHMa salt: the

azeotropic mixture between water and propan-1-ol.

Azeotrope mixtures behave as pure solvents. Indeed, they are mixtures of two or more
solvents whose proportions do not changed when passed to the gas state. The use of azeotropic
mixture or pure solvent is not essential to perform preferential crystallization, but azeotropes

are interesting alternatives.

Indeed, the major advantage of preferential crystallization processes is the continuous
recycling of the mother liquors, even more for the Auto-Seeded methods which permit fast
sequence of runs. Pure solvents and azeotropes fit with this idea of “fast sequence” since the

experimenter would just need to compensate with the “solvent” in case of need.
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A contrario, compensation of non-azeotropic mixture could be more tricky. If necessary,
the manipulator must first determine the actual composition and volume of the solution before

compensation (with pure solvent(s), pH adjustment, etc).

[1.2.2 First attempt of Preferential Crystallization

The choice of the azeotropic mixture between water and propan-1-ol results from different
attempts to grow single crystals at different temperatures, notably from the crystal growth at
50°C and 70°C.

The ability of this “solvent” to give rise to single crystals at those temperatures illustrates
the very good chiral discrimination of BaHMa enantiomers in this mixture. Of course, this
ability is essential to any Preferential Crystallization application, thereby this solvent has been

chosen for the first attempts to performed PC via the AS3PC method.

The azeotrope water/propan-1-ol is a minimum azeotrope as illustrated by the work of Murti

& van Winkle® (Figure 31) and present properties recapped in Table 6.3

oS T T 1. 1T T 1 11
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TEMPERATURE

Figure 31. T-X-Y diagram for I-propanol-water.>

Table 6. Data of the azeotropic mixture water/propan-1-ol.%°

m

propan-1-ol 43.29% water 56.71% 88.1°C 0.870g.mL'1 at 25°C

The solubility of the racemic BaHMa at different temperatures has been determined (Table
7). A significant variation over temperature is observed (solubility at S0°C is thrice that at
20°C). Even if the solubility seems quiet too low for of an industrial application, preferential

crystallization has been tested.
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Table 7. Solubility of racemic BaHMa in azeotrope water/propan-1-ol.

Temperature Solubility
(in °C) (in %mass)

20°C 1.49%
35°C 2.80%
50°C 4.81%

Conditions and results for the Test run and the Validation run are presented in Table 8 and
Figure 32. A (R)-BaHMa suspension has been prepared at 51°C and the system has been cooled
at 0.5 K.min™'. Starting from negative, the enantiomeric excess of the solution changed of sign
after 10 min before reaching a maximum at 36 min (e.e,,,,) and decreasing back to 0%.

Filtration window has been determined to be between 30 and 40 minutes.

Validation test filtrating at 37 min demonstrates a very good e.e of the crop (-95.92%ee) for
a final mass of 0.4731g. Thus, 0.4634g of (R)-BaHMa has been recovered corresponding to an

increase of 67% of the seed mass.
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Figure 32. Enantiomeric excess of the liquid (®) and solid (#) over time during Test run (blue) and
Validation run (yellow) of AS3PC in azeotrope water/propan-1-ol.

Table 8. Result of the Test run and Validation run of AS3PC in azeotrope water/propan-1-ol. e. e, has
been bolded.

Temperature Time Mass e.e Mass e.e Enantiomer
(in °C) (in min) (in g) (in %ee) (in g) (in %ee) Mass (in g)

m 40mL of doubly saturated solution at 50°C (1.7583g of racemic BaHMa in 34.796g of solvent)

m 0.2778g of (R)-BaHMa suspended at 51°C

Test run
51°C 0 min -4.98%

47.5°C 7 min -3.28%
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45°C 12 min +3.56%
42.5°C 17 min +4.64%
40°C 22 min +8.58%
37570 27 min +16.06%
35°C 32 min +21.36%
B2A5R0 37 min +24.06%
30°C 42 min +21.88%
27.5°C 47 min +13.14%
25°C 52 min +6.10%
225G 57 min +3.78%
20°C 62 min +2.42% 1.0543g -14.62% 0.6042¢g

m 40mL of doubly saturated solution at 50°C (1.7583g of racemic BaHMa in 34.796g of solvent)

m 0.2775g of (R)-BaHMa suspended at 51°C

51°C 0 min -4.68%
Validation run 45°C 12 min -0.38%
40°C 22 min +4.16%
35°C 32 min +12.86%
32.5°C 37 min +22.28% 0.4731g -95.92% 0.4634g

[1.2.3 Cyclisation of the PC runs

As Preferential Crystallization has been proved to be effective in this solvent, the next step

was to perform cycles of PC.

The solubility being poor in this solvent, the compensation step could have been
problematic. Indeed, an excessive addition of racemic BaHMa and an unnoticed partial solvent
evaporation could lead to a suspension of both BaHMa enantiomers, cancelling the preferential

crystallization.

To prevent this advert effect, Tj,;¢iq; has been risen from 51°C to 53°C. At this temperature,
the solution is no more doubly saturated: one of the BaHMa enantiomers forms a very light
suspension. Nevertheless, a new test run (Figure 33) had to be performed to identify the new
filtration windows (the identical cooling rate has been applied). It appeared that the e. e, 4, of

the mother liquor has been obtained after 46 min of cooling (30°C).
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Figure 33. Enantiomeric excess of the liquid (®) and solid (#) over time during Test run and Validation run

of AS3PC in azeotrope water/propan-1-ol started from 53°C.

Table 9. Result of the Test run of AS3PC in azeotrope water/propan-1-ol started from 53°C. e. ey, 45 has
been bolded.

“
Time Mass e.e Mass e.e Enantiomer
(in min) (in g) (in %ee) (in g) (in %ee) Mass (in g)

Temperature

(in °C)

m 40mL of doubly saturated solution at 50°C (1.7583g of racemic BaHMa in 34.796g of solvent)

m  0.2574g of (R)-BaHMa suspended at 53°C

Test run

53°C

50°C

45°C

40°C

35°C

30°C

25°C

20°C

0 min

6 min

16 min

26 min

36 min

46 min

56 min

66 min

-7.33%

-4.81%

+3.19%

+10.81%

+19.27%

+24.73%

+13.35%

+7.90%

0.9650g -46.98%

0.7092g

In Figure 34 and Table 10 are summarized the results of a six-consecutive PC runs (three-

consecutive cycles). These cycles permitted to obtain information concerning the equilibration

time between each run and about the compensation in racemic BaHMa and solvent.

Each run was successful: the liquid phases changed of sign and the solids were highly

enriched. The first run resulted in 0.6682g of crop at -91.08%ee corresponding to an

augmentation of 155% of the initial seed mass.

The equilibration time between each run has been gradually decreased from 4h to 30min.

enantiomer.
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Too much solvent added during compensation led to a decrease of the mass of the crops like
for Runs 3 & 4. By the way, the system could be sent back to a more effective state by either
stopping the compensation in solvent or by compensating with a bigger mass of racemic

BaHMa (e.g Run 5).

This cyclisation also highlighted the need for a fast e.e analysis method to control the
enantiopurity of the crop: unusual low value should lead to a partial compensation of the mass

collected or to a higher compensation of solvent.
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Figure 34. Enantiomeric excess of the liquid (®) and solid (¢) over time during PC runs: Run 1 (blue), Run
2 (red), Run 3 (yellow), Run 4 (green), Run 5 (grey) and Run 6 (violet).

Table 10. Results of consecutive runs of AS3PC in azeotrope water/propan-1-ol with decreasing time of
equilibration between each run. e. ey, 4, has been bolded.

Temperature Time Mass e.e Mass e.e Enantiomer
(in °C) (in min) (in g) (in %ee) (in g) (in %ee) Mass (in g)

m 40mL of doubly saturated solution at 50°C (1.7583g of racemic BaHMa in 34.796g of solvent)
Initial state

m 0.2505g of (R)-BaHMa suspended at 53°C

53°C 0 min -4.71%
50°C 6 min -4.44%
45°C 16 min -0.40%
Run 1 40°C 26 min +4.54%
35°C 36 min +11.69%
32.5°C 41 min +15.30%
30°C 46 min +19.92%  0.6682g -91.08% 0.6383g

m 0.6895¢ of racemic BaHMa and 2mL of solvent
m 4H at 53°C

Compensation

53°C 0 min +6.43%

Run 2

35°C 36 min -9.89%
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30°C 46 min -18.08% 0.6587g +84.29% 0.6070g

0.6718g of racemic BaHMa and 2mL of solvent
12H at 53°C

Compensation

53°C 0 min 5.47%
Run 3 35°C 36 min 3.37%
30°C 46 min +1002%  04971g  -91.03% 0.4748g

0.4955g of racemic BaHMa and 2mL of solvent

Compensation 2H at 53°C

53°C 0 min +5.14%
Run 4 35°C 36 min 2.38%
30°C 46 min 1127%  04156g  +82.72% 0.3797g

0.4153g of racemic BaHMa

Compensation 1H at 53°C

53°C 0 min -3.07%
Run 5 35°C 36 min +12.84%
30°C 46 min +2093% = 05608g  -93.78% 0.5434g

0.5550g of racemic BaHMa and 1.5mL of solvent
30min at 53°C

Compensation

53°C 0 min +9.76%
Run 6 35°C 36 min -5.35%
30°C 46 min -13.76% 05339  +96.59% 0.5248g

Once a certain level of control has been found (concerning the compensation/equilibration

step), a new set of PC cycles has been performed with 30min between each run.

The results of the different runs are presented in Figure 35 and Table 11. Ten consecutive

successful runs have been performed.

In Runs 4, 5 & 6 the masses collected were higher than previous runs. Despite their good
optical purity, the entire masses have not been compensated. The reason was the high

uncertainty of polarimetry for this system and the unusual mass filtrated.

Nonetheless, it is known that the mass of the crops increases after few PC runs. As chiral
chromatography analyses confirmed the good enantiomeric excess, a complete compensation

could be considered for future tests.
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Figure 35. Enantiomeric excess of the liquid (®) and solid (#) over time during PC runs: Run I (dark blue),

Run 2 (light blue), Run 3 (red), Run 4 (yellow), Run 5 (light green), Run 6 (dark green), Run 7 (dark grey), Run
8 (light grey), Run 9 (light violet) and Run 10 (dark violet).

Table 11. Results of consecutive runs of AS3PC in azeotrope water/propan-1-ol. e. ey, ., has been bolded.

_
Temp: e Ma: e.e Mass Enantiomer
(in C) min) (in g) in %ee) (in g) (in %ee) Ias

m 40mL of doubly saturated solution at 50°C (1.7583g of racemic BaHMa in 34.796g of solvent)

Initial state

m  0.2445g of (R)-BaHMa suspended at 53°C

53°C 0 min -11.88%
Run 1 35°C e -3.47%
30°C A% it +075%  05012g  -94.04% 0.4862g

m 0.5120g of racemic BaHMa and 1.2mL of solvent

m 30min at 53°C

Compensation

53°C 0 min +5.70%
Run 2 35°C 36 min -9.90%
30°C 46 min 17.87% 04679  +84.61% 0.4319g

m 0.4621g of racemic BaHMa and 1mL of solvent

Compensation B = 34 4t 53°C

53°C 0 min -8.86%
Run 3 35°C 36 min +6.62%
30°C 46 min +1526% = 0549g  -95.07% 0.5361g

m 0.5469g of racemic BaHMa and 2mL of solvent

Comparsion = 30min at 53°C

53°C 0 min +8.16%
Run 4 35°C 36 min -8.64%
30°C 46 min -17.34%  0.6465g  +92.52% 0.6223g

m 0.5122g of racemic BaHMa
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- = 30min at 53°C

53°C 0 min -8.02%
Run 5 35°C 36 min +9.69%
30°C 46 min +1947% 06463z  -88.51% 0.6092g

0.5136¢ of racemic BaHMa and 1.5mL of solvent

30min at 53°C

Compensation

53°C 0 min +11.09%
Run 6 35°C 36 min 5.15%
30°C 46 min 1759%  0.6124g  +91.71% 0.5870g

0.4975g of racemic BaHMa and 1.5mL of solvent

Comparsion 30min at 53°C

53°C 0 min -12.35%
Run 7 35°C 36 min 2.47%
30°C 46 min +12.65% 05378z  -91.71% 0.5155g

0.5306¢g of racemic BaHMa and 1.5mL of solvent

Compensation 30min at 53°C

53°C 0 min +7.46%
Run 8 35°C 36 min -4.89%
30°C 46 min 1473% 05254z  +88.90% 0.4962g

0.5238g of racemic BaHMa and 1.5mL of solvent

30min at 53°C

Compensation

53°C 0 min -6.25%
Run 9 35°C 36 min +10.26%
30°C 46 min +19.42%  06444g  -89.51% 0.6106g

0.5183g of racemic BaHMa and 1.5mL of solvent
30min at 53°C

Compensation

53°C 0 min +8.00%
Run 10 35°C 36 min -7.59%
30°C 46 min -1649%  07194g  +87.05% 0.6728g

Despite the very good feasibility of the BaHMa resolution by means of the auto-seeded
preferential crystallization, the solubility, and consequently the production rate, are too low for
any industrial application. This production rate has been calculated dividing the total mass of
pure enantiomer by the volume of the solution and the duration of the experiment. Thus,

BaHMa enantiomers has been obtained with a 11.4 g.L'!. H"! productivity.
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In order to improve the productivity of this resolution, it has to be conducted in “solvents”
presenting higher solubility. Among the large range of solvents tested (polar and apolar, protic
and aprotic), only the acidic solutions, particularly with hydrochloride acid, have presented
interesting solubility. Even if less easy to compensate after every run than the azeotrope
mixtures, those “solvents” lead to a more productive preferential crystallization conducted by

cooling.

1.3 Preferential Crystallization performed in water and hydrochloride solutions
Solubility of racemic BaHMa for different concentrations of hydrochloride acid (OM, 1M
and 2M) and different temperatures (20°C, 35°C and 50°C) are presented in Table 12. Solubility
in water (OM) is lower than that in the azeotrope but the solubility properties become more

interesting when the solution is acidified:

* The more acidic the solution, the higher the solubility: At 20°C, the value of
solubility in HCI 1M is six time higher than that in water. In HC1 2M, it is eight time.
* The more acidic the solution, the higher the solubility variation vs. temperature:
From 20 to 50°C, solubility increases by twice in water whereas in HCI 1M it

increases by almost thrice. The variation is higher than thrice and a half in HC] 2M.

Nonetheless, experiments cannot be carried out in higher concentrations of hydrochloride
acid. Indeed, the use of higher concentrations could lead to the formation of the hydrochloride
salt of baclofen (incongruent solubility behavior of BaHMa). Equally, higher temperatures must
be avoided due to chemical degradation of BaHMa salt that would be enhanced in those

conditions.

Table 12. Solubility of racemic BaHMa in water and 1M and 2M hydrochloride acid solution.

Solubility Solubility Solubility in
Temperature . .
(in °C) in water in HCl 1M HCI 2M
(in %mass) (in %mass) (in %mass)
20°C 0.75% 4.51% 6.48%
35°C 1.00% 6.86% 11.44%
50°C 1.78% 12.54% 22.24%

[1.3.1 Preferential Crystallization in water

Even if the solubility in water are not interesting, PC has been performed in it to prove its

feasibility. The conditions and the results for the Test and the Validation runs are presented in
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Figure 36 and Table 13. Conditions are similar as those described earlier: the starting point is a
suspension at 53°C in a 40mL vessel prepared by mixing a doubly saturated solution at 50°C
with an excess of (R)-BaHMa and the cooling rate adjusted at 0.5 K.min!'. Test run gave
expected results: starting from negative (enriched in (R)-BaHMa) the e.e changed its sign before
it decreased. The Validation run confirmed these results with a crop of 0.2704g with -93.77%ee
at 46min (corresponding to 0.2698g of pure (R)-BaHMa,).
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Figure 36. Enantiomeric excess of the liquid (®) and solid (#) over time during the Test run (blue) and the

Validation run (yellow) of AS3PC in water.

Table 13. Result of the Test run and Validation run of AS3PC in water. e. e,,,, has been bolded.

Temperature ime Mass e.e Mass e.e Enantiomer
(in °C) (in min) (in g) (in %ee) (in g) n %ee) Mass (in g)

m  40mL of doubly saturated solution at 50°C (0.7249g of racemic BaHMa in 40g of water)

m 0.2002g of (R)-BaHMa suspended at 53°C

53°C OJmin -8.94%
45°C 16 min +1.09%
Test run 40°C 26 min +13.52%
35°C 36/min +22.89%
30°C 46 min +20.89%
25°C 56 min +5.26%
20°C 66 min +363%  08559g  -2887% 0.5515g

u  40mL of doubly saturated solution at 50°C (0.7249g of racemic BaHMa in 40g of water)

m 0.2000g of (R)-BaHMa suspended at 53°C

53°C 0 min -7.33%
Validation run 50°C 16 min -0.80%
45°C 26 min +10.43%
40°C 36 min +20.95%
35°C 46 min +24.64% 0.2791g -93.77% 0.2704g
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[1.3.2 Preferential Crystallization in HCl 1M

The same procedure has been applied in HCI 1M. Results are presented in Figure 37 and
Table 14.

Since the solubility is higher than in previous solvents, Tjy;¢iq; has been dropped to 50.5°C
to obtain the suspension. The preferential crystallization is effective but three elements differ

from previous tests:

e The maximum enantiomeric excess in the mother liquor is lower (=10%ee). This
decrease can result from two contributions: the solubility is higher, thus, the
unbalance of the two enantiomers in solution would be lower. Also, the variation of
solubility versus temperature is higher resulting in higher supersaturation which can
prompt nucleation of the counter-enantiomer.

* The kinetics is different than previous tests: if the change of sign occurs at similar
times (=15min) the filtration window has shrunk (estimated between 23 and 29min).

*  When filtrating at 26 min, 0.8885g at -90.56%ee has been obtained. It corresponds
to 0.8466¢ of (R)-BaHMa and an increase of 412% of the seed mass.
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Figure 37. Enantiomeric excess of the liquid (®) and solid (#) over time during Test run (blue) and

Validation run (yellow) of AS3PC in HCI IM.

Table 14. Result of the Test run and Validation run of AS3PC in HCI IM. e. ey,4, has been bolded.

Temperature Time )% ET e.e )% ET e.e Enantiomer
(in °C) (in min) (in g) (in %ee) (in g) (in %ee) Mass (in g)

m 40mL of doubly saturated solution at 50°C (5.8326g of racemic BaHMa in 40.68g of HCI 1M)

m 0.1735g of (R)-BaHMa suspended at 50.5°C

Test run 50.5°C 0 min 2.71%
47.5°C 6 min -2.69%
45°C 11 min -3.50%
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42.5°C 16 min -291%
40°C 21 min +2.02%
37.5°C 26 min +9.95%
35°C 31 min +5.75%
32.5°C 36 min +1.85%
30°C 41 min -0.22%
50.5°C 0 min -2.89%
47.5°C 6 min -2.81%
Validation run e . s
42.5°C 16 min -0.90%
40°C 21 min +3.76%
37.5°C 26 min +11.55% 0.8885g -90.56% 0.8466g

No cyclisation experiment has been performed under those conditions. Only based on this
run and considering an equilibration time of 15min between each run, the productivity here

should be at least of 44 g. L. H!.
[1.3.3 Preferential crystallization in HCl 2M

Finally, AS3PC has also been tested in HCl 2M which presents the best solubility. Results
of the first tests are presented in Figure 38 and Table 15. Due to the high solubility in this
solvent, parameters have been adapted to a higher seed mass and a lower initial temperature to

ensure the formation of a stable suspension as a starting situation.

The preferential crystallization was effective with the best filtration window at 26min
(37.5°C). At this time, the liquid presented a +10.79%e.e and 1.4580g of solid with -81%e.e
has been filtrated.
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Figure 38. Enantiomeric excess of the liquid (®) and solid (#) over time during Test run (blue) and

Validation run (yellow) of AS3PC in HCI 2M.

Table 15. Result of the Test run and Validation run of AS3PC in HCI 2M. e. e, is bolded.

_
Temperature Time Mass e.e Mass e.e Enantiomer
(in °C) n min) (in g) (in %ee) (in g) (in %ee) Mass (in g)

m 40mL of doubly saturated solution at 50°C (11.7835g of racemic BaHMa in 41.2g of HCI 2M)

m 0.2501g of (R)-BaHMa suspended at 50.5°C

50.5°C 0 min -3.50%
47.5°C 6 min -3.42%
45°C 11 min -1.42%
Test run 42.5°C 16 min -0.75%
40°C 21 min +6.31%
37.5°C 26 min +10.46%
35°C 31 min +4.82%
32.5°C 36 min -0.81%
30°C 41 min -2.34%
50.5°C 0 min -2.01%
47.5°C 6 min -1.84%
Validation run PR IR, -0.83%
42.5°C 16 min +0.11%
40°C 21 min +5.36%
37.5°C 26 min +10.78% 14580  -80.99% 1.3194g

Based on this test, consecutive preferential crystallizations have been performed. As
presented in Figure 39 and Table 16, five consecutive successful runs have been achieved with
only 10min of equilibration. Compensation in solvent seemed not to be always necessary but a

complete dissolution of the BaHMa and a brown color has been observed after the fifth run.
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The coloration of the solution revealed the degradation of the BaHMa under those conditions.
A controlled atmosphere might be enough to resolve that problem. With this process, the

productivity has reached 72 g. L' H!.
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Figure 39. Enantiomeric excess of the liquid (®) and solid (¢) over time during PC runs: Run 1 (blue), Run
2 (red), Run 3 (yellow), Run 4 (green) and Run 5 (violet).

Table 16. Results of consecutive runs of AS3PC in HCIL 2M. e. 4, is bolded.

Temperature Time Mass e.e Mass e.e Enantiomer
(in °C) (in min) (ing) (in %ee) (ing) (in %ee) Mass (in g)

m  40mL of doubly saturated solution at 50°C (1.7583g of racemic BaHMa in 34.796g of HCI 2M)

m 0.2505g of (R)-BaHMa suspended at 50.5°C

50.5°C 0 min -3.53%
47.5°C 6 min -2.66%
45°C 11 min -2.09%
Run 1
42.5°C 16 min -5.98%
40°C 21 min +3.74%
37.5°C 26 min +10.52% 1.7437g -89.94% 1.6560g

1.7457g of racemic BaHMa
10min at 50.5°C

Compensation

50.5°C 0 min +2.66%
Run 2 40°C 21 min 2.77%
37.5°C 66 min 11.80%  21713g  +9837% 2.1536g

2.1404g of racemic BaHMa and 2mL of HCI 2M
10min at 50.5°C

Compensation

50.5°C 0 min 3.82%
Run 3 40°C 21 min +1.70%
37.5°C 66 min +973%  12724g  -96.25% 1.2485g
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1.7853g of racemic BaHMa

Comparsion 10min at 50.5°C

50.5°C 0 min +1.97%
Run 4 40°C 21 min 1.99%
37.5°C 6 mn 1132%  17507g  +75.10% 1.5327g

1.7508g of racemic BaHMa
10min at 50.5°C

Compensation

50.5°C 0 min 3.33%
Run 5 40°C 21 min +5.56%
37.5°C 66 min +1027% 161335  -95.68% 1.5784g

1.7508g of racemic BaHMa
10min at 50.5°C

Compensation

IIT Enantiomeric purification

This step, called enantiomeric purification, is simply a partial redissolution of the BaHMa
salt in a solvent. This solvent can be any previous mentioned “solvent” allowing the formation

of the baclofen hydrogenomaleate salt.

The process is based on the ternary section between BaHMa enantiomers and the “solvent”.
Nonetheless, the most important data are the solubility of the racemic mixture and the width of

the partial solid solutions domains (Figure 40).

Solyent

Isotherm
and
Isobar

ssS
+/Sat Sol

sSR + ssS
+d.s.s

(5)-BaHMA I (R)-BaHMa
Figure 40. Schematic BaHMa enantiomers and solvent ternary section. System pathway during the

enantiomeric purification from solid I to solid P is highlighted in green.
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Starting from a mixture of both BaHMa enantiomers (point I), the system will follow the
green line when solvent is added to the system. Thus, the system passes through different

domains but only one of them permits the enantiomeric purification:

- FromIto T, itis a triphasic domain where the two BaHMa partial solid solutions are in
equilibrium with their doubly saturated solution. If the suspension is filtrated, a better
e.e would be reached but the solid would be composed of the two partial solid solutions.

- At point T the system is at the limiting tie-line between the triphasic and biphasic
domains. In the case of true conglomerate, it is theoretically the best spot to filtrate and
to recover the maximum mass of pure enantiomer. In the case presented here, filtration
at T point will permit to recover the maximum mass of the partial solid solution.

- From T to B, adding more solvent decreases the collected mass of solid but its
enantiomeric excess increases. This is highlighted by point E where the cropped solid
is of P composition and the remaining liquid is R. Best e.e and lowest mass would be
obtained at point B. Thus, a compromise must be found between the mass recovered and
the final enantiomeric excess.

- Exceeding point B will lead to undersaturated system.

One example has been carrying out to illustrate this process: 0.4239g of BaHMa at
-50.43%ee (i.e 0.3189¢g of (R)-BaHMa and 0.1050g of (S)-BaHMa) has been suspended under
agitation in 27.0787g of water for 12 hours at 20°C.

The suspension has then been filtrated and washed twice with water. 0.1905¢g of solid has
been recovered whose e.e was -98.59%ee whereas the remaining liquid phase presenting an

enantiomeric excess of -11.56%ee.

IV Salting out

Salting out processes are based on the incongruent solubility of salts under certain

conditions, especially varying the pH of the system.

Moreover, we can expect that the return to pure baclofen would be concomitant with an
enantiomeric purification better than the previous one performed on crude BaHMa, since not

limited by the partial solid solution.

Figure 41 illustrates this fact. Baclofen hydrogenomaleate has an incongruent solubility

(yellow domains). Salting out consists in, starting from baclofen hydrogenomaleate, to place
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the system in the biphasic blue domains where enantiopure baclofen equilibrates with its
saturated solution along the tie-lines. Then, the system is filtrated to only recover baclofen in

the solid state.

Intuitively, starting with enantiopure baclofen hydrogenomaleate leads to enantiopure
baclofen (orange lines). But, the same result can be obtained for scalemic compositions (violet
line and tie-line) for which the pathway to pure solvent also passes in the biphasic blue domain.
As the final e.e is higher than the initial one, both enantiomeric purification and salting out

should happen at the time.

In the case represented below, this enantiomeric purification takes place whatever the
scalemic composition since baclofen racemic compound has been represented in a domain
(green) that does not exceed the 1:1 baclofen/maleic acid stoichiometry. Nonetheless, if this
domain is large enough, salting out can lead to the racemic baclofen for near racemic BaHMa

samples.

Maleic acid

Isotherm
and
Isobar

Basic
solvent
(S)-Baclofen

(RS)-Baclofen

(R)-Baclofen

Figure 41. Schematic possible 4-order phase diagram between baclofen enantiomers, maleic acid and a
basic solvent (or basic solution). Colored domains correspond to bundles of tie-line for baclofen enantiomers
(blue), baclofen racemic compound (green), baclofen hydrogenomaleate enantiomers (yellow) and maleic acid
(red). Orange and violet lines correspond to incongruent solubility of enantiopure and high e.e of BaHMa.
Dashed lines are corresponding of tie-lines permitting to obtain enantiopure baclofen from the two previous

cases.
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Starting with almost 1g of enantiopure baclofen hydrogenomaleate (corresponding to
0.6480g of baclofen and 0.3520g of maleic acid), a clear solution has been obtained by
dissolution in 10mL of NaOH 1M at 25°C and under agitation.

The pH of the solution has been adjusted by adding a certain volume of concentrated
hydrochloric acid (37% in mass). Temperature has also been controlled. Additions of the acidic
solution led to the precipitation of the baclofen. The suspension has then been filtrated, dried,

weighted and analyzed by X-ray powder diffraction and NMR.

Three tests have been conducted to verify the feasibility of this process for different values

of pH and temperatures.

Table 17. Salting out results.

37% HCI Final
Cropped mass

volume added temperature

Test 1 230uL 25°C 9.02 0.5485g
Test 2 320pL 25°C 7.90 0.5546g
Test 3 240uL 10°C 9.29 0.5786g

The NMR analysis (Figure 42) confirmed that the filtrated samples were mainly composed
of pure baclofen with some possible residual maleic acid (6 ppm peak), nevertheless, none other
impurities have been revealed by the NMR analyses. XRPD measurements also confirmed that

the solids recrystallized and filtered were enantiopure baclofen under its B polymorphic form.

To conclude, the mass cropped and the purity indicate a good yield of the process (=85% of
the baclofen has been recovered after the salting out). Moreover, Test 2 & 3 indicate that the
salting out process can be optimized by varying temperature and pH to increase the mass of the
crop without affecting the chemical, enantiomeric and structural purity. A priori, adjusting the
pH at the baclofen pHi and at low temperature (e.g. 0°C for instance) should be the optimum
process in view to maximize the yield. Nevertheless, the process should also lead to the pure

form B which is the only one in the public domain so far.
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Figure 42. NMR 'H of salting out test in deuteride DMSO.

Part.IV Discussion on preferential crystallization carried out on non-
conglomerate forming systems

If a conglomerate forming system is the ideal case to perform preferential crystallization,

the process is also applicable on other equilibria.

I Preferential crystallization for racemic compounds

Lorenz & al. performed the preferential crystallization of one enantiomer and of the racemic
compound of mandelic acid.?’ Principle is similar as that in classical preferential crystallization
except that only one enantiomer can be resolved successively and that the compensation
between the runs is ensured with a mixture of solid phases at the eutectic composition (Figure
43). If the theory is valid to all racemic compound forming systems, the large tendency of the
nature to crystallize rapidly in racemic compound prevents its application. Indeed, only two

examples are known: mandelic acid®’ and malic acid.*®

Solvent

(+)-E Eut Rac Eut (-)-E

Figure 43. Preferential crystallization performed in a cyclic operation mode for a racemic compound.’”

The process implemented corresponds to the SIPC process for conglomerate with a seeding

of a supersaturated solution. However, auto-seeded process seems also possible.

136




Chapter 2 - Preferential Crystallization of a solid/solid demixing system

IT Preferential Crystallization on metastable conglomerate

When low nucleation rate of stable racemic compound is observed, it is possible to apply
the preferential crystallization on a metastable conglomerate. During the entrainment, both
crystallizations of the counter-enantiomer and of the racemic compound are avoided (Figure 44
& 45). Contrary to the previous case for which auto-seeded processes seem applicable, in this
case a total redissolution between the runs is necessary to avoid any undesirable crystallization

of the stable racemic compound.?!-3%4?

3
\T/(S)-DPL
Evolution of the compaosition in

the mother liquor

0.6

0

(R)-DPL I » (S)-DPL
0 %ee 100

Figure 44. Isothermal sections at 66 and 15 °C in the DMF-rich part of the ternary solubility diagram
(DMF—(R)-DPL—(S)-DPL). Dashed lines correspond to metastable solubility lines. Error bars are smaller than

Isotherm at 66°C

Isotherm-at 15°C

the dots representing experimental data points.>
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Isothermat T,

metastable equilibrium
with R considered

R
metastable equilibrium
with S considered

(S) (R) (S)

b) (R)

d)

Racemic mixture

addition
Solvent

Racemic mixture
addition

tereoselective
crystallizations

(S) (R) (S)

) a)

x Overall synthetic mixture

e Liquid composition at the end of an ideal preferential crystallization

= Pathway of the liquid during preferential crystallization

= Pathway of the liquid during the crystallization of the racemic compound
Pathway of the racemic mixture addition between each crystallization

Figure 45. Description of preferential crystallization via the metastable conglomerate.?!

III Preferential Crystallization on mirror image partial solid solutions

More relevant studies, to the case presented in this work, have been depicted where
preferential crystallization has been performed on mirror image solid solutions.

[11.1 Comparison of cases collated

41.22.23 which is consistent to the low occurrence of such

Only few examples are known,
equilibria. But we can assume that, as for true conglomerate, spotting a system presenting the
chiral discrimination in the form of mirror image partial solid solutions “is just halfway to

achieving a preparative resolution by preferential crystallization.”**

Among the few examples known (Figure 46 & 47), the BaHMa system is the first one
presenting a demixion of a complete solid solution and permitting an efficient preferential

crystallization of its partial solid solutions.
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Figure 46. Isothermal section of the ternary phase diagram [(+)-E.M.—(-)-E.M.—(ethanol-water azeotropic
mixture)] at 25°C (a) and binary phase diagram of [(+)-E.M.—(-)-E.M.] (b).*
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Figure 47. Up: binary phase diagram S(+)DMSAM/R(-)DMSAM in the temperature range 120 °C to 5 °C.
The upper part of this diagram is mostly extrapolated from DSC measurements and consistent with HPLC
measurements and the ternary isotherm. Down: ternary isotherm S(+)-DMSAM/R(-)DMSAM/MeOH determined
at 20 °C; this isotherm is represented under the binary diagram. Caption used to differentiate the experiments:
solubility measurements (open cross), DITA (O), complementary experiments leading to a tie-line (A), HPLC
measurements at 20 °C (o), 5 °C and 40 °C (0), DSC measurements (octagon). The metastable solubility curves

are not represented.*
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Logically, the thinner the partial solid solution domain, the better the final enantiomeric
excess of the crops (Table 17). In the three collated cases, limits of the monophasic domain do

not evolve versus temperature in the range used for PC.

Table 18. Partial solid solutions limits and PC results for the three known cases.

Partial solid solution e.e of the crude crops
System
domain via AS3PC
E.Mm2341 87%e.e 54%e.e
DMSAM*° 48%e.e 46%e.e
BaHMa >99%e.e 91%e.e

1.2 Mechanism
A mechanism derived to the one valid for true conglomerate is presented below. The partial

solid solutions, and their consequences, have been taking into consideration (Figure 48 & 49).

. Step 0: a doubly saturated solution is prepared at temperature T 4y sat-
. Step 1: seeds of R enantiomer are added and the system is heated up to

temperature Tipitiat > T dou sat- MOther liquor moves along the tie-line between the ssR
and a solution lightly enriched in R enantiomer. If enough time is given to the system,
it is the stable green tie-line ssR;. Otherwise, it is a metastable intermediate tie-line.

. Step 2: the system is cooled down from Tpitiar tO T fingr- Solubility decreases
which induces crystal growth and secondary nucleations of the seeds while the solution
becomes enriched in enantiomer S. Solution moves now along metastable tie-line
between sSRy and a solution saturated in R and supersaturated in S. In theory, PC could
be continued until the system reaches the metastable solubility of ssRr. Two behaviors
seem plausible. The first one, which has been observed by Renou & al.*® and Wermester
& al.,** presents a lower e.e for ssRy than for ssR;. The second case is the reverse and
would lead to better results (Figure 48).

. Step 3: The system is filtrated before the nucleation and crystal growth of ss$
enantiomer. The crop of sSRp crystals is weighed and the mother liquor moves toward
the metastable tie-line to the metastable solubility.

. Step 4: The system is heated back to Ti,itiqr and a mass of racemic mixture,

corresponding to the cropped ssRp crystals in step 3, is added to the solution. After

140




Chapter 2 - Preferential Crystallization of a solid/solid demixing system

equilibration, the system is in the symmetrical state as that in step 1 with a suspension
of ss§ (ssS; if stable tie-line) in a solution lightly enriched in the same enantiomer.

. Step 5: Symmetrical of step 2: the system is cooled down from T ptiqr t0 T finar-
Solubility decreases which induces crystal growth and secondary nucleation of the seeds
while the solution becomes enriched in enantiomer R. Mother liquor moves along a
metastable tie-line between ssSr and a solution saturated in § and supersaturated in R.

In theory, PC could be continued until the mother liquor reaches the metastable

solubility of ssSf.
. Step 6: Symmetrical of step 3. The system is filtrated before the stabilizing

nucleation and crystal growth of R enantiomer. The crop of ssSy crystals is weighed
and the solution moves along the metastable tie-line to the metastable solubility.
. Final step: By heating back the system to T';,;tiq: and compensating the mass of

the crop by racemic mixture, the system goes back to the initial step 1.

Solvent Solvent

Tlinal < Ttvjausat < 7;'111'[7'21 Tﬁna] < Tt'ﬂzusat < 7;'111'17'31

0
Ssl?l A
S
~

Q™ S S
&
Figure 48. Schematic pathway during AS3PC process with metastable tie-line (dashed violet line) outer

(left) or inner (right) the partial solid solutions (green domains). Dashed green line corresponds to the stable

tie-line of the system at Tiitial.

To finish, two additional considerations must be taken into account:

. The first one is that the solid does not directly pass from the tie-line at ssR; to
that at sSRy but explores all the intermediate partial solid solutions between those
values. As a result, crystals would grow in layers respecting those partial solid solutions
with a core of sSR/, a shell of ssRf and a continuum between them (Figure 49).

. The second is that PC is an out of equilibrium process, there is no time for

diffusion of the molecules in the matrix of the major antipode. In other words,
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homogenization of the solid phase is very unlikely and a centripetal gradient in e.e

should exist for every particle (Figure 49).

Temperature
A A

; Tinitial

Tdou sat

ssR +ssS

S Xq (in %) R

Figure 49. Schematic evolution of the crystal compositions with the temperature (left) and shcematic layer

reparation of a crystal along its crystallization (right)..

Conclusion

In this chapter, two major parts have been distinguished and discussed.

The first part has only fundamental interest. Indeed, the experimental proof of a new kind
of chiral binary system, so far predicted only, has been detailed. Even though this first case has
been blurred by the chemical degradation close to fusion, the clear evidence of a chiral system
presenting a solid/solid demixion of a complete solid solution has been presented. By
considering:

(1) the clear difference in the four substituents of the stereogeneric center,

(i1) the number and the nature of H-bonds in the crystal structure,

this result was not anticipated at all.

The second part has more some application interests. It is a good example of preferential
crystallization process applied to a solid/solid demixing system. Rationales have been presented
about the mechanism taking place during the AS3PC process of partial solid solutions and about
the enantio-purification of salting out process. The results obtained are promising in the

perspective of a low cost and effective preparative resolution at industrial scale.
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Introduction

This chapter details the study of phase equilibria between two different compounds. Those
compounds are 2-phenylthio-3-methyl-cyclohex-2-enone derivatives (Figure 1). Basically,
they are composed of a phenyl group (substituted or not) linked via a sulfur atom to a 3-methyl-

cyclohexene with a ketone function.

Figure 1. Common features of components studied in this chapter (para derived position highlighted in

blue).

e

More precisely, we studied phase equilibria between two compounds substituted in para
position of the thiophenyl group (Figure 2): one with a methyl group (p-Me component) and the

other with a chlorine atom (p-CI component).

Figure 2. p-Me (left) and p-CI (right) derivatives.

They present different features making their study complicated, and thereby, interesting.

One can list:

* The chirality which is not beared by a stereogeneric center but by atropisomery.
Enantiomers, i.e the reverse optical forms, are then mirror images because of two
symmetrical wells of energy corresponding to opposite configurations.

* The activation energy to switch from one configuration to the other is too high in
the solid state (atropisomery). However, this barrier is low enough in the liquid state
(molten or solution) and racemization occurs almost instantaneously.

* The racemization in solution prevent any measure of enantiomeric excess or optical

purity by the different technics available in our laboratory.
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The initial aim of this study, given by the Pr. Reiko Kuroda from Tokyo University of
Science, Japan, was to establish the phase diagram between the racemic composition of the two

components.

In this purpose, Pr. Kuroda has first furnished p-Me and p-Cl at the racemic compositions.
In the last few months of this thesis, syntheses of the components at a larger scale has been

carry out by Ryusei Oketani, another PhD student in the SMS laboratory.

Due to the complexity of the study, all the experimental results would be first presented,

then, they would be discussed.

Part.| Context of the study

I Chirality of p-Me and p-Cl

Compounds studied present atropisomery which is a special kind of chirality. Prelog defined
atropisomers as stereoisomers “due to the so-called secondary structure, i.e. hindered rotation
around single bonds”.! The chirality is not related to the chemical structure of the molecule but
to its configuration. Note that if the rotation of a single bond is limited, the atropisomer can

adopt several torsion angles.

The two opposite optical forms in atropisomerism would be called antipodes. They are
differentiated by their rotations of polarized light in the solid state (likewise quartz): one

antipode would be dextrogyre (+) and the other one levogyre (-).

II Racemization in the liquid

When the molecules are solvated or in the molten state, the configuration is not blocked

anymore.

This results in a spontaneous, instantaneous and total racemization in the liquid state (molten

phase or solution): the only liquid that can exist is a racemic liquid.

The consequence of this racemization on phase diagram is illustrated in Figure 3. In the case
of a conglomerate forming system, whatever the optical purity of the solid, it becomes a racemic
liquid which is represented by a vertical monophasic line. The same vertical line is present for
a racemic compound forming system. In that case, the only possible solid, under normal

crystallization conditions, is the racemic compound.
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Figure 3. Racemization influence on phase diagram for conglomerate (left) and racemic compound (right)

IIT Deracemization in the solid

forming systems.

Another consequence of the loss of the chirality in the liquid state is the possibility to

perform deracemization for conglomerate forming system.

If the recrystallization conditions only give rise to one nucleus, this one would growth

preferentially, even after the appearance of other nuclei of same or opposite handedness. As a

result, an unbalance between the antipodes can appear.

Otherwise, both antipodes crystallize quasi-concomitantly to give a racemic mixture.

Whatever the optical purity obtained by crystallization or mixing of the two antipodes, the

solid would evolve to reach one pure antipode only (the one initially in excess) (Figure 4). This

evolution can be accelerated by putting the crystals in suspension (or when they are partially

molten) by means of continuous grinding®~ or temperature cycling for instance.
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Figure 4. Deracemization of the conglomerate.
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IV Application on the system

The hindered rotation responsible of the chirality corresponds to the torsion angles around
the sulfur bonds. Thus, the two components exist as two antipodes (Figure 5). They would be
labelled: (+)-p-Me, (-)-p-Me, (+)-p-Cl and (-)-p-Cl.

Differentiation between conformation and configuration would be made in this chapter.
Conformation would be used to describe the different torsion angles adopted by one antipode.

Configuration can be used to differentiate the two antipodes of opposite conformations.

Figure 5. p-Me atropisomers (top) and p-CI atropisomers (bottom).

An ambiguity exists in the order of the system. According to Ricci'® “If two or more
homogeneous parts of a heterogeneous system always occur in the same proportions, giving a
total mass of constant composition, they constitute together a single phase [...]. This is the case,
for example, when a solid exists in two optically enantiomorphic forms but is instantaneously
and completely racemized in passing through the liquid or dissolved state”. According to this
definition, the system is a 2-order system since racemization occurs in the liquid. Nonetheless,
as the study involves equilibria in the solid state in which racemization is very slow, we can

consider the system as a 4-order system.

Thus, the phase equilibria investigated between the two racemic compositions is a binary
isoplethal section of a quaternary system. To represent this section, there are several ways
(Figure 6): the classical isothermal tetrahedral representation, square projections of the
tetrahedron, the binary representation and what we called the “extended binary” representation

available when no diagonal equilibrium occurs ((+)-p-Me/(-)-p-Cl or (-)-p-Me/(+)-p-Cl).
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Figure 6. Tetrahedral, one square projection, binary and extended binary representations of the system.

Racemic isoplethal section is represented in red.

The racemization of the liquid takes place not only for the pure components but also for all

mixtures between the p-Me and the p-Cl components. Thus, there are large composition
domains that cannot be explored.

Part.ll Results

It has been decided to present the different proportions between the two components in mass
fraction of p-ClI (Eq 1.).

p —x%Cl =

™rCl___ 4100 Eq. 1
Mmy_c1+ Mp_Me
Thus, the 1:1 stoichiometry composition between the two components corresponds to p-
51.29%CI.
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I Initial crystalline structures

I.1 p-Me conglomerate
Several single crystals of p-Me have been easily obtained from solution, by solvent
evaporation or by cooling. The use of methanol gave the best crystals but diethyl ether or

mixture heptane/dichloromethane can be used as well.

Once the primary nucleation occurs, the compound presents a very good crystallinity and
crystals of two morphologies can be obtained (Figure 7). One morphology looks like truncated
rods whereas the other presents a more ‘contracted’ form. In our experiment, rod crystals were

the biggest ones with dimensions close to 10mm by 2mm.

Figure 7. SEM pictures of p-Me crystals.

A single crystal has been isolated and its structure has been determined by X-ray diffraction.

The main crystallographic data are collected in Table 1. The system is orthorhombic with
the common chiral space group P2,2,2; (58% of chiral organic molecules) and the asymmetric
unitis Z' = 1.

Thus, only one antipode is present in every single crystal and the compound forms a
conglomerate noted O (Orthorhombic). The two mirror image O-p-Me crystals are noted <O-

(+)-p-Me> and <O-(-)-p-Me>.
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Table 1. O-p-Me crystallographic data.

Empirical formula Ci14H,60S
Formula weight 232.33 g.mol™t
Temperature 293.15K
Crystal system Orthorhombic
Space group P2,2,2; (n°19)
zz 4,1
a/A 7.4083 (6)
b/A 11.4061 (9)
c/A 14.6281 (11)
a/° 90
8/° 90
v/° 90
Volume/A’ 1236.07
d_/gcm’ 1.248
F(000) / e 496
Absorption coefficient u (MoKa(,) / mm* 0.238
Absolute structure parameter —0.06 (9)

The molecules establish some interactions from the para-methyl moiety toward the centroid
of an adjacent phenyl along a (=3.7 A). These interactions give rise to molecular chains
spreading along this direction (Figure 9 & 10). Cohesion between the molecular chains is

ensured by mean of weak van der Waals interactions (Figure 10, 11 & 12).

Figure 8. Asymmetric unit in thermal ellipsoidal representation with labelled atoms.
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Figure 10. Projection along a direction. Interactions in molecular chains are represented in violet.
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Figure 11. Projection along b direction. Interactions in molecular chains are represented in violet.
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Figure 12. Projection along c direction. Interactions in molecular chains are represented in violet.

The calculated and the experimental diffractograms are given in Figure 13 and match
together. It confirms that this crystal structure is representative of the whole batch i.e there is,

as far as X-ray diffraction can say, a good structural purity.

I [l | I | L (e
5 10 15 20 25 30

Figure 13. Calculated (green) and experimental (black) diffractograms for O-p-Me.

.2 p-Cl racemic compound
Likewise, p-Cl single crystals can be easily obtained from methanol solution (evaporation
or by cooling) and from other solvents. Two morphologies, one more elongated and the other

more contracted, have been observed (Figure 14).
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Figure 14. SEM pictures p-Cl crystals.

The structure of p-Cl has been determined from single crystal X-ray diffraction.

The crystallographic data are collected in Table 2. The space group being centro-symmetric,
both antipodes are present in equal proportion. As a result, p-Cl crystallizes as a racemic

compound noted T (Triclinic).
The p-Cl crystals are noted <T-(+)-p-Cl>.

Table 2. T-(+)-p-Cl crystallographic data

Empirical formula Ci13H,30SCl
Formula weight 252.74 g.mol™?
Temperature 293.15K
Crystal system Triclinic
Space group P1 (n°2)
VAV 4,2
a/A 7.5800 (10)
b/A 11.2213 (15)
c/A 14.975 (2) A
a/® 86.305 (2)
6/° 88.715 (2)
v/ 75.620 (2)
Volume/A’ 1231.3 (3)
A, /g.cm” 1.363
F(000) / e 528
Absorption coefficient u (MoKa(,) / mm™ 0.455
Extinction coefficient 0.232
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The asymmetric unit is composed of two molecules of p-Cl noted MolO and MolA hereafter
(Figure 15, 16 & 17). The main difference for these two molecules resides in the torsion angle

between the two cycles around the sulfur atom (Figure 17).

Figure 15. MolA extracted from the asymmetric unit in thermal ellipsoidal representation with labelled

atoms. The MolA molecules will be display in standard grey in the following figures.

Figure 16. MolO extracted from the asymmetric unit in thermal ellipsoidal representation with labelled

atoms. The MolO molecules will be display in yellow in the following figures.

Figure 17. Superimposition of MolO (yellow) and MolA (grey).

The two molecules do not present the same kind of interactions with their neighborhoods.
Two adjacent MolO along ¢ establish ©tw interactions (d~3.8A) and lead to dimers (Figure 18,
19 & 20). As the MolA molecules are intercalated between those dimers, they present weak
interactions with their environment (shortest distances are ~3.7A but do not involve some mn

or chlorine to « interactions).
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Figure 18. Projection along b axis. The MolO molecules establish r interactions and give rise to dimers.

The MolA molecules are intercalated between the dimers.

Figure 19. Projection along ¢ axis. The MolO molecules establish nr interactions and give rise to dimers.

The MolA molecules are intercalated between the dimers.
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Figure 20. Projection along a axis. The MolO molecules establish nr interactions and give rise to dimers.

The MolA molecules are intercalated between the dimers.

The calculated and the experimental powder patterns are given on Figure 21. They match

together and confirm the structural purity of the batch.

)‘ ‘ ‘ 1 (

| ! | - ‘ ' \ "‘ | |
. | N " \ | |@ ||| T [ |

Figure 21. Calculated (blue) and experimental (green) diffractograms of T-(£)-p-CL

IT Recrystallization issues

It is worth mentioning that in this system, whatever the ratio between p-Me and p-Cl, there
is a poor kinetics of recrystallization. This effect has been observed for both the molten state
and the dissolved compound, and the higher the p-Cl composition, the slower the

recrystallization.
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During manipulations performed in solution, a liquid/liquid demixion can be obtained when
supersaturation overcomes a certain limit without enhancing the crystallization kinetics (in

methanol and mixture heptane/dichloromethane).

By serendipity we observed, in the molten state, that milled glass accelerates by more than
two orders of magnitude the nucleation kinetics. Indeed, as illustrated in Figure 22, pure p-Cl
samples do not directly recrystallize whatever the cooling rate imposed (2, 5, 10 and 20 K.min

1). Those samples need one or two days at room temperature to ensure the recrystallization.

When glass is added inside the crucible, a complete different behavior is observed since
recrystallization occurs during the cooling. Three experiments have been made to characterize
this phenomenon. The recrystallization behavior has been tested with: milled sodium
borosilicate glass (cover slide), sodium borosilicate glass fragments (three fragments of cover
slide) and milled lithium borate glass (Lindemann capillary) in the same mass proportion p-

Cl/glass.

According to those tests (Figure 22), the nature of the glass (chemical composition) does
not have an impact on the recrystallization kinetics, but the surface area of glass does:
recrystallizations occurs at the same point for the two kinds of glass tested but it is slow down
when only few fragments are introduced. High surface area of glass (powdered milled glass)

and possibly sharp edges prompt primary heterogeneous nucleation.

DSC /(mW/mg)
1 exo
0] 2 5 K.min? "
N 20 K.min! s
™ N 10 K.min! \ /[1_8]
N 5 K.min!
2] N 2 K.min'! e
e N 5 K.min! + milled glass* \ I 0
-31 \j
N 5 K.min! + milled Lindemann** 12
-4 4

30 40 50 60 70
Temperature /°C

Figure 22. p-Cl first heat and consecutive cooling thermograms at different cooling rates or with glass

inside the DSC crucible.
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It has also been noticed that the introduction of powdered glass did not change the
thermodynamics of the system: the same phase equilibria have been obtained with or without

glass inside the system.

IIT Amorphous behaviors

The temperatures of glass transition have also been determined for both components. An

interesting fact is that recrystallization occur after the glass transition with more than 20°C lag.

DSC /mwW
" {1exo Peak: -1.5 °C
5 /
4
3 Glass Transition: Peak: 23.2 °C
Mid: -45.8 °C
5 \
1
0 /\—__‘—_’\/\/\\
-1
Glass Transition:
Mid: -35.8 °C
-2
-3
-120 -100 -80 -60 40 -20 0 20

Temperature /°C

Figure 23. Amorphous p-Me (blue) and p-Cl (black) behaviors.

IV 15t heterogenous equilibrium observed — Simple Eutectic

The first set of thermal and crystallographic analyses were conducted on samples prepared
by a manual mixing of different p-Me/p-Cl proportions. After the DSC analyses, samples

always recrystallize in another equilibrium and no return to the initial one is possible.

IV.1 X-ray powder diffraction analyses
Diffractograms of the different compositions (Figure 24) are just juxtapositions of T-(+)-p-
Cl racemic compound and O-p-Me conglomerate patterns, which was expected according to

the way of preparation.
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Figure 24. Diffractograms of the different compositions by manual mixing.

IV.2 Differential Scanning Calorimetry analyses
As shown in the Figure 25, thermograms all presented two distinct phenomena (except for
the pure components). The first always occurs at 60°C whatever the compositions, even for
enriched compositions of p-2.5%Cl and p-97.5%Cl. The second occurs at different
temperatures according to the composition: it varies between the two melting points passing

through a minimum at around p-60%Cl1 composition.

DSC /(mW/mg)
T €xo p-Me
-1 p-10%ClI
p-20%Cl
-2 p-40%Cl \( A ]
1:1 / \ I
-3 p-60%Cl N
-4 p-90%Cl / \ l
/ ]
_5 J
_6 ]
_7 J
_8 ]
45 50 55 60 65 70 75 80 85

Temperature /°C

Figure 25. Thermograms of different compositions by manual mixing.

IV.3 Racemic isoplethal section
Plotting the thermal events on the racemic isoplethal section led to the interpretation of a

eutectic invariant crossing the whole range of composition (Figure 26).
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Figure 26. Simple Eutectic equilibrium represented in the racemic isoplethal section. Nature of the phases in

equilibrium are indicted only.

The eutectic invariant is at 60.1°C, but the eutectic composition cannot be clearly specified
based on the thermograms only. This is why Tammann graph!®!” and theoretical liquidus curves

16-18

have been represented. The corresponding models are: Schroeder Van Laar simplified

equation for O-p-Me conglomerate (T2 P~ =789+0.5°C and AH . P~™®=+1193+

fus

0.6J/g) (Eq. 2) and Prigogine Defay!®!”!° simplified equation adapted to our system
(TP~ = 73.0 + 0.5°C and AH~ P~ = +97.2 + 1.5 ] /g) for T-(+)-p-Cl (Eq 3).

fus fus

T T R

AHO—p—Me
In(XO-P~M) = <;M - 3) —L= — Eq.2

T-p—Cl
Tfus T

1 1 AgT-P-Cl
m(4X"+ (1 -X")) = <— —)f”T with X' = 100 — 2 % |50 — XT?~C!| Eq.3
We observed that Tammann triangle gives a eutectic composition near 57% and the
theoretical liquidus curves partially fit with the experimental ones. Indeed, they intercept at the
eutectic temperature (60 £ 0.7°C) but at a lower composition than expected. This difference can
be explained by the fact that those equations are usually used for binary systems only and that

the ACPyiq—s01 have not been considered.

V 2" heterogeneous equilibrium observed — Partial Solid Solutions

A second type of equilibrium, totally different but repeatable several times, has been

obtained with recrystallized samples.
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Those samples have been obtained either from previous molten samples or from solvent

evaporation (methanol, diethyl ether or dichloromethane/heptane mixture).

V.1 Differential Scanning Calorimetry analyses
In Figure 27 are presented the thermograms for different compositions of recrystallized
molten samples. Two thermal events can be easily distinguished for each composition (except

for p-65%Cl and the pure components):

¢ For the first event, one can observe that an invariant at 50°C seems to be reached
around the p-55%Cl1 composition. Otherwise, the temperature of the first event
evolves from this invariant to the melting point of the components.

* Second thermal events vary from one melting point to the other via a minimum

reached around p-55%Cl.

DSC /(mW/mg)
1exo  pMe
p-20%Cl /
p-30%Cl /TN /
-1 | \ /
-1:1 /

p-55%Cl \A /

\
-3 1 p-Cl \/ /_/

40 50 60 70 80
Temperature /°C

Figure 27. Thermograms of different compositions obtained by recrystallization.

V.2 X-ray powder diffraction analyses
X-ray powder diffraction patterns of those samples are consistent with the DSC

measurements.
In Figure 28 where they are represented, two pieces of information can be extracted:

* The first one is the similarity of the patterns with the initial products. Indeed,
recrystallized p-Cl presents the exact same pattern as the initial one, i.e T-(x)-p-Cl.
The patterns observed for the recrystallized p-Me up to p-40%Cl are the same as the
initial p-Me, i.e O-p-Me, except that two peaks disappear (at 10° and 16.7°). It
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suggests that this equilibrium involves almost the same T-(+)-p-Cl phase and a very
similar O-p-Me phase.

*  When the evolution of the XRPD patterns versus composition are compared, it is
likely that there are partial solid solutions. Indeed, one can notice that the
compositions can be associated with a succession of one pattern/two patterns/one
pattern:

*  From pure p-Me up to p-40%Cl, only the similar O-p-Me XRPD pattern
(without the 10° and 16.7° peaks) has been obtained.

*  From p-40%Cl to p-70%Cl, a juxtaposition of the similar O-p-Me and of the
T-(#)-p-Cl patterns have been obtained. The lower the p-CI composition, the
lower the T-(£)-p-Cl peak intensities and the higher the O-p-Me Bragg
peaks.

»  For compositions greater than p-70%Cl, only the XRPD pattern of the T-(+)-
p-Cl has been obtained.

20000 [~ pCl
—— p-80%Cl
| p-70%ClI
t—— p-60%ClI
— 11

p-40%Cl
—— p-30%Cl
15000 —— p-20%CI
o«
=
c
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o
Q0000
>
=
7]
c
(9]
=
£
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Figure 28. Diffractograms of different compositions obtained by recrystallization.

Combining DSC and XRPD data, partial solid solutions and a eutectic invariant can be

proposed.

V.3 Single Crystal X-ray Diffraction

To confirm this interpretation, single crystals grown from different compositions have been

analyzed by X-ray diffraction.
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The investigated compositions in p-Cl were: 20, 40, 60, 80 and 90%. Among those
compositions, different single crystals presenting different structures have been collected,

giving the final proof of the formation of two partial solid solutions.

The results for each partial solid solution would be presented separately.

V.3.1 Orthorhombic O-p-Me partial solid solution

From the global p-20, 40 and 60%Cl compositions, single crystals presenting partial solid

solutions of the O-p-Me structure have been extracted.
Their crystallographic data are presented in the Table 3:

Table 3. Crystallographic data of O-p-Me partial solid solution single crystals.

Crystal composition 0%Cl =17%Cl =40%Cl =46%Cl
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group P2,2,2; (n°19) P2,2,2; (n°19) P2,2,2; (n°19) P2,2,2; (n°19)
VAV 4,1 4,1 4,1 4,1
a/A 7.4083 (6) 7.426 (1) 7.4444 (7) 7.4634 (6)
b/A 11.4061 (9) 11.386 (2) 11.364 (1) 11.3498 (9)
c/A 14.6281 (11) 14.610 (3) 14.571 (2) 14.5526 (11)
Volume/A® 1236.07 1235.2 (4) 1232.6 (2) 1232.72 (17)
d,,/ecm” 1.248 1.297 1.292 1306
F(000) / € 496 513 508 512
Absorption coefficient u (MoKa,) /
. 0.238 0.293 0.317 0.345
mm
Absolute structure parameter —0.06 (9) 0.06 (1) 0.05 (10) -0.05 (11)

The a parameter increases with the p-Cl composition, whereas both b and ¢ parameters

decrease. As a result, a contraction of the unit cell is observed.

In those crystals, the asymmetric unit is composed of one molecule with a SOF factor
corresponding to the global composition (Figure 29). The carbon C14 and the chlorine atom

share the same fractional coordinates due to the partial substitution of the p-Me molecule by
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the p-Cl molecule. Therefore, the p-Cl molecule adopts the conformation of the host molecule:

p-Me.

The packing of the molecule within the crystal is also quite similar to O-p-Me (Figure 30).
Along a axis, 7 interactions (¥3.7 A) exist with the neighboring methyl group or the chlorine

atom.

Figure 29. Disordered asymmetric unit in thermal ellipsoidal representation with atom labelled. The para

position is occupied with =<60% of methyl group and =40% of chlorine atom (40%ClI crystal).

2 |

b - - = - -

Figure 30. Molecular chains along a in the 40%ClI crystal. Interactions (dashed violet) can be w/methyl or

w/chlorine, the last kind enlarge the average length to ~3.7 A and might be stronger.

Concerning the patterns some differences are present, even if the single crystals preserve
the same symmetry. Even though the ticks stay present, the peaks at 10° and 16.7° of the pure
O-p-Me vanish in the partial solid solution, which agree well with the experimental XRPD

patterns.
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2 theta / deg

Figure 31. Calculated XRPD pattern for pure O-p-Me (blue) and for ss(O-p-40%Cl) (red).

V.3.2 Triclinic T-p-Cl partial solid solution

Single crystals corresponding to a partial solid solution at enriched p-Cl compositions have
also been analyzed. They have grown from p-60, 80 and 90%Cl solutions and their resolutions

have been more complex.

During the refinement, both space group P1 and P1 have been tested. The first was chosen
due to the similarity with the T-(%)-p-Cl cell parameters but the occupancy factors of the
chlorine atoms and methyl group (Z’=2) were difficult to stabilized. A contrario, when the

crystals have been resolved in P1, refinement could be applied molecule by molecule (Z’=4).

To confirm it, SHG measurements of recrystallized p-Cl, p-95%CI1 and p-90%Cl have been
performed. Whereas p-Cl was, as expected, SHG negative (centrosymmetric space group),
recrystallized p-90%Cl and p-95%Cl samples generated second harmonic signals, confirming

the P1 refinement and the non-centrosymmetry of the partial solid solution.

Below are presented the crystallographic data of single crystals obtained from different

compositions:
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Table 4. Crystallographic data of T-p-ClI partial solid solution single crystals.

Crystal composition 100%Cl 91%ClI 86%ClI 79%ClI
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1 (n2) P1 (n°1) P1 (n°1) P1 (n°1)
2z 4,2 4,4 4,4 4,4
a/A 7.580 (1) 7.585 (1) 7.590 (1) 7.5992 (6)
b/A 11.221 (2) 11.249 (1) 11.252 (2) 11.2677 (10)
c/A 14.975 (2) 15.005 (2) 15011 (2)  15.0357 (13)
a/° 86.305 (2) 86.152 (2) 86.201 (3) 86.013 (2)
6/° 88.715 (2) 88.844 (2) 88.768 (3) 89.003 (2)
v/° 75.620 (2) 75.728 (2) 75.717 (3) 75.859 (2)
Volume/A® 1231.3 (3) 1238.0 (2) 1244.1 (3) 1245.41 (18)
dcalc/g.cm'3 1.363 1.348 1.333 1.348
F(000) / e 528 526 523 528
Absorption coefficient u (MoKa(,) / mm™” 0.455 0.436 0.419 0.450
Absolute structure parameter -0.05 (15) -0.07 (13) 0.34 (14)

The asymmetric unit is composed of four molecules (Figure 32). The packing and the

different molecular conformations are similar to that of the pure T-(x)-p-CI.
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Mol0
MolA

MolC

MolB
Figure 32. Asymmetric unit of 91%ClI crystal (Z'=4).

The distribution of the methyl group/chlorine atom is specific for the four positions. If three
molecules exhibited logical Statistical Occupancy Factor (sof) lower than 100% for the

chlorine atoms, the fourth (fixed as MolB here) remained occupied by chlorine atoms only
(sofP-Cl = 100%).

According to this dissymmetry of distribution, it appears that the inversion center is lost
when a fraction of p-Me molecule substitutes p-Cl molecule in the triclinic T structure. Even
though the genuine center of symmetry disappears, a pseudo inversion center stays present in

the crystal (Figure 33).

Figure 33. Representation of the pseudo inversion center (dashed line intersection) existing between MolB

(sofP~E = 100%) and MolC (sof 2,5 = 88%).

The calculated pattern for the partial solid solution perfectly match with the experimental

one and the pure T-(z)-p-Cl (Figure 34).
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2-Theta - Scale

Figure 34. Calculated pattern for T-(+)-p-Cl (black) and the partial solid solution structures obtained from
pools at p-90%Cl (blue), p-80%Cl (red) and p-60%Cl (orange).

V.4 Racemic isoplethal section
When the DSC signals are plotted and linked to the different crystallographic data, a racemic

isoplethal section can be drawn as in Figure 35.

90 -, Temperature (in °C) %0

789
+0,5°CS

70

60

50.4
+1°C

40

30 0-p-Me phases phase(s)

20 20

O-P-Me and T-P-Cl
phases

10 10

0 0
(+)-p-Me 10 20 30 70 80 90 (£)-p-Cl

0 50 5
+(-)-p-Me Weight %

in p-Cl

Figure 35. Partial Solid Solution equilibrium represented in the racemic isoplethal section. Nature of phases

are indicated only.

The equilibrium observed corresponds to partial solid solutions with a eutectic invariant.
The partial solid solutions are present on each side of the section (p-Cl incorporated in O-p-Me

and p-Me in T-p-Cl structures) and the eutectic invariant is observed at 50.4°C between 60%
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and 74% compositions. The eutectic composition cannot be determined accurately and it is

approximated at circa 67% p-CIl composition.

VI 3¢ heterogeneous equilibrium observed — Complete Solid Solutions

Another equilibrium has been sometime observed when the molten samples recrystallized.
Indeed, molten p-80%Cl, p-85%Cl and p-90%C1 can spontaneously recrystallize adopting the
O-p-Me solid solutions.

These solid solutions have also been observed by seeding molten p-Cl with O-p-Me and so

belong to the complete solid solutions equilibria.

VI.1 X-ray powder diffraction analyses
As illustrated in the Figure 36, two kinds of samples presenting this complete solid solutions

equilibrium have been observed:

e Samples only presenting the orthorhombic O-p-Me pattern.
* Other samples of the same compositions presenting both O-p-Me and T-p-Cl

patterns.

—p-Cl

— 1st p-Cl
—2nd p-Cl
— 1st p-90%Cl
2nd p-90%Cl
— 1st p-85%Cl
— 2nd p-85%Cl
——p-Me

4000

y (counts)

Int@nsit
o
o
o
1

2-Theta (°)

Figure 36. Diffractograms of the samples presenting only the orthorhombic pattern or both

orthorhombic/triclinic patterns in the complete solid solutions equilibrium.

VI.2 Differential Scanning Calorimetry analyses
The DSC performed on the previous samples are presented in Figure 37. A first endothermic
phenomenon around the 50°C occurs and is directly followed by an exothermic one. Then, the

samples finally melt respecting the partial solid solutions equilibrium temperatures.
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DSC /(mW/mg)

1 exo

1st p-Cl
0.5 =P

2nd p-Cl

-1.0 1

1st p-90%ClI

-1.51

2nd p-90%Cl

-2.01

1st p-85%Cl
2nd p-85%Cl

-2.51

-3.01

-3.51

4.0

40 50 60 70 80
Temperature /°C

Figure 37. Thermograms of different compositions obtained by recrystallization or O-p-Me seeding.

V1.3 HS-microscopy experiments
One sample presenting this behavior has been analyzed via HS-microscopy. Upon the
heating (Figure 38), a reorganization of the crystals has been observed at around 50°C. This
reorganization is difficult to illustrate with pictures only, but the video clearly showed a partial
melt and recrystallization of the sample between 46.5 and 52°C. After that event, the system

did not evolve anymore up to its complete melting.

Figure 38. HS-microscopy result of p-80%Cl presenting the Complete Solid Solution behavior heated at 5

K.min.

From this experiment, the interpretation of the DSC curves is no longer uncertain: the first
endothermic events observed correspond to the melting of the O-p-Me complete solid solutions.
Then, the sample recrystallized into the partial solid solutions p-Cl to reach a more stable

equilibrium during the exothermic phenomena.?’->?
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VI.4 Racemic isoplethal section
This complete solid solutions equilibrium is represented in the Figure 39. Being metastable
and the continuity of the O-p-Me partial solid solutions, its liquidus and solidus have been

extrapolated to fit with the additional DSC data.

The melting temperature for the metastable p-Cl orthorhombic phases is 52.4°C and the

complete solid solutions present a congruent minimum point C at 47.5°C and 77.2% in p-Cl.

90 Temperature (in °C) 90
78.9
+0,5°C4

80

70 70

60 60

52.4+

50 0.5°C

40 40

30 30

20 0O-p-Me phases 20

10 10

0 0
(+)-p-Me 10 20 30 a0 50 60 70 80 20 (£)-p-Cl
+()-p-Me Weight % ®-p

in p-Cl

Figure 39. Complete Solid Solutions equilibrium represented in the racemic isoplethal section. Nature of

phases are indicated only.

VII Relative stability of the three different equilibria

Three different equilibria can be reached for this system. Except by single crystal X-ray
analyses (with significant Flack parameters), we are in the impossibility to check the
composition in each atropisomers of the two compounds. Thus, two hypotheses can be proposed

to justify their coexistences:

e The first hypothesis that can be proposed is that the system is no longer at the
racemic isoplethal section. Indeed, one can argue that a first homochiral cluster can
result in the apparition of an enantiomeric excess in the solid state. Thus, the
equilibria presenting the solid solutions should be representative of a partial or even
full deracemized system. Nonetheless, this hypothesis seems unlikely for two
reasons:

= Single crystals presenting two opposites configurations have been obtained

and analyzed from the same sample.
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= A phase diagram combining the racemization in solution, a racemic simple
eutectic equilibrium and deracemized partial solid solutions equilibria
cannot be drawn.

* The other hypothesis is that the equilibria are at three different level of stability.

VII.1 Complete solid solutions equilibrium metastability
In addition to the DSC and HS-microscopy analyses performed on the complete solid
solutions equilibrium, Figure 40 presents other observations to conclude on the relative stability
of this equilibrium.
Diffraction and thermal analyzes have been performed on a complete solid solutions sample
after its melting/recrystallization at 50°C. After this recrystallization, only the triclinic T pattern

is observed and the melting respects the same equilibrium.

——p-Cl

{—— p-80%Cl after 1st heat

5000 4 {—— p-80%Cl before 1st heat
——p-Me

DSC /(mW/mg)

1 exo
Cooling 4000

counts)

3000

y (

2000

Intensit;

1st heat

2" heat

1000

T
20 30 40 50 60 70 5 10 s 2 » %
Temperature /°C 2-Theta (°)

Figure 40. XRPD (right) and DSC (left) analyzes performed on a p-80%CI complete solid solutions samples.

All those results point out that the complete solid solutions equilibrium is metastable

compare to the partial solid solutions equilibrium.
VII.2 Stable partial solid solutions equilibrium

Difficulties have been encountered concerning the relative stabilities of the two other
heterogeneous equilibria.

To check their relative stabilities, several annealings have been tested. They have been
performed on samples respecting both equilibria, for different compositions, time and
temperatures.

All of them but one failed since no transition from one equilibrium to the other has been

recorded.

181




Chapter 3 - Racemic isoplethal section between two atropisomers & Chirality Induced by
Dissymmetric Distribution

The common point of the failures was that the annealings involved solid phases only,
contrary to the successful one in which the transition was accelerated by the partially molten

sample.

This annealing has been monitored by Hot Stage-microscopy (Figure 41). A p-20%Cl
sample prepared by manual mixing (and so respecting the simple eutectic behavior) has been
heated at 62°C. The eutectic invariant being overpassed, the sample was partially molten. Then,
the temperature has been kept constant for almost a week. After two days, the sample slowly
recrystallized: the liquid disappeared to give rise to crystals of good morphology. The phase

transition was completed after 132 hours.

A long XRPD acquisition (12H) confirmed that the samples obtained after this annealing

was only composed of the orthorhombic O-p-Me partial solid solutions.

|
132H at
62°C

Figure 41. Top: HS-microscopy result of p-20%ClI preparing by manual mixing with annealing at 62°C.

Bottom: magnified pictures after the 132H of annealing.

The conclusion of this experiment is that the partial solid solutions equilibrium corresponds
to the stable state (Figure 42). This result was unexpected since the temperatures observed for

the mirror image partial solid solutions equilibrium are lower than that of the simple eutectic.
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Figure 42. The three different equilibria represented in the racemic isoplethal section.

Part.lll Discussion

I Apparent simple eutectic equilibrium

First issue to be discussed is the simple eutectic equilibrium and the thermodynamic

impossibility for the same phases to exhibit different liquidus curves.

As presented in Figure 42, different liquidus have been obtained for the two components in
the different equilibria. If this difference of liquidus in the p-Cl part could be justified since it
present different structure (P1 or P1), the same cannot be applied to the p-Me part. For this
one, it is the exact same crystal structure that forms solid solutions and present different

liquidus.
In order to reconciliate these two opposite facts, two explanations can be proposed:

* The two liquidus are in fact one and unique. Indeed, the two curves are similar, the
difference being mainly induced by the eutectic composition deduced from the
Tammann graph.

* The simple eutectic is an apparent equilibrium. That means that any physical
mixture of the pure components is out of equilibrium and will irreversibly evolve to
the partials solids solutions just by diffusion in the solid state. Unfortunately, this

process is very slow, even if long annealings are applied.
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IT On the dissymmetry of distribution and a possible new kind of chirality

The loss of symmetry in the triclinic T-p-Cl partial solid solutions has another unexpected

effect.

When the p-Me is incorporated inside the triclinic structure, none of p-Me and p-Cl
molecules present homogeneous distribution, nor even symmetrical sof (Statistical Occupancy
Factor) in the different positions. As a result, the inversion center vanishes but a pseudo-
inversion center remains since the configurations ((+) or (-)) and the conformations (I" or y) of

the four positions are maintained (Figure 43).

The dissymmetry of distribution on the sof results in an unbalance of the two configurations
for the two components. The Optical Purity (O.P) for each component can be calculated using

Eq. 4. The values for the different single crystals are presented in Table 5.

(+)
—r i —r
» Pure p-CL :f)PT (Z’=2) F y (")
p-Cl occupancy factor: (1) (1) (1) (1) O.P,.=0%
p-Me occupancy factor: (0) (0) (0) (0) O.P, e = 0%
(+)
—M —M
> p-90%Cl > P1(Z’=4) l" ‘Y
p-Cl occupancy factor: (0.94) (0.80) (0.88) (1) O.P, =
p-Me occupancy factor:  (0.06) (0.20) (0.12) (0) O.P, e =+36.8%
(+)
—M —M
5 p-79%Cl ) P1(Z'=4) F y
p-Cl occupancy factor: (0.81) (0.62) (0.76) (1) O.P, =
p-Me occupancy factor:  (0.19) (0.38) (0.24) (0) O.P, e =+40.7%

Figure 43. Schematic representation of the dissymmetric distribution on the crystallographic sites and of the

chirality induced by dissymmetry of distribution.

sof’r’_a + sofg_a - sofp_a - sofp_a

0-Pp-ci = soft ™"+ sofP " 4 5077 v * 100 Eq. 4

+ sof
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Table 5. sof of the different single crystals analyzed and their respective chirality.

Statistical Occupancy Factor for p-Cl Crystal composition
Pool Space
composition Group
P212121 1 0.4 40% +100% 60% +100%
p-40%Cl
P2:2,2;, 1 037 37%  +100% 63% +100%
P2,2,2, 1 046 46%  +100% 54% +100%
p-60%Cl
P1 4 0.81 0.62 0.76 1 79% -10.3% 21% +40.7%
P1 4 0.94 0.80 0.88 1 90% -3.9% 10% +36.8%
p-90%Cl
P1 4 0.96 0.80 0.88 1 91% +3.3% 9% -33.3%

Every single crystal belonging to the Triclinic partial solid solution structure is not racemic.
In fact, both p-Me and p-Cl components present an unbalance of their configurations, and this
unbalance is of opposite sign for the two components (Figure 43). Thus, the domains containing
the Triclinic partial solid solutions enumerate two Triclinic phases that are mirror images one

to the other: ss(T-(+)-p-Cl) and ss(T-(-)-p-Cl).

This chirality is induced by dissymmetric distribution on the crystallographic sites. It is, as
far as we know, the first time that this phenomenon is mentioned; we proposed to name it:

Chirality Induced by Dissymmetric Distribution (CIDD).

IIT Absence of the triclinic T-p-Cl complete solid solutions

Another unexpected behavior of this system is that the triclinic structure, which is a racemic
compound for the pure composition, cannot be obtain for the p-Me, even when inoculation of
seeds with T-(%)-p-Cl is performed. By contrast, O-p-Me conglomerate can form a complete

solid solution.

According to the statistic about chiral systems, the reverse situation was expected since <90-
95% of the chiral systems form a racemic compound, whereas =5-10% a conglomerate and

<1% form solid solution.'®

Surely, the atypical triclinic partial solid solution, which is not a racemic structure,

influences this behavior. But another consideration could be the glass transition temperature.

185




Chapter 3 - Racemic isoplethal section between two atropisomers & Chirality Induced by
Dissymmetric Distribution

A rough approximation of the melting temperature of the hypothetical Triclinic p-Me is
around -60°C, which is below but close to the glass transition of the molten p-Me (Tg = -

45.8°C). Intuitively, it gives the impression that the Triclinic p-Me is less stable than the liquid.

By contrast, p-Cl glass transition is far below the melting of the different phases (Tg = -
35.8°C).

IV Beyond the racemic isoplethal section

The equilibria of the racemic isoplethal section have been determined. Nonetheless, the
phases of those equilibria being not all racemic, higher order representations than the binary
section are necessary. Moreover, the binary representation cannot illustrate the results after

deracemizations, which are the ultimate evolutions of the system.

Whatever the representation used, possible domains are the colored ones, uncolored areas

represent the domains that cannot be explored.

IV.1 Apparent simple eutectic equilibrium
Because of its nature (apparent equilibrium) and its simplicity compare to the other

equilibria, the simple eutectic phase diagram has been represented first.

Different representations can be used (Figure 26, 44 & 45), the most useful one being the
“extended binary” representation that allies all the compositions reached by the ‘equilibrium’
and the temperature (Figure 44).

All the phases being confined in a triangle composed of (+)-p-Me, (-)-p-Me and (+)-p-Cl,

the system can be considered as quasi-ternary.
The different domains are:

* In grey: a monophasic domain composed of the racemic liquid.

* In orange: biphasic domain (bundle of tie-lines) between the racemic liquid and the
T-(£)-p-ClI racemic compound.

e In yellow: triphasic domain (bundle of tie-triangles) between the racemic liquid and
the two O-p-Me antipodes (O-(+)-p-Me and O-(-)-p-Me).

* In violet: triphasic domain (bundle of tie-triangles) between the three solid phases
(T-(2)-p-Cl, O-(+)-p-Me and O-(-)-p-Me).

* In green: the two eutectic triangles between one antipode of the O-p-Me and the

racemic liquid and p-Cl racemic compound.
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* At the eutectic point E: four phases equilibrate: racemic liquid, T-(z)-p-Cl, O-(+)-p-
Me and O-(-)-p-Me.

(-)-p-Me~

Figure 44. Extended binary representation of the simple eutectic equilibrium.

187




Chapter 3 - Racemic isoplethal section between two atropisomers & Chirality Induced by
Dissymmetric Distribution

7,=60.1°C

<O-(+)-p-Me> +
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5 <0»(+--e> + ;
Jp-ci

Figure 45. Tetrahedral representations of the simple eutectic equilibrium.

In Figure 46 & 47 are represented the ultimate evolution of the system when deracemization
occurred. With one component missing (O-(+)-p-Me here), the domains in which it was
involved has disappeared.

In the frame of this work, this behavior should not appear since the deracemization process

should lead to the partial solid solution.
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(-)-p-Me

7,=60.1°C

(-)-p-Me

Figure 47. Totally deracemized tetrahedral representations of the simple eutectic equilibrium.
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The case presented is the O-(-)-p-Me deracemization, but the O-(+)-p-Me deracemization

has the same probability to occur.

IV.2 Metastable Complete Solid Solutions equilibrium
The second equilibrium illustrated with 3D representation is the metastable complete solid

solutions. Different representations can be used (Figure 39, 48 & 49).

The complete solid solutions are observed for both Orthorhombic O-p-Me antipodes (from
(+)-p-Me to (+)-p-Cl and from (-)-p-Me to (-)-p-Cl). Nonetheless, solid phases do not explore
the diagonal compositions ((+)-p-Me/(-)-p-Cl and (-)-p-Me/(+)-p-Cl), therefore extended
binary representation can be used.

The different domains are:

* In grey: the racemic liquid monophasic domain.

e In green: triphasic domain (bundle of tie-triangles) between the racemic liquid and
the two mirror image solid solutions css(O-(+)-p-Me) and css(O-(-)-p-Me).

e In blue: biphasic domain (bundle of tie-lines) between the two complete mirror
image solid solutions css(O-(+)-p-Me) and css(O-(-)-p-Me).

* At the Congruent point C: three phases are in equilibrium: the liquid and the two

complete solid solutions.

— N

» css(Q_'(“'Y'p'Me)
\ N\ =N\

T Gsio-treMe)

Figure 48. Extended binary representation of the complete solid solutions equilibrium
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()-p-Me

()-p-Me

Figure 49. Tetrahedral representations of the complete solid solutions equilibrium.

If deracemization occurs in this system, the solid phase could be deracemized in css(O-(+)-
p-Me) or css(O-(-)-p-Me) with an equal probability (Figure 50 & 51). Seeding can trigger the

evolution toward the desired enantiomers
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()-pMe

Figure 50. Totally deracemized extended binary representation of the complete solid solutions equilibrium.

(+)-p-!

(-)-p-Me

=

()-p-Me

Figure 51. Totally deracemized tetrahedral representations of the complete solid solutions equilibrium.

o Me)

p-cl
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IV.3 Stable partial solid solutions equilibrium
Concerning the partial solid solutions equilibrium, the extended binary representation can
no longer be used. Indeed, crossed phases are in equilibrium: orthorhombic crystals of (+)-p-
Me would incorporate (+)-p-Cl antipode whereas triclinic crystals with (+)-p-Cl excess also

present an excess of (-)-p-Me. Such a phase cannot be represented in Figure 52.

OpMe

Figure 52. Tentative extended binary representation of the partial solid solutions equilibrium.
If the only interest is on the orthorhombic or the triclinic partial solid solutions, the extended
binary representation can be used.

If the interest is in all the range of composition, tetrahedron must be used, completed with

the square projection to help the 3D view (Figure 53, 54 & 55).
In those figures, the domains are:

* amonophasic racemic liquid in Figure 55.

In dark blue: biphasic domain (bundle of tie-lines) between the two partial mirror

image solid solutions ss(O-(+)-p-Me) and ss(O-p-(-)-Me) (Figure 53, 54 & 55).

* In violet: biphasic domain (bundle of tie-lines) between the two partial mirror image
solid solutions ss(T-(+)-p-Cl) and ss(T-(-)-p-Cl) (Figure 53, 54 & 55).

* In yellow: Quadriphasic domain (tetrahedron) between the four partial solid

solutions (ss(O-(+)-p-Me), ss(O-p-(-)-Me), ss(T-(+)-p-Cl) and ss(T-(-)-p-Cl))

(Figure 53).

* In light blue, red and green: the four eutectic tetrahedrons (the fourth being not
represented to ease the view) between the racemic liquid and three solid phases

(Figure 54)
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e.g: ss(O-p-(-)-Me), ss(O-p-(+)-Me), ss(T-(+)-p-Cl) and racemic liquid in the non-
represented tetrahedron.

» At the Eutectic point E: a five phase equilibrium occurs between the racemic liquid

and the four partial solid solutions (Figure 54).

* In orange: triphasic domain between the two O-p-Me partial solid solutions and the
liquid (Figure 55).

* In grey: triphasic domain between the two T-p-Cl partial solid solutions and the
liquid (Figure 55).
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Figure 53. Tetrahedral and related square projection representations of the partial solid solutions

equilbrium for T<TE.
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s(T-(-)-p-C1)

s(0-(-)-p-Me)
Figure 54. Tetrahedral and related square projection representations of the partial solid solutions

equilbrium for T=Tg and magnified eutectic tetrahedron.
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Figure 55 Tetrahedral and related square projection representations of the partial solid solutions

equilbrium for T>Tg.

In Figure 56 is represented one possibility of deracemization for this equilibrium. The case
represented is for deracemized O-(+)-p-Me and deracemized T-(+)-p-Cl. Deracemization is also

possible for O-(-)-p-Me/T-(-)-p-Cl, O-(+)-p-Me/T-(-)-p-Cl or O-(-)-p-Me/T-(+)-p-Cl couples.
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Figure 56. Totally deracemized tetrahedral representations of the partial solid solutions equilibrium.

V Extrapolated case of Chirality Induced by Dissymmetric Distribution

The CIDD (Chirality Induced by Dissymmetric Distribution) is a double chirality
phenomenon since the two chiral components of the partial solid solutions present this

dissymmetry of distribution (with opposite signs).

The reflection on this phenomenon is limited in our study by the limits of the partial solid
solutions domain and its Z' =4 (Z' = 2 in the racemic compound) which complicate the

distribution.

If we consider the following simplest case where (Figure 57):

e Components A and B are chiral (atropisomery) but form isostructural
centrosymmetric racemic compounds with Z' = 1.

e Complete solid solutions present the greatest possible CIDD between the pure
components. For all intermediate compositions, the inversion center vanishes and

the highest possible dissymmetric distribution takes place.

Whatever the composition, the minor component occupies only one position. Inside a
crystal, the e.e in the minor component is thus 100% and the major component presents an

intermediate opposite e.e.
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Two families of crystals can be obtained according to which position is occupied. Those

families are mirror images.

At the 1:1 stoichiometry (50% composition), each site is only occupied by one component.
Thus, only one antipode of each component is present in a crystal. This crystal presents an e.e

of +100% in one component and of -100% in the other.
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Figure 57. Schematic CIDD phenomenon observed between two isostructural racemic compounds.

Figure 58 represents the tetrahedron of such a system. Starting from the racemic compound,
biphasic domain appears up to the 1:1 (+)-A/(-)-B and (-)-A/(+)-B compositions. Note that in

this model, all the mirror image solid solutions are in one plane and connected by tie-lines.

198




Chapter 3 - Racemic isoplethal section between two atropisomers & Chirality Induced by
Dissymmetric Distribution

7q

Figure 58. Tetrahedron for CIDD observed between two isostructural racemic compounds.

Deracemization of this model would lead to only one family of crystal, with the best
efficacity for the 1:1 stoichiometry because both components should be fully deracemized

(Figure 59).
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g

Figure 59. Deracemized tetrahedron for CIDD observed between two isostructural racemic compounds.

Another model can be proposed between a racemic compound and a conglomerate (Figure

60 & 61). Intuitively, structures must be very similar.

Over the 50% composition, a crystal continues to be enriched in the same enantiomer. Thus,
if the proportion between the two components evolves, their e.e do not evolve and stay at

+100% and -100%.

In the tetrahedron, the phases follow the (+)-A/(-)-B and (-)-A/(+)-B edges. Below the 50%,
tie-lines are in same plane but over 50% they are progressively shifted to the pure (+)-B/(-)-B

section.
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Figure 60. Schematic CIDD observed between a racemic compound (A) and a conglomerate (B).

Figure 61. Tetrahedron for CIDD observed between a racemic compound (A) and a conglomerate (B).
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As for previous model, deracemization means that only one family is possible (Figure 62).

-

Figure 62. Deracemized tatrahedron for CIDD observed between a racemic compound (A) and a

conglomerate (B).

Conclusion

Several points must be mentioned to conclude this chapter.

The first one concerns the initial aim of this study: the establishment of the racemic
isoplethal section of a quaternary system composed of a couple of atropisomers. Stable and

metastable equilibria interlaced in this section:
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* The stable equilibrium involves a five phases eutectic invariant between two
families of mirror image partial solid solutions and the liquid phase. The width of
those partial solid solutions is quite large on the p-Me side (up to 46%) and less
extended on the p-Cl part (circa 20%).

* A first metastable equilibrium consists of the two mirror image orthorhombic
complete solid solutions, which are simply the continuity of the partial solid
solutions.

e The last equilibrium is an apparent simple ternary eutectic invariant. Obtained by
manual mixing, this equilibrium is robustness as long as the system is not in contact

with a liquid phase.

Another interesting fact is that the kinetic of recrystallization is impacted by multiplying the
possible heterogenous nucleation sites. This could be applicable to future works to accelerate

recrystallization and to screen possible metastable polymorphs.

More interesting is the implication of the dissymmetric distribution on the crystallographic
sites in the triclinic partial solid solutions. A continuum seems to exist between the
centrosymmetric and the non-centrosymmetric structures, but the lack of the symmetry has
another impact since it is responsible of a new kind of chirality: Chirality Induced by

Dissymmetric Distribution (CIDD).

The mechanism behind this chirality is uncertain: does it concern only compounds
presenting atropisomerism or can it be applicable to other chirality? Does the “coformer”

inducing this dissymmetric repartition need to be itself chiral? etc

Finally, the different results collected for the phase equilibria and the Chirality Induced by
Dissymmetric Distribution multiply the deracemization possibilities for this system. Indeed,

one can think to apply deracemization processes*%!%23 to:

* pure p-Me: observations during single crystals growth practically proved the
feasibility of deracemization (very large single crystals can be obtained).
* p-Me partial solid solutions: the same deracemization conditions as that for pure p-

Me would lead to the deracemization of the Orthorhombic partial solid solutions. By
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this way, p-Cl, which is not initially discriminate at all (racemic compound) can be
certainly deracemized inside the p-Me matrix (up to 46%).

* p-Cl partial solid solutions: the incorporation of the p-Me inducing a partial chiral
discrimination inside the Triclinic structure, partial deracemization is theoretically

feasible.
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General Conclusion

Thermodynamics of phase equilibria on chiral entities is at the origin of the original aspects

of this work. Figures 1 below illustrates these new results.
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Figure 1. a. The R-S BaHMa phase diagram and b. The p-Me/p-Cl racemic isoplethal section.

In the first case (Figure 1-a), the chiral discrimination was investigated via the formation of
salts, solvates and co-crystals. The target was to tune a preparative access to the pure
enantiomers (R) of Baclofen by means of Preferential Crystallization. No usual conglomerate
forming system has been found with this y amino-acid. Nevertheless, the screen revealed the
evidence of a complete solid solution of its hydrogenomaleate salt at high temperature prior
melting — decomposition. This salt undergoes an extensive miscibility gap in the solid state so
that, at room temperature, the symmetrical monophasic domains are narrow between 98.5%e.e
and 100%e.e. To our knowledge this is the first experimental study of a binary system between
enantiomers corresponding to this predicted phase diagrams but so far without any example.!
The narrow symmetrical monophasic domains contribute to the success of the auto-seeded
preferential crystallization which was demonstrated at the 40mL scale. Therefore, even if there
is a complete solid solution at high temperature (Tc is circa at 145°C), the chiral discrimination
at room temperature, up to at least 70°C, leads to a preparative resolution process more
productive than those achieved with partial solid solutions only.%* It shows that the screen of
conglomerates by using thermal analysis only could lead to miss several nice opportunities for
preparative resolutions of racemic mixtures by means of preferential crystallization. Therefore,
spotting chiral discrimination by spectroscopic methods at room temperature such as a

combination of Second Harmonic Generation and X-ray diffraction should be preferred.
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The second study of this work shows a chiral discrimination resulting from particular phase

equilibria existing in a degenerated quaternary system.
Below are listed the interesting properties observed between this couple of atropisomers:

* Three types of behaviors have been spotted for the racemic isoplethal section. In
addition of the stable and metastable equilibria, there is an apparent equilibrium,
without detectable solid solution which result from poor diffusion and mixing in the
solid state. This simple eutectic without miscibility on the solid state results from
self-consistent data, nevertheless, it seems inconsistent when combined with the
other equilibria detected.

e The addition of milled glass to the solute in the DSC crucible has triggered a fast
heterogeneous primary nucleation of the pure components and the solid solutions.
In our system, the effect was purely kinetic providing roughly a two order of
magnitude faster rate of crystallization, we can assume that for other organic systems
this simple method could be useful and it is likely that new metastable solid phases
could be spotted as well.

* Maybe the most interesting result revealed in this work is the proposition of a new
kind of chirality. This chirality is the consequence of a dissymmetric distribution of
chemically related atropisomers around a pseudo center of symmetry. By contrast to
the corresponding chemically pure couple of atropisomers for which there is perfect
center of symmetry, the genuine inversion center vanishes in the solid solution
because of dissymmetric statistical occupancy factors over independent
crystallographic sites in the domain of the solid solution for X # 100%. At the
extreme, we can imagine a conglomerate forming system, with enantiomers of
opposite absolute configurations of for their two components A and B i. e. 50%
mol. composition of the solid solution with: A(+)-B(-) and A(-)-B(+) around a

‘false’ center of symmetry. The same concept could be applied to any inversion
symmetry such as: -2 = mirror and glide mirrors, -3, -4 and -6. We proposed to name
this phenomenon: Chirality Induced by Dissymmetric Distribution CIDD.

* Even if the p-Cl atropisomer crystallizes in a stable stoichiometric racemic
compound, it is very likely that it could be deracemized inside the matrix of the other

atropisomer (i.e. p-Me) up to 40%. This observation might be extended to other
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couple of racemizable molecules irrespective their types of chirality when the host

structure crystallizes as a conglomerate.

One can expect a similar partial deracemization for CIDD. Of course, it would be
both: easier to spot a more interesting case in a preparative perspective i.e. the
extreme case considered in the previous paragraph. In the practical case depicted in
this PhD manuscript, crystals of opposite handedness —determined by the flack
parameter- have been spotted; there is then a good probability to partially

deracemize these mirror related phases.
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Abstract

The need for access to pure enantiomers has largely increased since the nineties. Processes
using crystallization are often cheaper and as efficient as other processes. Thus, the
improvement of existing techniques and the need for new processes are attractive for scientist
and industry.

Two studies have been performed in this thesis:

* The first one concerns the improvement of an existing technique. Indeed, conglomerate
Preferential Crystallization efficiency is well known. Nonetheless, its application to
mirror image partial solid solutions is more difficult. Here is presented the first example
of PC performed on a complete solid solution at high temperature which shows a solid
solutions demixion at low temperature: the baclofen hydrogenomaleate salt (an API).
Moreover, it is the first experimental observation of such phase equilibria and PC of
mirror image solid solutions whose results are comparable to classical PC.

* The second topic did not involve directly enantiomer separation but promising chiral
discriminations have been obtained. The phase diagram between the racemic
composition of two couples of atropisomers has been defined. Beside multiples
equilibria observed, two results concerning the chiral discrimination can be highlighted:
the first one is the possibility to deracemize a compound A initially not discriminated
(racemic compound) inside the matrix of a compound B (which forms a stable
conglomerate). The second is the observation of a new kind of chirality: Chirality
Induced by Dissymmetric Distribution (CIDD).

Résumé

Le besoin d’acces aux énantiomeres purs a largement augmenté depuis les années 90. Les
procédés ayant recours a la cristallisation sont souvent moins cher mais tout aussi efficace que
les autres procédés.

Deux études ont été réalisées dans cette these :

* La premiere concerne 1’amélioration d’un procédé déja établi. En effet, 1’efficacité de
la Cristallisation Préférentielle (PC) de conglomérat est connue. Néanmoins, son
application a des solutions solides images 1’'une de I’autre dans un miroir est plus
complexe. Est présenté le premier exemple de PC réalisée sur un systeéme a solution
solide complete démixant a basse température : le sel d’hydrogénomaléate de bacloféne
(un API). De plus, il s’agit de la premiere preuve expérimentale d’un tel équilibre de
phases et de PC de solutions solides dont les résultats sont comparables a la
cristallisation préférentielle traditionnelle.

* Le second sujet ne traite pas directement de la séparation d’énantiomere mais de
prometteuses discriminations chirales ont été obtenues. Le diagramme d’équilibre de
phases entre les compositions racémiques de deux couples d’atropoisomeres a été
étudié. Deux résultats en lien avec la discrimination chirale ont été établis : le premier
est la possibilité de déracémiser un composé A initialement non-discriminé (composé
racémique) a I'intérieur de la matrice d’'un composé B discriminé (conglomérat). Le
second est 1’observation d’un nouveau type de chiralité : Chiralité Induite par
Dissymmeétrie de Distribution (CIDD).



