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C’est des démarches.

(Xavier “MV" Dang)



On va l'avoir cette thése.

(Une amie)
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Introduction

Introduction

An important part of active pharmaceutical ingredients are chiral. Since two oppo-
site enantiomers may have different and sometimes opposite biological properties, chiral

separation is mandatory to know their biological effects.

Among the available methods to obtain pure enantiomer from a racemic mixture, chiral
resolution by means of crystallization is often the cheapest method and therefore the most
used for industrial applications. There are several crystallization techniques, the most en-
countered being Pasteurian resolution which consists in resolving diastereomeric salts. In
the cases of conglomerate forming systems, resolution is possible by preferential crystal-
lization, or for racemizable systems, via deracemization. Another method developed by

Prof. Tamura’s group in the late 90’s is Preferential Enrichment.

Preferential Enrichment is an out of equilibrium process, performed with a high initial
supersaturation (4 to 25 fold supersaturated). Starting with a slightly enriched solution,
this unusual spontaneous symmetry breaking phenomenon occurs in stagnant conditions,
and generates at the end of the process (i.e. several days) a mother liquor highly enriched
in one enantiomer and deposited crystals slightly enriched in the opposite enantiomer.
Preferential Enrichment can achieve enantiomeric excess up to 95% in the mother liquor
with a moderate yield, depending on the system. Prof. Tamura proposed a mechanism
in 2002, and improved it in 2016. Based on this mechanism, various criteria have been

defined in order to identify systems which can perform Preferential Enrichment.

The objective of this thesis is to get a deeper understanding of the mechanism of
preferential enrichment and also confirm Tamura’s criteria, using the case study of arginine
fumarate salt in water/ethanol mixture described by Prof. Tamura’s group in 2014.

In order to accurately analyze the mother liquor and the deposited crystals, different
HPLC methods are developed. Two chromatographic methods are developed: one achiral
to evaluate the purity and the other one, chiral for the quantification of the concentration
of enantiomers and the determination of the enantiomeric excess. In addition the operat-

ing conditions are chosen in order to be compatible with mass spectrometry detection.

In order to get a clearer picture of the mechanism of preferential enrichment, the in-
fluence of different parameters are studied: the overall composition (i.e. supersaturation
and initial enantiomeric excess), the hydrodynamics of the solution and the duration of

experiments. Then a time based monitoring of the mass balance in the mother liquor and



in the deposited crystals is performed as well as successive redissolutions of the deposited
crystals. These experiments are performed to measure the evolution of the enantiomeric
excess of the solid phase during the crystallization process.

Fine tuned experiments are then performed to understand the key points of the mech-
anism and consist in the addition of labeled-L-Arginine in order to observe the possible
exchanges of enantiomers between solid and liquid phases. In-situ X-Ray powder diffrac-
tion is used to observe phase transitions and their influence on preferential enrichment.
Theoretical solid solutions are modeled on systems which perform Preferential Enrich-
ment and compared with a system which presents all requirements for PE but failed to

show the phenomenon.

To conclude this PhD work, we propose an update of the criteria required to select
a system to perform Preferential Enrichment. A revised mechanism accounting for all

experimental results presented therein is also given.
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Generalities

1 Chirality

1.1 Definition

The word “chiral” was firstly used for molecules by Lord Kelvin in 1884:' “I call any
geometrical figure, or group of points, chiral and say that it has chirality if its image in a
plane mirror, ideally realized, cannot be brought to coincide with itself.”

“Chiral” comes from Greek “yeip” (cheir) which means hand (FIGURE I.1). For a
chemical substance, a molecule and its mirror image are called enantiomers, if they are

not superimposable.?

\\ %;/ 7
FI1GURE 1.1 — A right hand and a left hand are mirror images but they are not superim-
posable

1.2 Nomenclature

Different descriptors can be used to determine the chirality of a molecule.

— In order to describe the direction of deviation of a polarized light, (+) and (—)
notations are used for a clockwise deviation and for a counterclockwise deviation
respectively. Descriptors (+) and (—) can also be called d or [ for dextrogyre and
levogyre. However the rotation direction depends on experimental conditions (i.e.
solvent, concentration, temperature, wavelength. . .)

— CIP system (Cahn, Ingold, Prelog) allows us to determine the absolute configuration
of a chiral molecule.® Stereodescriptors R (Rectus) and S (Sinister) describe the
configuration of a stereogenic center (FIGURE 1.2).

— Nomenclature D and L, used mainly for the description of natural molecules such as
amino acids, or sugars, gives the position of the priority group on the penultimate

carbon of the molecule represented in Fischer projection (FIGURE 1.2).

11



Generalities

ool H;N(J;\CH:OO_

"00C” _"NHj !
(R 3
oo ! 00
+ ! +
H——NH; | HyN——H
CHs : CHj

(D) ? (L)

FIGURE 1.2 — Structures and Fischer projections of (R)/(D)-Alanine and (S)/(L)-Alanine

Other types of chirality exist: axial chirality (atropisomerism), planar chirality and helical

chirality.* In these case, the two species are named antipodes.

Enantiomeric compositions of a chiral system can be described differently: a compound
is enantiopure when only one enantiomer is present, if both enantiomers are present in
equal quantities the mixture is called racemic mixture, and when the composition is
neither racemic nor enantiopure it is called scalemic (or non racemic).

To describe a chiral composition, different expressions can be used,” the most used
being the enantiomeric excess (e.e.) defined by Morrison and Mosher in 1971.5 The
ratio is defined (Eq. I.1) by the following equation with E; being the amount of major

enantiomer and Es being the amount of minor enantiomer.

Ey — By

%e.e. = m

x 100 (Eq. L.1)

e.e. is equal to 0% for a racemic mixture and to 100% for an enantiopure compound.

1.3 Chiral Molecule Properties

1.3.1 Physicochemical Properties

Two enantiomers of a molecule have the same scalar properties: melting point, solubility
(in an achiral solvent). ..

However, their vectorial properties are opposite: optical rotation or crystal packing.

1.3.2 Biological and Pharmaceutical Properties

In nature, some molecules such as sugars or amino-acids are enantiopure.* Two enan-
tiomers may not have the same properties on living organisms, on different receptors,
proteins, enzymes. . .

In pharmacology two enantiomers with different biological activities are called eutomer
for the most active one and distomer for the less active one.”

Examples of chiral molecules with pharmaceutical interest:”

12



Generalities

— Ibuprofen (an anti inflammatory) S (+) enantiomer is more active,®

— Propranolol (a B-blocker) S (-) enantiomer is more active,
Isoflurane (an anesthetic) S (4) enantiomer is more active,

— Methadone (an opioid analgesic) only R (-) enantiomer is active.

2 Crystalline State

2.1 Crystallization

In order to form a crystal lattice, molecules need to self-assemble. Crystallization is the
transition from a disordered state (amorphous, liquid, gas) to an organized solid phase.’
If only a pure compound is used, an unary phase diagram is sufficient to highlight the

crystallization process (FIGURE 1.3).

Pressure

Solid
Liquid

Temperature

FIGURE 1.3 — Representation of a unary phase diagram, arrows represent possible pro-
cesses of crystallization from a liquid or a gas phase

In most cases, crystallization of a compound is performed from a solution. In this case,
equilibria between solvent and the compound need to be considered. Crystallization is

divided into four main steps.

1. Generation of a driving force: the supersaturation B as defined in Eq. 1.2 (with C
being concentration of the compound in solution, and Cg,iuration being concentration
at saturation of the compound at a given temperature). Supersaturation is necessary

to enable aggregation of molecules into clusters.!!

C

C’saturation

B = (Eq. 1.2)

13
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2. Once the driving force is established, and first clusters created, the first step of
crystallization begins: a group of molecules are assembled similarly to the crystal
packing forming a nucleus. Two types of nucleation exist.

1213 which corresponds to the development of nanocrystals

— Primary nucleation,
from the medium without previous existence of a nuclei. It is named homogeneous
if the nucleus appears inside the solution or named heterogeneous if it appears on
the surface of a solid (reactor walls, stirrer...). Heterogeneous nucleation is less
energy consuming than homogeneous nucleation.

— Secondary nucleation,** which corresponds to the creation of new nuclei from ex-
isting crystals in the system, mainly due to collisions with other crystals or reactor

walls.

3. Once a nucleus reaches its critical radius, it grows absorbing surrounding molecules

from the solution. Solvated molecules are organized on the surface of crystals.

4. The last step is Ostwald ripening.'® Since there are more than one crystal inside the
solution, smaller ones are dissolved for the benefit of larger ones. Larger crystals are
thermodynamically more stable than smaller ones, because they have a better ratio
between surface and volume. If given sufficient time to the system, only one single

crystal will remain.

In solution, two pathways are possible to obtain crystals. The first one is named A in
F1GURE 1.4, and performed by solvent evaporation at constant temperature: supersat-
uration increases to a threshold after which the compound nucleates. The second one,
named B in FIGURE 1.4, is performed by cooling, supersaturation is reached by solubility

decrease.

Temperature

liquid

T
I ﬁhX

<X> + liquid Ty Solvent

<X> + <solvent>

X Solvent

F1GURE 1.4 — Representation of a binary phase diagram between a compound X and
a solvent, arrows are representing possible processes of crystallization of
compound X from solution

14



Generalities

Pathway B (i.e. crystallization by cooling) has been used for the crystallization of our

samples in this work.

2.2 Crystallography

The periodic nature of the molecular packing inside crystals is described by crystallog-
raphy. Any crystalline substance is associated to one of the 230 space groups derived from
the 14 Bravais lattices (Appendix B) which describe the symmetry of the crystal lattice.

For organic compounds, the main identified space groups correspond to triclinic (P1
or P1), monoclinic (P2;, P2;/c) and orthorhombic systems (P2,2,2;). Other systems
(tetragonal, hexagonal, rhombohedral, cubic) are common in inorganic compounds.

It is possible to organize the 230 space groups in three categories:

— 92 centrosymmetric space groups; they have an inversion center thus they are SHG

negative (second harmonic generation) e.g. P2;/c; C2/c;

— 65 chiral space groups (Schoenke space groups) containing only first class symmetry
elements which preserve the handedness of a molecule (SHG positive), e.g. P2,2;2;
P2y;

— 73 non chiral and non centrosymmetric space groups. Compatible with a racemic
compound with glide mirrors or inverted axes (SHG positive), e.g. Pna2; ; Pca2; ;
Pc ; Ce.

3 Phase Diagrams of Chiral Molecules

3.1 Thermodynamics State of the Art

A thermodynamic system is a system which is a part of the Universe, it has real or
imaginary borders. Three categories of systems exist:

— 4solated, if there are no exchanges of matter nor exchanges of energy with the exterior;

— closed, if the system only exchanges energy with the exterior;

— open, if there are exchanges of energy and matter with the exterior.
In this work, all systems used (compounds, solvents...) will be considered closed.

A phase is described as an homogeneous part of the system; it can be liquid, gas or
solid. When several phases are involved in the system it is a heterogeneous equilibrium.

In order to represent the energy of a system, the Gibbs free energy G (J.mol™?) is used.

It is expressed in Eq. 1.3 with H being the enthalpy (J.mol™!), T being the temperature
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(K) and S being the entropy (J.mol=*.K™!).
G=H-TS (Eq. 1.3)

Equilibrium conditions are reached once free enthalpy is minimal and AG = 0.

To know the number of changeable parameters, without any changes of the equilibrium
state in a system of phases in equilibrium, the rule of phases of Gibbs is used. This rule
defines the variance v of a system (degrees of freedom).

The variance v of a system is the number of variables that can be changed independently
without altering the state of equilibrium of the system. v is expressed via the Gibbs Phase
rule Eq. 1.4:

v=n+2—2¢ (Eq. 1.4)

With n being the number of “independent” components, 2 being the number of variables
(pressure and temperature) and ¢ being the number of phases. If the pressure is fixed the

following equation (Eq. 1.5) is obtained.

v=n+1-¢ (Eq. L5)

3.2 Binary Systems of Enantiomers

A binary system is composed of two independent components. Two enantiomers are
considered as two independent components.

Binary phase diagrams between two enantiomers are strictly symmetric with reference
to the racemic composition in the center. A mixture of two enantiomers can crystallize

according to three types of heterogeneous equilibria.'®

3.2.1 Racemic Compound

The case of racemic compounds is the most frequent case (more than 90% of the cases).
There is a defined compound made of each enantiomer at the 1:1 composition (FIGURE

[.5). A defined compound is a compound that have a fixed and defined stoichiometry.
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Temperature  <RS> + liq

A A
liq
<R> <S>
+ liq + liq

<R> + <RS> +

<RS> <S>
R RS S
—_—
XS

F1GURE 1.5 — Theoretical binary phase diagram of a racemic compound

Melting of a racemic compound is congruent (liquid and solid phases have the same
composition) and its melting point can be lower or higher than the one of the pure
enantiomers. In cases where the melting temperature of the racemic compound is higher
than that of the pure enantiomers, the system is referred to as an anti-conglomerate!”
(F1GURE L.6).

Temperature RS> + liq
A

A
lig

<R> <S>
+ liq + ligq

<R> + | <RS> +

<RS> <S>
R RS S
—
XS

FIGURE 1.6 — Theoretical binary phase diagram of an anti-conglomerate

3.2.2 Conglomerate

When both enantiomers crystallize independently, the system is a conglomerate. This
case is rare compared to racemic compounds (5 - 10 % of the cases). Conglomerate

systems are characterized by an eutectic invariant (FIGURE L.7).
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Temperature
A A
liq
<R> <5>
+ liq + liq

<R> + <S>

R _— S
XS

F1GURE 1.7 — Theoretical binary phase diagram of a conglomerate

3.2.3 Solid Solution

In rare occurrences, it is possible to observe a complete miscibility at the solid state
between the two enantiomers.'® Enantiomers are randomly distributed in the crystal lat-
tice, each enantiomer can occupy any crystallographic sites. Solid solutions can have a
maximum or minimum of melting temperature (FIGURE 1.8). In an ideal case, melting

temperature is the same for all compositions.

Temperature
A liq A
s.sil s.sS
+-liq 1
liq
S.S.8
R =, > 5
S

FI1GURE 1.8 — Theoretical binary phase diagram of solid solutions

It is also possible to observe partial solid solutions (FIGURE 1.9), that is to say that only

a part of the compositions allows for non stereoselective integration on crystallographic
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sites.

Temperature
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liq
ssR SSS
+ liq + liq
ssRR ssS
ssR + ssS
R —_— S

Xs

Temperature
A
liq
R> <5>
+ lig ssRS + liq
<R> + ssRS +
ssRS <S>
R RS S
Xs

FIGURE 1.9 — Partial solid solution of enantiomers (left), partial solid solution of the

racemic compound (right)

3.2.4 Metastable Equilibria

A system crystallizing as a stable racemic compound can also crystallize as a metastable

conglomerate (FIGURE 1.10 (left)); dashed lines represent metastable equilibria. Kineti-

cally, metastable equilibria are usually favored. Metastable equilibria are also central for

the realization of preferential crystallization in the case of conglomerate (Section 5.4.2).

Temperature <RS> + liq Temperature
A A A A
liq liq
<R> <S> <R> <S>
+ liq + liq + liq + liq
<R> + <RS> + <R> + <S>
<RS> <S5>
R RS S R _ S
= s
S

FIGURE 1.10 — Metastable equilibria for a racemic compound (left) and for a conglomerate
(right)

19



Generalities

3.3 Ternary Systems

For the study of crystallization from solutions, it is central to know the evolution of the
system’s solubility and the different heterogeneous equilibria in the presence of solvent.
To this end, isothermal sections of a polythermic ternary phase diagram (FIGURE 1.11)

can be determined at the relevant temperatures of the process.

3
Temperature
<R>
t
Sat
3 U.S.S
Sol <5
1
Sat
Sol
&50\
A:\m
=22
As‘olvent

Isobar

F1GURE 1.11 — Polythermic ternary phase diagram of a racemic compound

The same equilbria as described in Sections 3.2.1, 3.2.2, and 3.2.3 can thus be described,
using ternary phase diagrams (FIGURES 1.12 to 1.14).

Solvent Solvent

Isothermal
and
Isobaric

Isothermal
and
Isobaric

<RS>
+ Sat
Sol

<R>
+Sat
Sol

<S>
+Sat
Sol

<S> 4+ <RS>
+ d.s.s

<R> 4+ <RS> <S> + <RS>
+ d.s.s

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

R RS S R RS S

FIGURE 1.12 — Theoretical ternary phase diagrams of a racemic compound (left) and an
anti-conglomerate type racemic compound (right)
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Solvent

Isothermal
and
Isobaric

<S>
+ Sat So

<R>

+ Sat Sol

<R> 4+ <S>
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R ) S

F1GURE 1.13 — Theoretical ternary phase diagram of a conglomerate

Solvent

Isothermal
and
Isobaric

s.8.8 + Sat Sol

R ) S

F1GURE 1.14 — Theoretical ternary phase diagram of a solid solution

U.S.S, corresponds to under saturated solution; d.s.s, corresponds to doubly saturated
solution (in each of the two solid phases); s.s.s, solid solution by means of substitution.
Other cases can also be observed!® with systems crystallizing in a combination of the

three extreme cases through stable and metastable equilibria.

3.4 Higher Dimensions

In some processes, it is necessary to use a supplementary compound in order to resolve
enantiomers (as it will be highlighted in section 5), or a mixture of solvents. For each
constituent it is necessary to add a supplementary dimension to the phase diagrams.

However, for the study of chiral resolution, it is not always necessary to know the
whole phase diagram, an isoplethal?® and isothermal section can be sufficient, since the
components which form the salt (or co-crystal), form it with both enantiomers.?! For

mixture of solvents (as there is no evaporation) the composition remains unchanged.
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For example, in the case of the process of preferential enrichment of arginine fumarate
in a water/ethanol mixture*? (presented in Chapter III), five constituents are present.
Normally the system should be a quinary system, however it is possible to work in a
ternary isoplethal section between the salts of the two enantiomers and the fixed mixture

of solvents.

4 QOther Considerations about Solid
State

4.1 Polymorphism

Polymorphism is the ability of a compound to crystallize according to different crys-
tal packings, which may or may not be of the same space group. One of the forms is
thermodynamically the most stable at a given temperature, others are called metastable
forms.

Two types of relations between different polymorphs can be defined.

— If at any temperature, only one polymorph is stable, every other polymorph are nec-

essarily metastable, this situation is called monotropy (FIGURE 1.15). A metastable
polymorph is monotropic with reference to the stable one.

Free Enthalpy

G

Liquid
Form 2

Form 1

1 = Liquid

Loetiing Temperature

F1GURE 1.15 — Monotropic system, there are no polymorphic transitions before the melt-
ing temperature of the stable polymorph (the red line represents the energy
of the system as a function of the temperature)

When a transition exists between two polymorphs before melting, this situation is

referred to as enantiotropy (FIGURE 1.16).
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Free Enthalpy
G

Liquid
Form 2

Form 1

l =2 1 & Liquid

T

melting Temperature

F1GURE 1.16 — Enantiotropic system, a polymorphic transition is observed before melting
(the red line represents the energy of the system as a function of the
temperature)

One of the most simple techniques to identify the stable form is to measure the melting
point, the form with the highest melting point is theoretically the most stable. If the melt-
ing of this one has the highest enthalpy, then other polymorphs are monotrope according
to the stable form, else enantiotropy can happen (Burger Ramberger theorem??).

It is also possible to mix two polymorphs in suspension at a given temperature to
observe which one is present at the end of the experiment, this process is called cross

seeding.

4.2 Salt, Co-crystal, Solvate

A salt is defined as a unique crystalline phase formed by an acid and a base with a
difference of pK, of at least 3.24

A co-crystal is a unique crystalline phase formed by a mixture of two co-formers which
crystallize together without exchange of hydrogen, most often encountered interactions
are hydrogen bonds.?®

A solvate is a unique phase formed by one or more solids and one or more liquids (at
20 °C).

It is possible to obtain phases which can be described by several descriptors listed above
as described by Aitipamula et al.?® and Grothe et al.?” (FIGURE 1.17).
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multicomponent crystal
classification

true solvates
solvates cocrystal A diquid)

B (solid) salt solvate
A (solid) solvate A diquid)
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FIGURE 1.17 — Distribution of salts, co-crystals and solvates and their combinations?”

5 Access to Pure Enantiomer

Resolution of enantiomers has been a subject of interest for a long time, and even more
so in the field of active pharmaceutical ingredients. Different pathways exist to obtain

pure enantiomers® (FIGURE L.18).

enzymatic
i process?’ |
kinetical
non enantlose- racemic resolution
lective synthesis compound chiral
| chromatography |
achiral L{ crystallization H
substances
asymimetric pure
synthesis enantiomer

chiral pool

F1GURE 1.18 — Possible pathways to obtain pure enantiomers
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5.1 Non-enantioselective Synthesis from the Chiral Pool

In order to access enantiopure molecules, it is possible to use naturally enantiopure
molecules, like sugars, amino-acids... They can be easily accessible, and are often inex-
pensive. Achiral synthetic techniques can be used, in which processes are easy to set up
to obtain enantiopure materials. Nevertheless the synthesis should necessarily start with
one of these synthons which might not always be compatible with the structure of the

target.

5.2 Asymmetric Synthesis

If the synthesis is not possible using the chiral pool, asymmetric synthesis can be
envisaged starting from achiral precursors. The objective is to obtain a stereoselectively
controlled chiral center. Different strategies exist to control chirality during asymmetric
synthesis.

— Usage of a chiral reactant,3! which is used during synthesis, but not present in the

final compound.

— Usage of a chiral auxiliary,®? during a step of the synthesis a chiral compound is

added to the molecule, this auxiliary induces the chirality of the center.

— Usage of a chiral catalyst,3® which induces chirality during a transition state in which

it is involved. It can be used in small quantity and can often be reused/recycled.
Asymmetric synthesis often has a prohibitive cost compared to chiral resolution by crys-

tallization.

5.3 Chiral Chromatography

Analytical chiral chromatography permits to determine enantiomeric excess, concen-
trations of both enantiomers and thus quantification.

With columns of larger diameter, it is possible to preparatively separate enantiomers.

There are several chromatographic methods to separate enantiomers: direct and indirect
methods.?*

Indirect methods were the first used to separate enantiomers by chromatography. They
consist in modifying analytes with an enantiopure compound, in order to analyze di-
astereomers with a conventional column. These methods are easy to perform, however,
modification of the sample involves a risk of racemization.

Direct methods consist in the separation without formation of diastereomers before
analysis. The separation is performed with the formation of transition diastereomers

during elution, either with a chiral ligand or with a chiral stationary phase. The first
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mechanism of separation was the three points rule, proposed by Dalgliesh in 1952.3°
However this mechanism is not representing the real forces in presence between most of
the stationary phases and analytes. Different chiral resolution mechanisms exist today to

account for the different stationary phases.3¢

5.3.1 Liquid Chromatography (HPLC)

Enantioselective liquid chromatography is widely used to determine enantiomeric excess
and thus for quantification. There are two main types of direct chiral separation in
HPLC,* either with chiral additive diluted in the mobile phase or using a chiral selector
bonded to or immobilized in a chromatographic support.

— With chiral additives,>” the analyte is eluted as a diastereomer complex. Different
additive can be used such as amino-acids, sugars, cyclodextrin, crown ether... The
chiral selector should not have a response to UV spectroscopy. Main limitations are
the impossibility to couple with mass spectrometry, and the cost of the additives
(their recovery is difficult).

— Chiral stationary phases allow usage of chiral selectors without loss after separation.

There is a large variety of stationary phases343%39 (TABLE L.1).

TABLE [.1 — Chiral stationary phases for HPLC

Selector type Examples of selectors
_ Amylose or cellulose derivatized
Polysaccharides
by phenyl-carbamate groups
Cyclodextrins Native or derivative

1-(3,5-dinitrobenzamido)-

Pirkle type phase*!
1,2,3,4-tetrahydrophenanthrene

Crown ether? 18-crown-6 ether
Synthetic Polymers Polytriphenylmethyl methacrylate
Proteins Human Serum Albumin
Macrocyclics glycopeptides*? Teicoplanin, vancomycin
Cinchona Alcaloids Zwitterionic quinine derivatives

However, for preparative chromatography in order to obtain pure enantiomers by prepar-
ative chromatography, chiral HPLC often has a prohibitive cost in terms of solvent and

stationary phases.
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5.3.2 Other Chromatographic Techniques
5.3.2.1 Simulated Moving Bed (SMB)

The simulated moving bed*® (SMB) uses stationary phase of conventional liquid chro-
matography. It simulates a continous and reverse circulation of columns and mobile phase
(F1GURE 1.19). This simulation is performed with a periodical change of inlet and oulet

of columns in the same direction as the solvent flow.

Product B Mix A+B

> column ->

column
column changes column

< column <

Solvent ~>Solvent Flux Product A

F1GURE 1.19 — Representation of SMB

This technique provides continuous separation of compounds. The consumption of

solvent is less important than in HPLC.

5.3.2.2 Supercritical Fluid Chromatography (SFC)

Supercritical fluid chromatography** (SFC) is used with most of the stationary phases
used in HPLC. A pressurized mobile phase is used, this mobile phase is mainly composed
of supercritical CO», at a temperature higher than 31 °C and a pressure higher than 73 bar

(F1GURE 1.20). An organic modifier and additives can be added to the mobile phase.*®
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]

Pressure

Tc

Temperature

FI1GURE 1.20 — Unary phase diagram representing supercritical state

The main advantage of SFC is that methods can be easily transfered to preparative
scale. The solvent is most often pressurized COs: it evaporates upon depressurization,
which allows for easy collection of the purified compound. Another advantage of SFC is
the possibility to have a higher elution speed for a similar efficiency compared to the one
of HPLC,*6 this elution speed can be increased up to a factor of 4, due to a lower viscosity
of the mobile phase than HPLC.

5.3.2.3 Gas Chromatography (GC)

In contrast with other chromatographic techniques, gas chromatography (GC) makes
product collection complicated. However, it is possible to obtain a few milligrams.*"4®
GC is mainly used as an analytical technique only. Different stationary phases have been

developed, but the most commonly used are cyclodextrin derivatives.4%5°

5.4 Crystallization

Chiral resolution by means of crystallization is often the preferred route in industry due

to its economic advantages. Moreover crystallization can be easily applied at large scale.

5.4.1 Pasteurian Resolution

Pasteurian resolution is one of the oldest techniques to resolve enantiomers. It consists
in the formation of diastereomeric salts, by adding an enantiopure acid or base to the
target. Diastercomers have different physico-chemical properties,*® the most interesting

here being the difference of solubility (FIGURE 1.21).
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FI1GURE [.21 — Ternary phase diagram highlighting solubility differences in Pasteurian
resolution process

Since solubilities of these salts are different, it is possible to selectively crystallize one
rather than the other. Afterwards, the resolution agent is retrieved by salting out and
can be recycled. The resolution agent often comes from the chiral pool: this make the
process cheaper.

It is possible to try different resolution agents in order to optimize yield and enan-

tiomeric excess.

5.4.2 Preferential Crystallization

21,51

Preferential crystallization is a chiral resolution technique discovered by Gernez, a

student of Pasteur, in 1866.°? It has been developed in the 20" century by Secor®® and
Jacques.?

Preferential crystallization relies on systems crystallizing as conglomerates (Section
3.2.2). Conglomerates provide the possibility to have a discrimination at the solid state,
unlike racemic compounds.

The oldest preferential crystallization method is SIPC (Seeded Isothermal Preferential
Crystallization). It consists in cooling a racemic solution (or slightly enriched) under
its saturation point. The saturated solution is seeded by one of the enantiomer
(the one initially in excess), this permits selective crystallization of this one, with no
nucleation barrier to overcome. Suspension is filtered before nucleation of the counter
enantiomer.

— S3PC technique (Seeded Polythermal Programmed Preferential Crystallization) can
also be used, it is similar to SIPC, the difference is that the solution is cooled after
seeding by using a tailored cooling procedure.

— A more recent technique developed by Coquerel et al. in 1995% is the AS3PC (Auto-
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Seeded Poythermal Programmed Preferential Crystallization). This technique is often
more efficient than SIPC, it is based on continuous and controlled cooling of the
mixture before nucleation of the counter-enantiomer (FIGURE 1.22). It does not need

any external seeding unlike the two previous methods.

Step 0 : \n)

Step 1 : Step 2 :
<R> <R> bt.e 3.
(R)(S)
DI:{> D <R s>

(R) (S) (R) (S) (n

Step 5 gt( ) /1

- <S>
<i{j><|jS) Q‘r( Step 6 :
. Dissolved (R) (S)
g Filtration
»(Jmnp(susul,iou

FIGURE 1.22 — AS3PC process®

— Another technique developed in 2011 by Coquerel and Levillain®® is Auto-Seeded Pref-
erential Crystallization Induced by Solvent Evaporation (ASPreCISE). This technique

is comparable to AS3PC but supersaturation is generated by solvent evaporation.

5.4.3 Deracemization

Using preferential crystallization, it is possible to obtain each enantiomer separately.
However, if only one enantiomer is desired, the other one is an impurity, and the yield
of the separation cannot be higher than 50%. Deracemization can achieve a theoretical
yield of 100% in the solid phase.

Deracemization is a process which combines selective crystallization of an enantiomer
and the loss of chiral information at the solvated state (e.g. racemization via a base).>
Starting with a slightly enriched suspension, it is possible to obtain an enantiopure solid

(F1Gure 1.23).
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FIGURE 1.23 — Deracemization process and variation of e.e.’”

Two conditions are necessary to achieve deracemization, a conglomerate forming system

and a rapid racemization in solution.

There are wo processes of deracemization.

— Deracemization by attrition or Videma ripening

98762 i5 historically the first technique

of deracemization. Its mechanism® can be split into four processes 1) racemization
in the solution, 2) Ostwald ripening?® that is large crystal growing at the expense
of smaller crystals, 3) enantioselective (partial) incorporation of clusters’®% and 4)
attrition.

5765 wwhich can be described as a two

Temperature cycles enhanced deracemization
steps process, stereoselective crystallization of the enantiomer in excess during the
cooling of the solution, and dissolution of the smallest population of crystals during

heating which most of the time is made of the minor enantiomer.

6 Preferential Enrichment

6.1 Presentation of the Phenomenon

The phenomenon of preferential enrichment (PE) occurs during crystallization in stag-

nant conditions of a racemic mixture in extreme supersaturation conditions (4 > 3 > 25)
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and results in a high enrichment in one of the two enantiomers in the solution (=~ 100%

e.e.) while deposited crystals stay approximately racemic.

66,67

This phenomenon was discovered by Prof. Tamura at the end of the last century for

a family of compounds that consist of ammonium or sulfonium sulfonates salts (FIGURE
[.24).
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NNMe;:*! X =NO,, R = Me; &-form

NNMez-OMe:> X = NO,, R = Me; 8-form, disordered (72:28)
NNMe, 3¢ X =NO,, R=H; &-form

SN:3* X = NOy,; &-form
ST:563942 X = Me; a-form

NPMe, 222 X=H, R=Me; e-form SC:% X =Cl; a-form
a8 . i ) sB:#l X = Br; d-form, disordered (73:27)
NCMe;: X =Cl, R = Me; d-form, disordered (77:23)
NCMe,:> X = Cl, R =H; 8-form, disordered (74:26)
NBMe;:* X = Br, R = Me; d-form, disordered (67:33)
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NNMe3-OPh:24 X =NOy, Y = H; o,-form
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FIGURE 1.24 — Ammonium or sulfonium sulfonates which exhibit PE®®

The study of the first generation of compounds prompted the development of this
phenomenon as a cyclizable process of chiral separation. FIGURE 1.25 explicits cyclization
of the PE process for the compound NNMe; (FIGURE 1.24).
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FIGURE 1.25 — Cyclization of PE process for the compound NNMe3z%

An interpretation of this phenomenon with a quasi-ternary isothermal section is neces-

sary to grasp the unique characteristics of PE (FIGURE 1.26).
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F1GURE 1.26 — Comparison between classic crystallization and PE
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Phase diagrams presented in FIGURE [.26 are partial and do not give information about
the nature of the form of the deposited crystals (except that the solid phase must present
a domain of solid solutions).

Indeed, other compounds capable of performing PE were discovered and do not crystal-
lize as total solid solution. These compounds form the second generation: an amino-acid:
alanine;" three salts of amino-acids: arginine fumarate,?? phenylalanine fumarate™ and

leucine oxalate;? and an anti-inflammatory: ketoprofen™ (FIGURE 1.27).
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F1GURE 1.27 — Compounds of second generation

Evolution of compositions in phases diagrams in FIGURE 1.26 indicates that the path-
ways of crystallization are out of equilibrium. This is in accordance with the observation
that PE do not happen when the medium is stirred (i.e. when the system is forced to

evolve towards thermodynamic equilibrium).
PE is often defined as the opposite process of preferential crystallization:™ for prefer-

ential crystallization, the excess is inside the solid phase, for PE the excess is in the liquid

phase. Other opposite elements are listed in TABLE 1.2.
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TABLE 1.2 — Comparison between PE and preferential crystallization™

Preferential enrichment

Preferential crystallization

At the end of the process

Behavior around overall
composition §2
Heterogeneous equilibria

between enantiomers

Supersaturation

Possibility to be associated

with racemization in solution

Stability

Key step

Duration

High e.e. in liquid phase
Low e.e. in solid phase
Rotation around point €2
of the tie line S-Q-L

Anti-conglomerate

High 4 < 8 < 25

It goes through an equilibrium

state (racemic composition)

Stereoselective dissolution or
stereoselective exchange
Several days

under stagnant conditions

Low e.e. in liquid phase

High e.e. in solid phase

Elongation along the S-Q-L tie line

Conglomerate

Low to medium, to avoid spontaneous

nucleation of the counter-enantiomer

Yes (SOAT)

Second Order Asymmetric

Transformation®

It tends to reach a metastable

equilibrium the metastable solubility

of the enantiomer

Stereoselective nucleation

and growth.

Several hours under stirring

6.2 Mechanisms

6.2.1 Mechanism of 2002, Proposed on the Basis of the First

Generation of Compounds

In their publication of 2002, Prof. Tamura et al. proposed the first description of the

mechanism of PE, based on the first generation of compounds.®® A detailed explanation

of the mechanism requires a description of these molecules which are made of a linear

asymmetric backbone, with a glycerol part (containing alcohol functions), the other part

containing a cationic group, ammonium or sulfonium forming ion bonds with a sulfonate

anion (FIGURE 1.28).
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F1GURE 1.28 — General structure of a first generation compound

A schematic representation (FIGURE 1.29) is used for all following explanations.

FI1GURE 1.29 — Schematic representation of a first generation compound

It was established that most compounds of the first generation can crystallize into two
racemic polymorphic forms.
— The vy form, metastable (P1)
The structure is composed of alternating alignments of homochiral antiparallel 1D
chains (FIGURE 1.30).

‘ | ‘ | ‘ Intermolecular bonds

F1GURE 1.30 — Schematic representation of the crystal packing of the vy form

Structural analysis reveals that intermolecular interactions between chains are weak
and limited to C—H- - - O type contacts.

— The & form, stable (P1)
The structure results from the stacking of centrosymmetric dimers and have a marked

structural similarity with the y form (FIGURE 1.31).

36



Generalities

:
:
;

:
:

Intermolecular bonds

F1GURE 1.31 — Schematic representation of the crystal packing of the 6 form, a dimer is
circled in black

A description of the mechanism proposed by Prof. Tamura in 2002%%% is presented

here.

1. Schematic representation of preassociations made of homochiral chains which are

formed in solution (FIGURE 1.32).

||| Intermolecular bonds

F1GURE 1.32 — Schematic representation of the homochiral preassociations in solution

2. Nucleation of the y form occurs. No chiral discrimination occurs inside this phase,

domains with higher density of one enantiomer are generated (FIGURE 1.33).

o om , Y
YV W y, :
Y 7 om 7
), 7, 2 7
N2, % %

W s

FI1GURE 1.33 — Schematic representation of the crystal packing in the y form as a func-
tion of the succession of homochiral chains, regular succession (left), odd
number of homochiral chains (middle), even number of homochiral chains

(right)

||| Intermolecular honds

3. A polymorphic transition happens and generates the apparition of the & form.
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— If the resulting 6 form is made of an alternating sequence of chains of opposite
chiralities then the structure is stable (FIGURE 1.34).

| | | | Intermolecular bonds

FI1GURE 1.34 — Schematic representation of the crystal packing in the regular 6 form

— If an odd number of 1D homochiral chains occurs successively in the structure, the

structure persists (FIGURE 1.35).

| | | Intermolecular bonds

F1GURE 1.35 — Schematic representation of the crystal packing in the 6 form containing
an odd number of homochiral chains

— If an even number of 1D homochiral chains occurs successively in the structure,
a disintegration®® % happens, and the enantiomer in excess is released inside the
solution. This phenomenon is helped by the large solubility of the pure enantiomer
(F1Gure 1.36). With an odd number of homochiral chains, only one chain has weak
interactions, but with an odd number of chains, two chains have weak interactions,

consequently destabilizing the structure.
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FI1GURE 1.36 — Schematic representation of the crystal packing in the 6 form containing an
even number of homochiral chains leading to disintegration of the structure

4. The solution is then enriched with the enantiomer which leaves the structure.

Minor enantiomer stays inside the crystal structure into enriched small zones, pre-

senting an odd number of 1D homochiral chains.

6.2.2 Mechanism of 2016 Proposed on the Basis of the First
Generation of Compounds and Adapted to the Second

Generation of Compounds

A simplified mechanism was proposed in 2016.”*™ Two different ways are possible to
crystallize the metastable form, either a regular form (alternation of R-S chain) or an
irregular form (zones can contain homochiral chains), these zones stem from associations
of homochiral chains in solution.

After polymorphic transition, the crystal lattice is composed of stable heterochiral
dimers and less stable homochiral dimers, hydrogen bonds are weaker with homochiral
dimers (FIGURE 1.37).
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Homochiral
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dimers
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FI1GURE 1.37 — Schematic representation of the crystal packing in the 6 form presenting
homochiral and heterochiral dimers

A selective redissolution may occur for the enantiomer in excess forming disordered
chains (FIGURE 1.38).

Disordered
chain

Redissolution

‘ | I | | Intermolecular bonds

FI1GURE 1.38 — Schematic representation of the crystal packing for the redissolution of the
enantiomer in excess in 8 form

In the case of leucine oxalate,” it was discovered that the structure was composed of
homochiral bidimensional sheets (FIGURE 1.39), these sheets are selectively redissolved

into the solution.
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Redissolution
into the solution

F1cURE 1.39 — Illustration of homochiral sheets in the case of leucine oxalate”

6.3 Criteria for the Establishment of Preferential

Enrichment

Prof. Tamura et al. defined a number of criteria??%® that a system needs to fulfill to

achieve PE:

1.

solubility of pure enantiomers should be largely greater than the one of the racemic
compound (which can contain a solid solution domain), i.e. presence of an anti-

conglomerate,

enantiomers should be associated into 1D homochiral chains at the solvated state,

. a polymorphic transition should occur during the process,

compounds should form heterochiral chains of cyclic dimers and linear homochiral

chains in the structure,

a selective redissolution of the enantiomer in excess from enriched zones should hap-

pen at the beginning of the process,
eventual presence®7% of a stable solid solution type form at the racemic composition,

at least one polymorph should crystallize in the P1 space group (not compulsory but

happens in 24 cases over 27).
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1 Introduction

Analysis methods were developed in order to check the impurity profile, and to measure
the concentration of enantiomers of arginine fumarate in solution and in the solid phase,
the enantiomeric excess, and the concentration of labeled arginine (*3Cg-L-Arginine). For
that different HPLC methods were developed using conventional and chiral stationary

phases.

2 Method for the Impurity Profile

Determination

First of all it is necessary to control the purity of the arginine fumarate salt. Impurities
can hinder the crystallization process or interfere with the quantification. This monitoring
was conducted using an HPLC-MS method.

In order to develop this method, different objectives were defined: the method should
provide a sufficient retention time for the arginine, a great separation between arginine
and its impurities (citrulline and ornithine), and the possibility to be coupled with mass
spectrometry detection. So the salt additive, if one is needed, should be volatile and used
in a concentration compatible with the ESI source.

In the literature different separations were described using various modes of liquid
chromatography for the separation of arginine from these impurities.”” In our case the
method should be suitable to separate arginine from its impurities but also from fumaric
acid. Several of these methods were tested (TABLE II.1). The detection for most of the
cases was performed with an ELSD (Evaporative Light Scattering Detector) due to the
absorbance of additives (at wavelength for the detection of arginine) which were added

to the mobile phase in order to fix the pH.
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TABLE II.1 — Tests of the method for the determination of impurities of Arginine
Column Dimmension Mobile phase Detection Results
Thermo C18 Aq 150 mm x 4.6 mm x 3pym  Formic acid solution 0.04% ELSD karg = 0.12
2/98 ACN/Formic acid

] ELSD karg = 0.00
solution 0.04%
Zorbax Phenyl 250 mm x 4.6 mm x 5 pm 9 5/97 5 MeOH/AcOH
-5/97.5 MeOH/Ac ELSD Karg = 0.15
100mM pH=5.2
Th Hypercarb 2.5/97.5 MeOH/AcOH
ermo Hypereat 100 mm x 4.6 mm x 3 pm 5/97.5 MeOH/Ac ELSD karg = 0.63
(Porous Graphitic Carbon) 100mM pH=5.2
50/50 ACN/50 mM uv
Supelco Ascentis / /50 m karg = 0.16
NaH,POy A=207 nm
Express 50 mm x 2.1 mm x 2.7 pm 50/50 ACN /50 mM
(HILIC) / /50 m ELSD Karg = 0.16
ACNH4
60/40 ACN/(2.5/97.5 karg = 2.46, kom = 2.69,
MeOH/AcOH ELSD keie = 1.08
100mM pH=5.2) Cadditive t00 high
karg = 6.79, kom = 8.29,
70/30 ACN/100 mM ® ' ’
Interchim HIT X / / m ELSD key = 2.42
150 mm x 4.6 mm x 2.6 pm AcOH pH=5.2
(HILIC) Caaditive too high
karg = 11.79, kom = 13.58,
70/30 ACN/25 mM ’
/ /25 m ELSD keye = 2.13
AcOH pH=5.2
Cadditive OK

First of all a classical octadecyl silane stationary phase™ was tested, but the retention
was too short (ka,, = 0.12), whatever the composition of the mobile phase, due to the
high polarity of arginine (log P = —3.2). Then another polarity of reverse stationary
phase was tested, a phenyl based stationary phase,”™ but there was no retention (arginine
in the dead time).

A porous graphitic carbon (PGC) stationary phase was also tested for its polar retention
ability, but the retention of arginine was too short (ka,, = 0.63), and it could not be
separated from its impurities.

Since the retention in reverse phase is too low, and it gave unsatisfying separation
between arginine, its impurities and fumaric acid, another chromatographic mode was
tested: HILIC (Hydrophilic Interaction Liquid Chromatography).” 898! Two different
columns were tested: a Supelco Ascentis Express and an Interchim HIT. The second
one gave satisfying results (i.e. a complete separation of fumaric acid, citrulline, arginine
and ornithine (in the order of elution)) after optimization of the mobile phase conditions.

The last method (TABLE I1.2) was the only one compatible with mass spectrometry
detection and which provided a good separation towards citrulline and ornithine (FIGURE
IL.1).
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TABLE 1.2 — HILIC Chromatographic Conditions (HPLC conditions 1)

Column Interchim HIT 150 mm X 4.6 mm x 2.6 pm
Mobile phase  70/30 Acetonitrile/ Ammonium acetate pH=5.2 25mM
Flow rate 0.8 mL/min
ELSD
Detection or ESI-MS (ElectroSpray lonization -
Mass Spectrometry)
Temperature 25°C
Injection volume 20 nL
. Fumaric Acid
bmprey o
ornithine
Arginine

Citrulline

Signal (mV)

100

Ornithine

0 10 20 30 40 50 60

Time (min)

FiGgure I1.1 — HPLC-ELSD chromatograms of arginine, citrulline, ornithine, arginine fu-
marate (HPLC conditions 1)

The method is transferred to HPLC-MS with conditions described in TABLE I1.4, in

order to improve the method sensitivity and to identify impurities (FIGURE I1.2). Possible
impurities and their m/z ratios are listed in TABLE IL.3.
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TABLE I1.3 — Potential impurities of arginine and their protonated m/z

Compound M+H]* m/z
Arginine 175
Citrulline 176
Ornithine 133
Asymmetric dimethyl arginine 203
Symmetric dimethyl arginine 203
Monomethyl arginine 189

TABLE I1.4 — Mass spectrometer conditions (and MS/MS fragmentation conditions) (MS

conditions)

ESI positive mode
Nebulizer 45 psi/300°C
Dry gas 12 L/min
Capillary 3000 V
Skimmer 40 V
CapExit 1045V

0.29

Amplitude fragmentation
(smart frag 30-200%)

n
EM. W‘\v\ﬁww\\\v | ﬂ i

FiGURE II.2 — HPLC-MS analysis of the arginine fumarate salt made by simple mix of
powders (tr = 2,5 min fumaric acid, ¢r = 30 min Arginine) full scan
between m/z 50 and 250 (HPLC conditions 1, MS conditions)

The poor peak shape in FIGURE I1.2 was attributed to an overloading of the stationary
phase and of the ESI source. This overloading was necessary in order to observe impurities.
Mass spectrometry allowed us to observe selective m/z even after analysis with ex-
tracted ion chromatograms (EIC). Arginine fumarate was analyzed before recrystalliza-

tion (FIGURE IL.3).
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FIGURE I1.3 — Total ion current chromatogram (TIC) and EIC of the m/z ratios in TABLE
I1.3 of the chromatogram presented in FIGURE I1.2 (before recrystalliza-
tion) (the large peak at 30 min for m/z 176 is due to the precision of the
mass spectrometer, arginine m/z 175.2)

Before recrystallization different impurities were observed, some of them were identified,
citrulline at 8 min, dimethyl-arginine at 8 min, and monomethyl-arginine at 4.5 min. Two
peaks at 7.2 and 9.5 min (MS/MS mass spectra in FIGURE 11.4) were also detected with
m/z ratios of 158 and 217 which can be possibly attributed to arginine without an amine

group and a propyl or isopropyl ester of arginine respectively.
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Intens +MS2217.0). 9.3mn #474)
x104

157.0
20

2500
151

2000

1500
1759

1000
1751

1940 05

1390

l\l { W Lk IL UL o
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FIGURE I1.4 — Mass spectra of MS/MS of the peaks at 7.2 and 9.5 min

A recrystallization method was developed in order to remove impurities of the arginine
fumarate salt (Appendix A.2). The solid was analyzed by HPLC-MS (FI1GURE IL.5).
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FiGcure I1.5 — HPLC-MS analysis of the arginine fumarate salt after recrystallization, full
scan between m/z 50 and 250 (HPLC conditions 1, MS conditions)

The same EIC were extracted for the HPLC-MS analysis of the recrystallized solid in
the same way as before the recrystallization (F1IGURE I1.3).
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FIGURE I1.6 — Total ion current chromatogram (TIC) and EIC of the m/z ratios in TABLE
I1.3 of the chromatogram presented in FIGURE I1.5 (after recrystallization)
(the large peak at 30 min for m/z 176 is due to the precision of the mass
spectrometer, arginine m/z 175.2)

Most of the impurities were removed. The amount of citrulline and dimethyl-arginine
were divided by ten, and no more monomethyl-arginine was observed. One can notice
that the first peak is more intense; it can be attributed to fumaric acid. The amount of
fumaric acid remained the same but before recrystallization inorganic salts can be present
and they could achieve a suppression of the signal in the first part of the chromatogram.

This purified salt was used for all the PE experiments. The obtained salt has the same
X-Ray powder diffraction (XRPD) pattern as the calculated one from the single crystal
structure parameters* (FIGURE IL.7).
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FiGcure I1.7 — Comparison of the XRPD of the recrystallized salt and the calculated one
from the single crystal structure parameters (ref. code in CSD (Cambridge
Structure Database): NOLPEL)

3 Quantification and Determination of

Enantiomeric Excess Using
HPLC-UV Method

Determination of the precise quantity of each enantiomer in liquid and solid phases is
necessary in order to understand mechanisms of the preferential enrichment. A chiral

HPLC-UV method was developed in order to quantify both enantiomers.

3.1 Method Development

The first step to develop methods in chiral chromatography is to check the CHIR-
BASE.®? Results with commercially available columns are shown in TABLE I1.5 with the

chromatographic resolution (R) when it is available

t, —
R—2 (M) (Eq. 1L1)
W) T ws)

for A and B two compounds, with ¢, being the retention time, and w being the width at
the base of the peak.

The main issue of these results is that the arginine was derivatized in each hit. Despite
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the strong improvement in signal intensity with derivatized arginine, the derivatization
remains a long process, and racemization can occur during the derivatization. Moreover
water was used as a solvent for PE experiments with arginine fumarate, and water is often
not compatible with derivatization, i.e. in order to perform derivatization all samples
needed to be dried.

TABLE I1.5 — CHIRBASE Hits
Analyte Phase Mobile phase Resolution

N-benzoyl-arginine-
B-naphtamide®
Dansyl-arginine® Astec Cyclobond I 70/30 MeOH/H,0 0.60
80/20 ACN/MeOH +

50/50 MeOH/H,0 0.60

AQC-Arginine® 1.45
0.2% AcOH + 1% Et3N
20/80 ACN/0.1 M
Merck Chiraldex A/ NH H/ W /
FMOC-Arginine®¢ 0 09() A4CI;\I E 1' A
Merck Chiraldex gamma / /0. /
AcNH, pH=4.4
o Sumika Sumichiral OA-3100 /
N-Dabsyl-arginine®” ) o MeOH + 0.03 M AcNHy
Sumika Sumichiral OA-3200 /
N-o-benzoyl-arginine- o 54.5/45.5 MeOH/ACN
Chirobiotic T 0.80
-naphtylamine®® + 0.2% Et3N + 0.2% AcOH
Dansyl axginine® 70/30 MeOH /0.1 M AcNT, /
0.1% Et3N pH=5.5
Dabey-arginine® 90/10 MeOH/0.1 M AcNH, )
0.1% Et3N pH=5.5
PITC-arginine®
‘Lrglln%ne Merck Chiraldex /
NITC-arginine®? 40/60 MeOH/0.1 M AcNH, /
DNITC-arginine® 0.1% Et3N pH=6.5 /
DABITC-arginine® /
AQC- Arginine®” 50/50 MeOH/0.1 M AcNH, /
-Arginine
& 0.1% Et3N pH=6.5
N-benzoyl-arginine® 50/50 MeOH/H,0 3.18
20/80 MeOH/0.1% 0.90
N-t-butoxycarbamyl- AcO-Et;NH pH=7 '
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