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Abstract

An abundance of molecules belongs to the class of chiral compounds that exist in two
possible three-dimensional mirrored conformations (enantiomers). Apart from the spatial
arrangement they are virtually identical sharing the same physical and chemical properties.
Over the course of evolution, nature eventually favored one of two enantiomers of a molecule
to build living organisms. This is commonly referred to as homochirality of life. As a
consequence, every biological entity is capable to distinguish between enantiomers. This can
have fatal consequences especially when chiral molecules are used in pharmaceutical drugs.
The most prominent example for such a failure was the thalidomide tragedy, which led to the
insight that chiral active pharmaceutical ingredients have to be provided as single enantiomers
and not as a 50:50 mixture (racemate). Access is, however, complicated by their identity. It is
possible to selectively synthesize one enantiomer by chemical means with significant effort.
In many cases the final product has to be in the solid state though requiring additional steps
such as crystallization or precipitation.

An alternative strategy is the separation of the racemate. Apart from chromatography,
which results in a highly pure but very dilute product stream, crystallization is an attractive
process combining separation and solid formation in one step. The enantiomers of a certain
class of chiral molecules can be separated by so-called preferential crystallization. This
technique allows direct crystallization of single enantiomers from a racemic solution.

The focus of this work is a systematic experimental and theoretical investigation of
preferential crystallization. The aim is to increase robustness and yield as well as the
optimization of process conditions, which involves the study of novel operating modes.

Kurzreferat

Eine Vielzahl an Molekiilen gehort zu der Klasse chiraler Verbindungen, die sich
dadurch auszeichnen, dass es jeweils zwei raumliche Anordnungen gibt, die spiegelbildlich
zueinander sind. Es handelt sich daher um praktisch identische Molekiile (Enantiomere), die
sich lediglich in der dreidimensionalen Anordnung der Atome unterscheiden, ansonsten aber
identische physikalische und chemische Eigenschaften besitzen. Im Laufe der Evolution hat
sich die Natur bei der Entstehung lebender Organismen letztendlich fiir eines der moglichen
Enantiomere eines solchen chiralen Molekiils entschieden, was gemeinhin als Homochiralitt
des Lebens bezeichnet wird. Aus diesem Grund sind jegliche biologischen Organismen, so
auch der Mensch, in der Lage zwischen Enantiomeren zu unterscheiden. Dies kann fatale
Folgen haben, wenn es sich bei den Molekiilen um pharmazeutisch aktive Substanzen handelt,
wie es bei dem Medikament Thalidomid (Contergan) der Fall war. Es ist daher vor allem in
der Pharmaindustrie notwendig reine Enantiomere, anstelle von 50:50 Gemischen beider
Molekiile (Racemate) zu verwenden. Der Zugang gestaltet sich aufgrund der Ahnlichkeit
jedoch als schwierig. Auf chemischem Weg ist es mit betréchtlichem Aufwand méglich, eines
der beiden Spiegelbilder selektiv zu synthetisieren. Letztendlich soll jedoch das Endprodukt
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haufig als Feststoff zur weiteren Verarbeitung vorliegen, weshalb zusétzliche Prozessschritte,
wie Kristallisation oder Féllung notwendig sind.

Alternativ zur selektiven Synthese reiner Enantiomere gibt es die Mdoglichkeit, das
Racemat durch Trennverfahren zu spalten. Neben der Chromatografie, die zunidchst ein
hochreines aber stark verdiinntes gelostes Produkt erzeugt, gibt es Kristallisationsverfahren,
die in der Lage sind Trennung und Feststoffbildung in einem Prozessschritt zu vereinen. Fur
eine bestimmte Klasse chiraler Molekiile kann die sogenannte bevorzugte Kristallisation
verwendet werden, mit der es moglich ist, aus einer tiberséttigten racemischen Losung reines
Enantiomer in kristalliner Form zu gewinnen.

Die bevorzugte Kristallisation ist Gegenstand der vorliegenden Arbeit. Im
Vordergrund systematischer experimenteller und theoretischer Studien stehen dabei die
Erhohung der Robustheit und Ausbeute, die Optimierung der Prozessbedingungen, sowie die
Untersuchung neuartiger Betriebsweisen.



Acknowlegements

The work compiled in this thesis is the result of my rather extensive and rewarding
time at the Max Planck Institute for Dynamics of Complex Technical Systems in Magdeburg,
Germany. In the summer of 2008 I was given the unique opportunity to move from Hamburg
to Magdeburg where I joined the research group Physical and Chemical Foundations of
Process Engineering. headed by Andreas Seidel-Morgenstern. There I was able to dive into
the interesting topic of preferential crystallization in a truly stimulating and open research
environment. I would like to thank Andreas Seidel-Morgenstern for this opportunity and his
support throughout the years of my Ph.D.

Having been my immediate supervisor during the first half I thank Martin Peter Elsner
for giving me an excellent primer on the topic of crystallization and his time for invaluable
discussions. During later stages of my work I could rely on the expertise of Heike Lorenz who
kindly agreed to be chair on my defense, which I am very grateful for.

Time would not have been so much fun without a bunch of great colleagues of whom
some became very good friends over the years. I thank Luise Borchert for her effort and the
good spirit in and outside the lab. Thanks to Jacqueline Kaufmann and Stefanie Leuchtenberg
many analyses crucial for this work were done, sometimes on very short notice. I thank the
entire PCG group for creating such a good environment, which was not only centered around
work.

Special thanks go out to my colleagues Erik, Holger and Guillaume for their friendship
and the fun time discussing interesting topics at various locations. At last I thank my parents
as well as my brother and his small family for being an anchor to hold on to.

Géttingen, November 6 2016



VI

Contents

AADSIIACT ..tttk I
KCUIZICTRTAL ...ttt eae et 111
NOMENCIATULE ..ottt ee VIII
I INEPOAUCHION ..ottt 2
1.1 Significance of NANtIOMETS. ..ot 3
1.2 Strategies to obtain single eNANtIOMETS. .......ccueuiiuiriiiiiiriiirieeet e 4
1.3 Objectives and OULINE. ........cocueruiiuieieieie ettt s e 4

2 Principles of preferential crystalliZation..............coceviiiiiiiiiiieiiieiceeeeeeeee e 7
2.1  Thermodynamic properties of chiral compounds .............ccoceeeireniiiiineniiinceee, 9
2.2 KINEHC PIOPETLIES ...ttt ettt ettt ettt ettt eb et ebe st ese bbb b et ebe b et eseeen 12
2.3 Conventional isothermal batch preferential crystallization............ccccoceveireniccnenne 16
2.4 Coupled isothermal batch preferential crystallization..............cccecevveinenciincncncnenn. 19
2.5 Coupling preferential crystallization with selective dissolution.............cccecevevnnenne. 20
2.6  Preferential crystallization with fines disSOIUtION.........ccccvvericiniriiiinincicces 21
2.7  Status of preferential crystallization .............ccocoeuiviririiieiieicieeceee e 22

3 TREOTEHICAL PATT... ettt ettt ettt ettt ettt b bt eb e b st s eb e ene b e 23
3.1 Modeling and SIMUIAtION. ........ceiuiriiiiiiiiieiiie ettt 25
311 MOAEl OVETVIEW.....uiniiiiiieiiiinieicieie ettt 25

3.1.2  The diSPerse PRASE ....c..cvrverieuiiiirieiieieieeee ettt 27

3.1.3  The continuUOUS PRASE .....eeveiiiiitiieiieteieietee ettt 28

3.1.4  Kinetics formulation...........cccceeeuiirinieuiiniieiiiieeeeeeceeeeeeee e 30

3.1.5 Moment transformation of the population balance equation...............ccoc...... 32

3.1.6  NUMETICAl ASPECLS ..ouviuiiiiiniiiiitcieitriee ettt 33

3.1.7 Balance equations for fines dissolution............ccccooueiriirieinenieineieeceee 35

3.1.8  Parameter eStIMAation ..........ccccrieveueirieueeirinieteeneeieeene ettt 37

3.2 Process control and OptiMiZation ............ccoeueieiiiirieiiiinieieeseee et 38
3.2.1  CONIOl ODJECHIVES ....veuviitinieiietiieiietetei ettt 38

3.2.2  Symmetry CONIOl......oouiuiiiiiiiiitiieiiiteie e 39

3.2.3 Constant supersaturation CONtrOl..........coueireirinieirinieieeneieeseeeeeeeeeeeeees 41

3.2.4  Process OPHMIZATION ......ccueuviuiriiieiirteieiirteteetet ettt ettt 41

3.3 List of model Parameters. .........eeueieriiriieieierieeteeiete et 44



4 EXPErimMENtal PATT ....c.euiiiiiiiiitiiteieie ettt ettt 46
4.1 Model system DL-threonine-Water ............coceeuririirieirierieisieeieeieeee et 48
4.1.1 Solubility and metastable zone width of threonine .............cccccoceveiinnninne 48

4.2 PIANE SETUP .. 49
4.3 Process observation and balancing.............cccceeeeieiirininieieeeeee e 51
4.4 Data logging and process CONIOL.........eoueuiiuiriririirieiieiiiet et 53
4.5 Seed Crystal Preparation ...........cooeeioieieieieieieieeeeet ettt 54
4.6 Conventional batch operation and general experimental procedures ........................ 54
4.7 Coupled batCh OPEIation ..........ccoeverieiiiiieiiieieeee s 55
4.8 Fines diSSOIULION ......c.oivieuiuiiiiiiiiiieiciiiece et 56
4.9 OVerview Of XPETTMENTS ......c.evuirieiiriirieiietirieiet ettt 57
5 Results and dISCUSSION .......c.irueuiiiiriiiiiiicietcrte et 58
5.1 Parameter estimation and preliminary simulation study...........c.cccceceverioininiinennne 60
5.1.1 Parameter eStmation ...........ccceeirieuiiririeeinirieieeeeieeeee et 60

5.1.2  Simulation of conventional PC ... 68

5.2 Conventional batch preferential crystallization .............ccccoceveiiiineinenciiineene 72
5.2.1 Isothermal benchmark eXperiment............c.cccoeerieiiinieiiinieieieeeeeeeene 72

5.2.2  Effect of fines dissolution on conventional PC...........c.ccoeeivineivinncinnnnen 74

5.2.3 Summary of conventional PC eXperiments...........cccoeeoveerierieenenieeneneennens 79

5.3 Coupled batch preferential crystalliZation ...........c..ccoceveireneiineniinenciceceee 80
5.3.1 Isothermal benchmark eXperiment ...........cccceeverieririeieniseeieie e 80

5.3.2  Comparison of coupled and conventional benchmark experiments............... 83

5.3.3 Effect of fines dissolution on coupled PC..........cooooiiiiiiiiiniiiiiicieceee 83

5.3.4 Conclusions from the experiments with fines dissolution ............c.cccccceeeen. 85

5.3.5 Polythermal operation of coupled preferential crystallization ....................... 86

5.4  Control and optimization of coupled batch preferential crystallization..................... 91
5.4.1 Compensation of initial disturbances through control ..........c..cccccoveviinene 91

5.4.2  Constant supersaturation CONrol.........c..ccuvirievinerieinenieineieeseeese e 96

5.4.3 Optimized polythermal operation of CPC..........ccooeviiiininiiiiniiinceene 99

5.5 Coupling preferential crystallization and selective dissolution .............cccocevveennee. 107
5.6 Conclusions and comparison of conventional and improved process strategies ..... 113
5.7 Results of complementary simulation Studies...........ccocceveirireninineieineecee 114

5.7.1 Limits of conventional and coupled preferential crystallization.................. 114



VI

5.7.2  Limits of coupled preferential crystallization with selective dissolution..... 118

5.7.3 Conclusions from the simulation Studies .............cccceeeivreevineeinineenns 121

6 CONCIUSIONS ...ttt 124
T APPEIAIX .ttt ettt 130
7.1 Experimental conditions of conventional and coupled PC experiments.................. 132

7.2 Experimental conditions of coupled preferential crystallization with dissolution... 134

7.3 Metastable zone width measurements of threonine ..............coceccevveinncininnenene. 135
7.4 Seed crystal size diStriDUIONS ........coeiiiiiiiiriiiiiieeee s 135
7.5 Model parameters used for the optimization of CPC..........cccoceviiininiininninee, 136
7.6  Further analysis of the optimization results ...........coceovererninennnecceee 137
7.7 Temperature control during optimized CPC..........ccccooviniiiininiinicceee 138
7.8  Product sieve analysis of optimized CPC eXperiments..........c.cccecevveveerenneenennne. 139
7.9 Crystal shape eVOIULION .........ccccoiiiiiiiiiiiiiicieece e 140
RELEICIICES ...ttt
List of figures
LSt OF tADIES ...ttt 152
List Of PUDLIICATIONS ...ttt 154

CUITICUIUM VITAC ......euviiieiieeietieieiet ettt ettt et et et et e estesbeseeseessessesseeseessessesseessessensensenns 156



