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Abstract

ABSTRACT

Reactive distillation is a well-established unit operation in chemical industry incorporating reaction and
separation in one device for the synthesis of bulk chemicals. Such an integrated process strategy
provides economic advantages compared to serially connected unit operations. In a relatively new
approach, substitution of chemical catalysts by enantioselective biocatalysts emerges, which allows a
broadened scope of reactions. This idea is especially triggered by the growing interest in more valuable
chiral molecules for fine chemical or pharmaceutical synthesis. At first glance, the thermal deactivation
of a biocatalyst will cause reduced catalyst lifetimes and requires frequently shutdown procedures for
replacing the biocatalyst. However, careful selection of relatively thermostable biocatalysts and their
fixation on supporting materials enables reasonable process performance.

In this thesis, practicability of Candida antarctica lipase B applied as the preparation Novozym435€® is
evaluated for kinetic resolution reactions in reactive distillation. The defined three step approach,
including the theoretical preselection of reactions and their experimental characterization in batch
reactors as well as the implementation in a solvent-free reactive distillation column, aims at the
isolation of the desired chiral target compound with high purity. In the theoretical preselection step,
two different chiral starting materials ((R/S)-2-pentanol, (R/S)-3-hydroxy ethyl butyrate) were selected
for experimental comparison. Main criteria for the feasibility study were the predetermined
biocatalyst temperature range (Tro=30-80°C) and the theoretical operating window of the
individual compounds, defined by their boiling points at reduced column pressures. In the second
experimental characterization step, both chiral starting materials were investigated in batch reactions
for their feasibility in reactive distillation. The investigated parameters comprise the initial catalytic
activity, the enantioselectivity, the determination of present equilibrium limitations and the
concentration profiles of the starting materials in a batch reactive distillation setup. During the
characterization phase, the results for the kinetic resolution of the chiral alcohol (R/S)-2-pentanol
turned out to be more promising. Therefore in the third step, reactive distillation column experiments
were carried out with this starting material aiming at excellent optical purity and high molar fractions
of the target compound (5)-2-pentanol. In focus of these reactive distillation experiments were the
influence of changing the fractional distillation strategy, the spatial distribution of the biocatalyst and
the initial molar fractions of the starting material. Finally, successful operation of an integrated batch
biocatalytic reactive distillation column is approved by in situ isolation of the chiral target compound
(S)-2-pentanol with high purity (Xs)-2-peon = 0.95 mol-mol?) and excellent enantiomeric excess
(ee(s)-2-peon > 99 %). Moreover, an alternative reaction approach of chemo-enzymatic dynamic kinetic
resolution is successfully evaluated in a proof of concept study including a second chemocatalyst.
Based on these results, this thesis underlines the possibility to allow the production of fine chemicals

or pharmaceuticals in reactive distillation processes in future times.






Kurzzusammenfassung

KURZZUSAMMENFASSUNG

Der Einsatz von Reaktivrektifikations-Kolonnen reprasentiert einen weltweit etablierten
Verfahrensschritt in der chemischen Industrie zur Synthese von bulk-Produkten, welcher die
Prozessschritte der chemischen Reaktion sowie die anschlieBende Auftrennung in einem Apparat
vereint. Durch diese integrierte Prozessvariante resultieren 6konomische Vorteile gegeniber
herkdmmlichen sequentiellen Verfahrenskonzepten. Ein neuer Ansatz beschaftigt sich nun mit der
Idee ein erweitertes Reaktionsspektrum fiir die Reaktivrektifikation verfiigbar zu machen, indem der
chemische Katalysator durch hochselektive Biokatalysatoren ersetzt wird. Der Hauptgrund fiir die
Substitution des chemischen Katalysators liegt insbesondere in dem steigenden Interesse an chiralen
Molekiilen zur Synthese von Feinchemikalien oder Intermediaten von pharmazeutischen Produkten.
Neben dem Vorteil der hohen Selektivitat stellt die groflte Herausforderung beim Einsatz von
Biokatalysatoren in der Reaktivrektifikation dessen Sensitivitdit gegenliber moderaten
Prozesstemperaturen dar. Dadurch wird eine regelméaRige Erneuerung des Katalysators erforderlich,
was ein haufiges An- und Abfahren der Kolonne bedingen wiirde. Die geeignete Auswahl von
Biokatalysatoren mit erhohter thermischer Belastbarkeit und deren Fixierung in
Immobilisierungsverfahren ermdéglicht wiederum den Einsatz in der Reaktivrektifikation.

Auf dieser Basis wurde im Rahmen der vorliegenden Arbeit der Einsatz von Lipase B aus Candida
antarctica in der Reaktivrektifikation in losungsmittelfreien, kinetischen Racematspaltungen
untersucht und bewertet. In einem entwickelten dreistufigen Konzept war das Hauptziel die
gewlnschte chirale Zielkomponente mit hoher Reinheit am Kopf der Kolonne zu isolieren. Im ersten
Schritt erfolgte mittels eines aufgebauten Preselection-Tools die Auswahl von zwei chiralen Substraten
((R/S)-2-Pentanol, (R/S)-Ethyl-3-Hydroxybutyrat). Die Hauptkriterien fir die theoretische
Machbarkeitsstudie der gewdhlten Substrate waren der vom Biokatalysator definierte
Temperaturbereich fir die Reaktivrektifikation (Trp=30-80°C) und das daraus resultierende
Prozessfenster, welches die Siedepunkte beim gewahlten reduzierten Kolonnendruck umfasst. Im
zweiten Schritt erfolgte die experimentelle Charakterisierung der beiden chiralen Substrate, um die
Moglichkeit des Einsatzes in der Reaktivrektifikation zu untersuchen. Die gewéahlten Parameter setzten
sich zusammen aus der Anfangsreaktionsgeschwindigkeit des Biokatalysators und vorherrschenden
Gleichgewichtslimitierungen der Reaktionen in Batch-Reaktoren sowie der Untersuchung der
Konzentrationsprofile in der aufgebauten Batch-Reaktivrektifikation. Wahrend der Charakterisierung
zeigte der gewahlte chirale Alkohol (R/S)-2-Pentanol deutlich vielversprechender Ergebnisse
gegeniiber dem gewahlten chiralen Ester (R/S)-Ethyl-3-Hydroxybutyrat. Daher wurde im letzten Schritt
in der Reaktivrektifikation ausschlieRlich (R/S)-2-Pentanol in Experimenten eingesetzt, die hinsichtlich
der Produktreinheit und des Enantiomereniiberschusses der Zielkomponente (S)-2-Pentanol optimiert

wurden. Im Fokus standen dabei der Einfluss der Abzugsstrategie am Kopf der Rektifikationskolonne,
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die gewahlte Verteilung des Biokatalysators und die Anfangszusammensetzung der Reaktanden. So
wurden durch gezielte in situ-Abtrennung der chiralen Zielkomponente (S)-2-Pentanol
Produktreinheiten von (X(s)-2-peon = 0.95 mol-mol™) bei gleichzeitig exzellenten
Enantiomereniberschiissen (ee(s)-2-peon > 99 %) erreicht. Darliber hinaus wurde in einer alternativen
Prozessvariante eine dynamische kinetische Racematspaltung als weiteres Verfahrenskonzept
untersucht, welches innerhalb der Machbarkeitsstudie und in Proof of Concept-Experimenten die
Anwendung eines zusatzlichen Chemokatalysators ermoglichte.

Die in dieser Arbeit herausgearbeiteten Haupteinflussfaktoren auf die biokatalytische
Reaktivrektifikation unterstreichen die Maoglichkeit zukiinftig ein klassisch chemisches

Verfahrenskonzept auf die Synthese von héherwertigen chiralen Produkten zu erweitern.



Table of Content

TABLE OF CONTENT

Y 02 o RN |
KUrzzusammenfasSUNE .......cceeeueiiieeeieiiiienieirieeneriennssesresnssesseenssesseenssessesnssessennssessennssassennsssssennnnnns 1l
LI 1oL 0 000 41 =T o | N Vv
1. Introduction & State of the Art..........cciiiiiiiiiiiiiiiiirrc s 1
2. Theoretical Backg8round ..........cccceeeiiiiiieieiiinecerrenneerrennssereennssessensssssesnsssssesnsssssesnsssssesasssssenns 7
2.1, ReaCtiVe DiStillation .....cc.coiuiiiiiiiieieee et 7
2.1.1. SePAration PriNCIPIE c..eveeee i e et e e s re e e e eaaa e e e saes 9
2.1.2. VT Te Lo LYY Aoy A @] o 1T =1 o o SRR 11
2.1.3. Advantages and ChallE@NGES.......cooc it e e e 12

2.2.  Biocatalytic Reactive Distillation .........ccceeeeciiiiiiiiiie e e 14
2.2.1. Characteristics of BioCatalysts........couciiiiieciiie et 14
2.2.2. Impact Factors of Biocatalysts on Reactive Distillation..........cccceeveiieriiiiieiiicien e, 15
2.2.3. Feasible Biocatalysts for Reactive Distillation .........ccccevecveiiicciiiiccee e, 18
2.2.4. KiNetic RESOIULION ..c..eiiiieiieiie ettt 21
2.2.5. Dynamic Kinetic RESOIUTION ........cii ittt et e e e 24
2.2.6. Biocatalyst Implementation in Reactive Distillation ........ccccccevveiriiieniiiinieinieceeeeee, 26

3. Materials & Methods .........ccceiiiiiiiiiiiiiiiiiiiiiiiiiiirrrrrrerererere e s s s sesenes 27
T D @ o 1T o o oF | 3R R =Y = | Y £ 27
3.2.  Sample Analysis & Calibration..........ccccuiiiieiiiii e 28
3.3.  Characterization in Stirred Tank REACTOIS.......cocuiriiriiiiieieieerec e 30
3.4. Batch Reactive Distillation SELUP .....ccccviiiiiiiiie e e eeaaae e 32
3.5.  Setup for Dynamic Kinetic RESOIULION .........cueiiieiiiiieciiee et 40
4. SCOPE OF WOKK ...eeeiieeiieiiiiciitincecttiaeeeeenaeeeeeennseeeenssseseenssssennsssssennsssssennsssssennssnsssnnsansnsnnnes 43
5. ReSUlts & DISCUSSION ..ccovviiiiiiiiiiiiiiiiiiiiiiiiii s s 45
5.1.  Selection of Applicable Reactions for Biocatalytic Reactive Distillation ..........ccccccvvereinneeen. 45
5.1.1. Influence of Preselection Criteria on the Number of Feasible Combinations............... 46
5.1.2. Selected Kinetic Resolution Reactions and Property Data......cccccoeeeccvvieeeeee e, 50



Table of Content

5.1.3. Interim Summary: Selection of Applicable Reactions .........ccccouvveeeeeieevccciiiieee s 58
5.2.  Characterization of Kinetic Resolution Reactions for Application in Biocatalytic Reactive
DISEITATION. ¢ttt sttt e b e saeesane e 59

5.2.1. Influence of Catalyst Preparation and Starting Molar Fraction on Catalytic Activity ... 59
5.2.2. Influence of Operating Temperature on Catalyst Stability and Catalytic Activity......... 67
5.2.3. Influence of Operating Pressure on Reaction Performance ........cccccceeeveciviveeeeeeeeccnnns 71
5.2.4. Availability of Starting Materials in Reactive Distillation Experiments as Function of the
(0001 (U1 Y o T =17 ={ o | U PPRPRPRE 74

5.2.5. Interim Summary: Characterization of Kinetic Resolution Reactions............c.ccceeeuuneee. 78
5.3.  Implementation of Selected Reactions in Biocatalytic Reactive Distillation............cccc......... 79
5.3.1. Comparison of the Reaction Performance in Stirred Tank Reactors at Reduced Pressure
and in Biocatalytic Reactive Distillation ...........ccoveeieciiei i 79

5.3.2. Influence of the Boiling Point Order on Reaction Performance...........cccccceeeeecvveeeennneen. 81
5.3.3. Interim Summary: Implementation of Selected Reactions...........cccccceveeecieeeecciiee e, 89
5.4.  Chiral Target Compound Isolation in Biocatalytic Reactive Distillation ..........cccccccoeeunnnen... 90
5.4.1. Influence of Catalyst DistribUtioN........ccocciiiiiiiiie e 90
5.4.2. Influence of Temperature Controlled Fractional Distillation .............ccceceveeeeicieeeenneen. 97
5.4.3. Influence of Initial Molar Fractions of the Starting Materials.........cc.cccoecvveeieiiieeeeenns 101
5.4.4. Economic Evaluation of Chiral Target Compound Isolation.........ccccccevvviviveeiiiiieeenns 104
5.4.5. Interim Summary: Chiral Target Compound Isolation .........cccccceeeivciieiiiciiieeiciiieeecs 108
5.5. Combination of Chemo- and Biocatalysts by Dynamic Kinetic Resolution ......................... 109
5.5.1. Selection of a Suitable Model Reaction.........c.coeieiiieeiienienieeeeeee e 109
5.5.2. Influence of Spatial Catalyst Separation......cccccceeeevciiei i 112
5.5.3. Reaction Performance in a Soxhlet Reactor Setup......cccccvveeeeciieiicciiee e 113
5.5.4. Interim Summary: Combination of Chemo- and Biocatalysts.........ccccceeeciveeiecieenenns 118
Overall Discussion & Perspective......ccccciieeiiiiiiieiiieiiieeierinieteiiteeierensesensesenssesssssssssessnsenes 119
6.1.  Scope of Feasible Chiral Starting Materials and Biocatalysts for Biocatalytic Batch Reactive

[DTEY 11 = 1o L o TR 119

\



Table of Content

6.2. Required Operation Conditions for in situ Isolation of a Chiral Target Compound in Batch

Biocatalytic Reactive Distillation ..........ccoeviiiiiieiiiiie e 121

6.3.  Evaluation of the Chosen Batch Reactive Distillation Operation Mode...........c.ccccuveeenneen. 124
6.4. Perspective for Biocatalytic Reactive Distillation .........ccceeeeiiieiiciiiee e, 125
7. SUMMArY & CONCIUSION ...iivueiiiiiiniiiiiiinieiiiinietiennsieiienmssestensssessessssssssssssssssnsssssssssssssssnsssssans 127
Y oo 1T 4T L TR i
=1 101 ¥ ] - 1 T RN i
B: Selection of Applicable REactions..........cccceeeeiiiieeiiiiieeieiiiererrrreesreensesrennseseennssessennsseseennnnnns iii
C: Characterization of Kinetic Resolution Reactions ........ccccceveeeieieiiiiiiiiiiiininiiinineieeieeeeeeeeeeeeeeeeeenn vii
D: Implementation of Selected Reactions in Reactive Distillation........ccccceveeeiiieniiieeicreecciencrennnenes viii
E: Chiral Target Compound Isolation in Reactive Distillation .........cccceiiieeiiiiieeieriiecccnreeeerrenaeene xi
List of Symbols and Abbreviations ............ccoveeeiiiieeiiiiierce e rene e s rene e s s eena e s s e e nnsesseennns Xvii
LIST Of FIgUI@S . ceuuiieniiiniieeeireiirteeeteeetennetennerenseereseerensersnsesensesenssesensssensessnssssnssssnssesnnsssensesensesenn XXi
List Of TAbIES ..uuuuei e Xxvii
LI = - 1T N XXix

Vi






Chapter 1 Introduction & State of the Art

1. INTRODUCTION & STATE OF THE ART

In the sector of chemical industry, permanently improved production processes are required to fulfill
the rising demand of economically feasible process performance as well as acceptance in society by
ecologically synthesized products. With respect to the European Commission, the chemical industry
contributed by a percentage of 18 — 19 % to the total energy consumption in Europe between 2009
and 2013 [1]. The concept of integrated process strategies plays a major role to improve production
processes and reduce the total energy consumption by merging sequentially connected unit
operations to one unit [2]. One of the most prominent examples for this process intensification in
industry is reactive distillation [3]. Combining a chemical reaction with thermal separation already
affects a proportion of 40 % of the total energy consumption within the chemical industry in Europe
[4]. As a result, energy-efficient and sustainable reactive distillation processes have been designed to
reduce the caused energy consumption by up to 80 % savings in capital and energy costs compared to
sequential reaction performance [3]. Beside cost savings due to a reduced number of unit operations,
integrated reactive distillation enables beneficial reaction performance from the engineering point of
view. Increased conversion and increased product selectivity as well as less solvent consumption are
feasible, because of shifted reaction equilibria in consequence of constantly removed compounds from
catalytic sections [5].

Nowadays, more than 150 industrial applications of reactive distillation are realized for the synthesis
of bulk chemicals [3]. While the first patents of reactive distillation for homogeneously catalyzed
esterification were generated in the 1920s [6] [7], heterogeneous catalyst application in an integrated
approach dates back to 1978 for the synthesis of methyl tert-butyl ether [8]. The breakthrough of
integrated reactive distillation is represented by the Eastman-Kodak process in 1984, describing the
acid-catalyzed synthesis of highly pure methyl acetate from methanol and acetic acid in a single unit
operation [9]. Instead of eight distillation columns to overcome two existing azeotropes between
methyl acetate and methanol as well as methyl acetate and water, the performance is achieved in one
column by combining the reaction and the thermal separation [10]. This refers to five times less energy
consumption, and five times less capital investment costs compared to the sequential process setup
[11]. Based on the unique advantages within the intensified methyl acetate synthesis, rising interest
on reactive distillation is observed over the following decades illustrated by the continuously increased
number of patents and articles published per year (Figure 1.1). The presented literature survey refers
to the number of results in google scholar (Google Inc., California, USA) with respect to the given
keywords in the caption of Figure 1.1, similar to previous investigations of Doherty and Malone (2001)
as well as Gorak and Olujic (2014) [12] [4]. A broad diversity of approaches is demonstrated in the
published articles ranging from continuous [13] to batch [14] and divided wall column operations [15]

as well as including modelling strategies for optimization [10] of reactive distillation columns and the
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determination of feasible process windows [16]. According to Rameshwar et al. (2004), the major focus
of applied reactive distillation is on the synthesis of bulk chemicals via esterifications, etherifications,
hydrogenations and hydrodesulfurizations offering flexible process conditions towards temperature
(T=27-296 °C) and pressure (p = 0.1 — 30 bar) for chemical catalysts [13]. Up-to-date, the synthesis
of more valuable products with chiral centers is still a challenge in reactive distillation for the applied
chemical catalysts and their lack in stereoselective synthesis. One simulative study by Okasinski and
Doherty (2003) already showed the theoretical potential of chiral synthesis in reactive distillation for

enantiomerically-pure propylene oxide and propylene glycol [17].
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Figure 1.1: Published articles and patents on reactive distillation. The updated literature survey is performed in
google scholar with the following keywords similar to published data from Doherty and Malone (2001) as well as
Gorak and Olujic (2014) [12] [4]: reactive distillation, catalytic distillation, catalytic reactive distillation, reaction
column, reacting column, reactive packing, catalytic packing.

Beside the classical way of applying chemical catalysts in integrated reactive distillation, another class
of catalysts get more and more attractive in the past decades for industrial purposes. Those natural
catalysts called biocatalysts or enzymes have the ability of allowing stereoselective or enantioselective
synthesis of high-value chiral products for the pharmaceutical industry instead of bulk chemicals [18]
[19] [20] [21]. Specific binding of e.g. one enantiomer from a racemic mixture is guaranteed by the
unique arrangement of amino acid residues in the active side of the enzyme to preferentially accept
one enantiomer [22]. This feature of biocatalysts becomes important for the rising demand of chiral
intermediates in the pharmaceutical industry, because nowadays more than 40 % of pharmaceutical

compounds include at least one chiral center [23]. A well-known example for highly enantioselective
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synthesis by biocatalysts in pharmaceutical industry is a process developed by Codexis Inc. (California,
USA) involving a NADPH-dependent ketoreductase and a halohydrin dehalogenase to produce chiral
intermediates in the atorvastatin synthesis [24]. Beneficial substitution of chemical reaction steps by
a biocatalytic route can be represented by a cooperation between Merck & Co, Inc. (New Jersey, USA),
Solvias Inc. (New Jersey, USA) and Codexis Inc. in the 3™ generation optimized process for the chiral
compound sitagliptin, which is used for the treatment of type-Il-diabetes in drugs e.g. Januvia™ [25]
[26]. The application of a pyridoxal phosphate-dependent modified transaminase improves the overall
yield for sitagliptin from 45 to 75 % and simultaneously reduces the produced waste from 250 kg-kg™*
to 41 kg-kg™ [27] [28] [29]. On the other hand, most of the biocatalysts and cofactors exhibit thermal
sensitivity even at moderate temperatures [30] as well as high production costs [31]. Thus, thermal
stability should be as high as possible to increase the lifetime of expensive biocatalysts especially for
the application in reactive distillation approaches. It is stated in literature, that several biocatalysts can
be operated at elevated temperatures ranging from lipase catalyzed esterification at T = 60°C to the
production of high fructose corn syrup by a-amylases at T = 105-115°C [32] [33] [34]. A useful strategy
for further increased thermal stability is the immobilization of the biocatalysts by protecting the
protein structure and still allowing activity at in best case reduced mass transfer limitations [35] [36].
Investigations on Lipase B from Candida antarctica (CalB) immobilized on polyacrylic resin
(Novozym435° manufactured by Novozymes, Bagsvaerd, Denmark) allowed the application without
significant loss in residual activity at 80°C after 30 days of operation [37]. Moreover, lipases reveal
increased tolerance towards organic solvents [38]. Therefore, changing to biocatalyst application (e.g.
immobilized lipases) in integrated processes like reactive distillation can offer the possibility to open
accessibility to the production of fine chemicals instead of bulk chemicals by the classical chemically
catalyzed reactive distillation.

Applying biocatalysts in reactive distillation approaches is relatively new and recently investigated only
in a few research groups. All of them were focusing on kinetic resolution reactions catalyzed by lipases.
Initial studies in 2003 are performed by Paiva et al. (2003) with lipase from Mucor miehei, which is
immobilized on anion-exchange resin to catalyze the synthesis of butyl butyrate (BuBu) formed by the
starting materials ethyl butyrate (EtBu) and n-butanol. Successful biocatalyst implementation is
achieved in a batch separation column (h =230 mm, d = 30 mm) at reduced pressure (p = 150 mbar),
while the immobilized lipase is located in 13 inverted pear bulbs over the height of the separation
column. During operation, constant removal of the low boiling ethanol (EtOH) is used to improve the
reaction conditions [39]. Alternative integration of the biocatalyst in a batch reactive distillation setup
(h =960 mm, d = 45 mm) for the same reaction system is published by Heils et al. (2012). The reaction
is catalyzed by CalB in the column height, which is entrapped in a hydrophobic silica coating material

covering structured wire gauze packings. Under process conditions (p = 110 mbar, T = 60 °C), removal
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of EtOH leads to increased conversion beyond the reaction equilibrium and simultaneously shows the
application of the immobilization strategy within silica coating [40]. The same author performed a
simulation study based on Aspen Custom Modeler (Aspen Technology Inc., Massachusetts, USA), in
which the potential of continuous biocatalytic reactive distillation operation is shown as long as a low
molar fraction of the model substrate n-butanol is present in the reactive section. At simulated process
conditions of p =200 mbar and T = 70 °C, theoretically 90 % conversion can be achieved for n-butanol
[41]. An extended model validation for butyl butyrate synthesis starting from n-butanol by additional
experimental investigations in continuous reactive distillation is performed by Wierschem et al. (2017)
[42]. Beside the examples for batch and continuous operation of biocatalytic reactive distillation, Egger
and Fieg (2017) introduced the application of immobilized CalB (Novozym435) in a reactive divided
wall column at an integrated pilot scale apparatus (h=5000 mm, d=65mm) [43]. For the
transesterification of 1-hexanol with n-butyl acetate to 1-butanol and n-hexyl acetate, a validated
model with good agreement to experimental data is presented and the process stability of
Novozym435 for at least 100 h accumulated within 8 experiments is proven at T = 60 °C. Independent
from the different operation modes and applied reactions, feasibility of immobilized CalB is approved
with respect to thermal stability in the given examples. However, the formation of chiral target
compounds for the synthesis of pharmaceutical intermediates is not addressed within the selected
model reactions. Chiral synthesis in an integrated reactive distillation setup is firstly focused by the
work of Au-Yeung et al. (2013) in a continuously operated horizontal distillation device with multiple
external side reactors connected to subsequent conventional distillation. The external side reactors
contain immobilized CalB to increase the liquid phase residence time for an efficient substrate
conversion in a multicomponent kinetic resolution reaction [44]. Recently, Heils et al. (2015) published
a follow-up study applying their developed coating material for the kinetic resolution of
(R/S)-2-pentanol ((R/S)-2-PeOH) with ethyl butyrate (EtBu) in a batch reactive distillation column.
Entrapped CalB in the coating material provides high enantioselectivity towards (R)-2-PeOH, while
residual molecules of the chiral target compound (S)-2-PeOH accumulate with high enantiomeric
excess at the bottom of the column (ee(s-2reon>99%) and 69% conversion (T =30-60°C,
p = 60-115 mbar). Product inhibition of low boiling EtOH and a shift in the equilibrium limited reaction
to the product side is realized by in situ removal of the reactants from the reactive section [45]. More
recently, an in situ coating procedure is developed for the batch reactive distillation approach with
CalB coating material in order to replace biocatalytic activity after deactivation [46]. This technology
facilitates the replacement of catalyst as long as they are applied entrapped in a silica matrix, but a
shutdown of the column setup is still necessary for the new coating layers. Continuous operation of a
biocatalytic reactive distillation column is focused by comprehensive studies of Wierschem et al. (2016,

2017) involving the CalB catalyzed kinetic resolution of (R/S)-1-phenyl ethanol and isopropenyl acetate
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to enantiopure (R)-1-phenylethyl acetate and low boiling acetone. The validated model allows to
predict performed experiments and offers the opportunity of chiral synthesis via biocatalytic reactive
distillation by stripping acetone and leftover isopropenyl acetate [47] [48].

Within the given overview on collected articles from literature between 2003 and 2017, feasibility of
chiral synthesis in biocatalytic reactive distillation is illustrated by designed validated simulation tools
as well as experimental effort in various batch or continuously operated apparatuses. This offers access
to a detailed description of biocatalytic reactive distillation and the need for carefully selected
biocatalysts with increased thermal stability. The contribution of this work to the growing interest on
integrated processes with the application of biocatalysts is the focus on in situ isolation of chiral target
compounds within an experimental study on biocatalytic batch reactive distillation. By having a look
on the well-established classical approach for reactive distillation with chemical catalysts, in situ
product isolation with high purity is intended to take place at the top of the column setup to prevent
impurities and further downstream-processing steps. Based on current literature data, either non-
chiral products are aimed to show the successful implementation of biocatalysts or the chiral target
compounds are accumulated in the bottom of the setup with additional high boiling reactants.
Therefore, reaction engineering and deeper understanding of decisive parameters on the in situ
isolation is addressed in this study in order to allow an evaluation of the applicability concerning

biocatalytic reactive distillation for industrial purposes in future times.
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2. THEORETICAL BACKGROUND

Within the following background information, an overview of relevant theories and characteristics on
classical reactive distillation approaches with chemical catalysts as well as biocatalytic reactive

distillation is presented.

2.1.Reactive Distillation

Performing a chemical reaction and isolating the desired target molecule for its final use in separation
steps is the main task for all competing combinations of basic unit operations in process engineering.
High flexibility during the phase of selecting proper unit operations in a sequential process comes along
with drastically rising investment costs [3] [49]. Beside the approach of connecting several unit
operations with each other sequentially, so-called integrated process strategies are available. Reactive
distillation is an integrated process approach, in which the specific characteristic is the simultaneous
occurrence of a chemical reaction and thermal separation of the involved reactants in one apparatus
[50]. The chemical reaction in reactive distillation is generally driven by applying a catalyst in the
reactive section, while thermal separation is achieved by different boiling behavior of the pure
reactants as well as reactant mixtures in the stripping and rectifying section. Catalyst implementation
in integrated reactive distillation processes can either be realized homogeneously or heterogeneously.
Homogeneous applications are feasible for autocatalytic reactions, acid or base catalysis [51]. In these
cases, feeding the catalyst with the reactants allows increased flexibility in operation concerning varied
reaction rates by changing the concentration of the catalyst [52]. However, a continuous feeding of
the catalyst should be economically feasible. In heterogeneous application, fixation of solid catalyst
during operation results in a well-defined catalytic section. No catalyst recovery is necessary, but long
catalyst lifetimes are required to prevent frequent disassembling of the column combined with
time-consuming shutdown procedures [10]. While for homogeneous catalyst applications standard
column internals allow an increased surface area for separation, specific column internals are
developed for the fixation in heterogeneous catalyst applications such as structured packings or trays
[4] [53] [54] [55]. For an equilibrium limited chemical reaction including the starting materials A and B,
the sequential and integrated process strategies are exemplary illustrated in Figure 2.1. The different
positions of the catalyst in both approaches is highlighted by grey boxes. In the majority of conducted
processes, the desired target compound represented by D is contaminated with at least one side

product (e.g. C) (Eq. 1).

A+B=C+D Eq.1
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An effective separation technique for getting the products C and D is the application of multistep
distillation, which is used in approximately 90 % of industrial thermal separation tasks [56]. As a rule

of thumb, the desired target compound should be isolated at the top of the column to increase the

purity.
Sequential Process Integrated Process
Y\ T
0 - -
A B
—_—
e ) A, B Reactive
\ Section
A B,C D
\ J - vy
A B,C C

Figure 2.1: Sequential and integrated process for an equilibrium limited reaction. Grey areas indicate the position
of the catalyst.

Beside the depicted continuous reactive distillation approach with a single column in Figure 2.1, batch
equipment or multiple-stage columns in batch or continuous mode can be applied. In some cases, even
an externally placed reactive section connected to the column can be beneficial. According to
Schoenmarkers und Bessling (2003), the selection of appropriate equipment depends on the degree of
difficulty in separation as well as the maximum feasible catalytic reaction rate [52]. At low reaction
rates, multiple-stage approaches, external side reactors or batch equipment are preferred to provide
increased residence times in the setup. In contrast, high reaction rates allow operation within single
column or reactor approaches. For easy separation tasks with increased differences between the
boiling points of the products and reactants, reactors or small columns are feasible. On the other hand,

longer columns should be considered with rising complexity of the separation boundaries.
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2.1.1. Separation Principle

Successful thermal separation in reactive distillation is predominantly dependent on thermodynamic
data referring to the vapor-liquid equilibria (VLE) of component mixtures. Phase change data from the
liguid to the vapor aggregate state in a binary component mixture are expressed by
temperature - composition diagrams (T-xy). Exemplified courses for ideal (A) and azeotropic (B)
behavior (here: temperature minimum azeotrope) of VLE data in a T-xy diagram are presented in
Figure 2.2. Lens-shaped courses are formed by the boiling point curve and the dew point curve with
changed mole fractions (x, y) of the applied components. The boiling points (Ts.i) of the pure
components (Pure 1, Pure 2 in Figure 2.2) can be determined with the vapor pressure (p) and empirical,

component-related parameters A, B and C by the Antoine equation (Eq. 2) [57].

B

——C Eq. 2
A—logiop

Thoir =

Within the Antoine equation, dependency of the boiling temperature on the vapor pressure becomes
visible. Hence, the T-xy diagram is only valid for a specific pressure. Changes in pressure cause a shift
of the lenses with respect to the corresponding temperatures as well as result in different shapes of
the lenses. As long as the temperature is higher than the dew point curve, the whole mixture is in the
vapor phase (V). At the same time, temperatures below the boiling point curve represent the area of
having both components in the liquid phase (L). Consequently, the area enclosed by the lenses involves
two phases composed of a vapor and a liquid phase fraction (V+L). The corresponding composition of
both phases at a specific temperature is accessible by drawing a horizontal line (tie line) and identifying
the mole fractions of both components at the intersections of the dew point as well as the boiling point

curve (dashed line in Figure 2.2, A).

A Ideal VLE behavior B Temperature minimum azeotrope
'
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Pure 1 mole fraction Pure2 Purel mole fraction Pure 2

Figure 2.2: Schematic temperature-composition diagrams for vapor-liquid equilibria (VLE) with A: ideal behavior

and B: a temperature minimum azeotrope as one example for non-ideal behavior
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In case of ideal as well as non-ideal VLE behavior, the design of the column height for separation of a
binary mixture can be achieved graphically by drawing the required number of separating stages
according to the McCabe-Thiele method [58]. Apart from that, calculating the number of stages is
applicable within shortcut methods derived by Fenske (minimum number of stages at total reflux) [59],
Underwood (minimum reflux with infinite number of stages) [60] or Gilliland (number of stages with
finite reflux) [61]. Generally, the number of stages mainly depends on the shape of the lens, which is
influenced by the ‘separation factor’ or relative volatility  [-] of the binary mixture. For a mixture of
the components A and B, the relative volatility is defined as the fraction of both components in the

vapor (y [mol‘mol]) and liquid (x [mol-mol?]) phase (Eq. 3).

~ Va /XA
BY:] /xB

AyB Eq. 3
The separation task becomes impossible at a = 1, while it becomes more and more feasible at values
significantly different to 1 (a > 1 or a < 1). With respect to the dimension of the relative volatility, the
effort for separation can be evaluated. Small lenses described by VLE data account for an increased
number of stages. Enlarged areas between the dew point curve and the boiling point curve allow easier
separation with less number of stages. In a multicomponent mixture, it is necessary to select a light
and heavy boiling component in order to determine the relative volatility. Beside ideal behavior, non-
ideal behavior occurs for several component mixtures. One specific case of non-ideal behavior is the
formation of an azeotrope, e.g. temperature minimum azeotrope (Figure 2.2, B). The feature of an
azeotrope is the intersection of the boiling point curve and the dew point curve (x =y) at molar
fractions unequal to 0 and to 1. In dependency of forming a light or high boiling azeotrope, the boiling
point of the azeotropic mixture is lower or higher than the boiling points of the pure components
forming the binary mixture [62]. Azeotropes are caused by positive or negative deviations of the
component related partial pressures in the binary mixture compared to their partial pressures in an
ideal mixture according to Raoult’s law [63]. According to Ewell et al. (1944), temperature minimum
azeotropes are detected in the majority of azeotrope occurrences [64]. However, any separation of an
azeotropic mixture in multistep distillation is only possible with modifications like changed operating
pressures or the application of additives to influence the lens shape. Another strategy is the integration
of a chemical reaction in reactive distillation to react the azeotrope away and achieve further
separation of the components.

In real separation tasks, further complex mixtures of more than two components may be present. For
ternary mixtures consisting of three compounds, deviations of ideal behavior and the formation of
azeotropes can be investigated by depicting VLE-data in distillation lines within triangular diagrams

[62].

10
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2.1.2. Window of Operation

Based on thermodynamic property data, reactive distillation performance is constrained by reasonable
conditions regarding the chemical reaction and the separation task. In particular, both have to be
operated under the same conditions as they occur at the same time in the same place. Furthermore,
the range of operation can significantly vary with respect to the applied catalyst and the chosen
reactive distillation equipment. A useful technique to evaluate the feasible operating range is the
design of a process window depending on the decisive parameters temperature and pressure
(Figure 2.3) [42] [51] [65]). Upper and lower limits of successful RD operation are given by the boiling
points of the lowest and highest boiling component (‘constraints by reactants’, Figure 2.3). Operating
the column at pressures higher than the pure boiling point of the lowest boiling component, all
components will stay in the liquid phase. Reversely, when operating RD at pressures below the boiling
point of the highest boiling component, all components will appear in the vapor phase. Besides,
temperature limits can be adjusted by the column pressure to ensure reasonable conversion and less
side product formation within the catalyzed reaction (‘catalytic constraints’, Figure 2.3). Only for
reactions, which can be performed in the resulting operating window are interesting for reactive

distillation.

— — ‘Catalytic & equipment constraints
— Constraints by reactants

| & | §~0

Pressure

Operation
window _

Temperature

Figure 2.3: Window of operation for reactive distillation processes
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2.1.3. Advantages and Challenges

Based on the combined reaction and thermal separation, the following advantages can be pointed out

for the reactive distillation approach [4] [51]:

Capital and energy savings: decreasing the number of needed unit operations by an integrated
reaction and separation approach reduces the overall plant costs. Generated heat in exothermic
reactions can straightforwardly be applied for vaporization to reduce the reboiler duty and
circumvent hotspots by evaporating the liquid phase, which leads to less energy consumption [66].
Increase in conversion and selectivity: separation of reactants from the position of the catalyst in
situ leads to shifted reaction equilibria with considerably rising conversions in limited reaction
systems [67]. Simultaneously, consecutive reactions as well as side reactions of the desired target
molecule are prevented by the constant removal of reactants [68].

Overcoming formed azeotropes: liquid phase reaction of azeotropic mixtures at the catalyst allows
‘reacting away’ of the azeotrope to finally increase the separation performance [69].

Facilitated separation of close boiling reactants: provoking a reaction of an entrainer molecule with
one of the reactants leads to significantly differed boiling points between the reactants to improve

the separation conditions [70].

Among beneficial aspects for the approach of reactive distillation, rising complexity by performing a

chemical reaction within a multistep distillation setup brings along challenges and limitations for the

successful application. An overview on those limiting issues are presented as follows [4] [51]:

Necessity for catalytic long-term stability: applied heterogeneous catalysts should provide long
lifetimes for economical feasible column performance. Thereby, set-up times are reduced and less
influence on column operation can be achieved [71].

Constraints by volatility: for successful operation of reactive distillation, significantly different
boiling temperatures between the starting materials and the products should be present to
increase the starting material concentrations as well as to reduce the product concentrations at
the position of the catalyst [72].

Feasible operating window required: selected conditions regarding the operating temperature and
pressure have to allow reasonable chemical reaction performance and separation of the reactants
at the same time [16] [52].

Presence of reactive azeotropes or multiple steady states: additional boundaries for reactive
distillation can arise during the formation of reactive azeotropes, in which benefits in changed
concentrations via distillation are neutralized by the performed reaction [73]. Moreover,

interacting reaction and separation causes strong nonlinear process performance. These multiple

12
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steady state conditions affect obtained column profiles as well as the resulting target compound

specifications within the same column configurations [74] [75].

13
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2.2.Biocatalytic Reactive Distillation

The performance of integrated biocatalytic reactive distillation is mainly based on the same principles
as described in section 2.1 for classical reactive distillation. Substitution of the chemical catalyst by a
biocatalyst is the major difference within this relatively new research field. It is driven by the idea of a
broadened reaction scope aiming at stereo- or enantioselectively synthesized products in reactive

distillation apparatuses [45] [47] [42].

2.2.1. Characteristics of Biocatalysts

Operating reactive distillation with biocatalysts brings along a new set of advantages and challenges
beside the previously discussed issues from section 2.1. All of them are related to the typical
three-dimensional protein structure of the biocatalysts and their origin in predominantly aqueous
environment. The three-dimensional structure is composed of a folded polyamide chain, presenting
hydrophilic functional groups at the surface. Those hydrophilic functional groups are directing to the
outside, while they incorporate lipophilic groups inside the complex molecule. By that, a water layer
called ‘structural water’ (5 - 10 % of the total dry weight) is built up using hydrogen bonds to preserve
biocatalytic activity [76]. Resulting from this unique structure, a very efficient reaction performance by
factors of 108 - 10Y compared to non-catalyzed reactions can be achieved under mild conditions
(pH 5 -8, T=20-40 °C) and simultaneously less tendency to perform side reactions is provided [77]
[78] [32]. Similar to other catalysts, biocatalysts are able to considerably accelerate a reaction by
reducing the activation energy (E,) between the starting material and the desired target molecule [79].
The driving force for this catalytic acceleration is a stronger binding of the biocatalyst to the transition
state of the starting material than to the corresponding ground state, which leads to the formation of
a transition-state complex between the biocatalyst and the starting material [80]. At the end, the
biocatalyst is released unchanged from the reaction after product formation and therefore does not
influence the thermodynamic equilibrium. Hence, limited reactions can be performed in both
directions by varying the operation conditions in dependency of the desired target compounds. In
contrast to the majority of chemical catalysts, biocatalysts are able to accept specific chiral molecules.
This characteristic can be denominated as catalytic flexibility, which allows catalyzing reactions
chemoselectively (act on a specific functional group without affecting other reactive groups),
regioselectively (distinguish between chemical identical functional groups at different positions in a
starting molecule) as well as enantioselectively (recognition of chiral starting materials and convert
one enantiomer of a racemic mixture preferentially) [81] [32] [82]. Several mechanisms are developed
to understand the uniqueness within the active site of a biocatalyst, all referring to structural-related
differences compared to chemical catalysts. Independent from derived theories of induced-fit

behavior [83] [84], desolvation [85] or solvation-substitution approaches [86], well-directed
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conversion is achieved by the ability of completely enclosing the starting material within the
substantially bigger biocatalyst molecule [82].

On the contrary, the complex structure of biocatalysts exhibits challenging aspects involving narrowed
operation flexibility, especially with respect to temperature and the used solvent material [82]. Similar
to all proteins, a deactivation through thermal sensitivity is observed at temperatures outside their
operating range. For operations at elevated temperatures up to T = 105 °C, only a few exceptions are
known [87] [88]. Although fixation or entrapment of the biocatalyst by carrier materials offers the
opportunity to increase thermal stability through the formation of immobilized biocatalysts,
deactivation at elevated temperatures cannot be prevented [36] [35] [89]. Due to their naturally
aqueous environment, reaction performance in water allows the highest catalytic activity. By changing
to organic solvent materials, which in most cases provide less heat of evaporation and can be adapted
to desired reaction conditions, reduced catalytic activity by approximately one order of magnitude is
detected [90]. In many biocatalyzed reactions, inhibition phenomena originating from increased
starting material concentrations or in consequence of rising product concentrations occur [91] [92]. In
such cases, the developed processes should therefore consider strategies for constantly reduced
starting material concentrations (e.g. continuous feeding of low starting material concentrations) and

in situ removal of the products (e.g. evaporation of the product, crystallization).

2.2.2. Impact Factors of Biocatalysts on Reactive Distillation
Based on the overview on the characteristics of biocatalysts, several impact factors on the application

in reactive distillation columns can be identified in addition to the aspects discussed in section 2.1:

e Additional decisive parameter = enantioselectivity: Provision of enantioselective transformations
in biocatalysts offers the possibility to synthesize chiral molecules instead of bulk chemicals, which
may lead to numerous additional applications of reactive distillation technology.

For effective synthesis of chiral molecules via biocatalysts, the competition for binding at the active
site between two enantiomers (A, B) can be expressed via the ratio of their reaction rates (v, vs

[mol-s2]) by the dimensionless enantioselectivity (E [-]) also called ‘enantiomeric ratio’ (Eq. 4) [93]:

Uy
E=— .
- Eq. 4

The corresponding reaction to the products P as well as Q is presented in Figure 2.4, A. Both
competing enantiomers form a complex consisting of the biocatalyst and the enantiomeric starting
material ([BiocatA], [BiocatB]), which exhibit different Gibbs free energies (AG [J]) in their
transition-states (Figure 2.4, B). Generally, the system always has the tendency to preferentially

convert the enantiomeric starting material with the lowest AG (here: A) due to less effort for
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overcoming the activation energy E.. Hence, a faster reaction rate va compared to v is present in
the given example. The difference between the values of Gibbs free energies in the
transition-states (4AG [J]) as well as the reaction rates can be referred to the present
enantioselectivity of the reaction. Assuming thermodynamic equilibrium conditions, the relation
between AAG and the reaction rates (va, vs [mol-s?]) is defined by the ideal gas constant
(R [J-molt-K1]) and the temperature (T [K]) as follows (Eq. 5):

Uy
AAG =—R-T-In (—) Eg. 5
Up

For the application in reactive distillation, the enantioselectivity should be as high as possible to
achieve the synthesis of optical pure chiral molecules. A detailed discussion on the influence of E

on biocatalytic reaction performance in asymmetric synthesis is given in section 2.2.4.

A B [BiocatB]
(U]
g
g
i N vo=fast | A L_______
X . .
% [BiocatA] — Biocat + P
Biocat 2 ——
% ) . Biocat + A
+8 [BiocatB] ——» Biocat + Q or
Vg = slow Biocat + B
Biocat + P Biocat + Q

T
Reaction coordinate

Figure 2.4: Principle of enantiomeric differentiation in a biocatalytic reaction. A: Reaction of either enantiomer
A or B with the biocatalyst (Biocat) to P or Q with different reaction rates va and vs. B: Energy diagram (transition
state [BiocatA] is preferred due to less AG)

e Narrowed operating window: With respect to the feasible operating window in classical reactive
distillation (Figure 2.3), thermal sensitivity of biocatalysts causes a narrowed temperature
constrain for biocatalytic reactive distillation. Basically, the applied temperature is not only
influencing the operating window, but determines the accessible catalytic activity according to the
principle of Arrhenius [94]. In fact, the Arrhenius-equation describes the dependency of the
reaction rate (k) on the operating temperature (T [K]) involving a pre-exponential factor (ko), the
activation energy (E. [J-mol?]) and the ideal gas constant (R [J-mol*-K]). While ko represents a
reaction-related constant for the frequency of collision between the applied starting materials, Eg

is defined as the minimum energy, which is necessary for reaction performance (Eq. 6):
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Eq
k=ko-e RT Ea. 6

With increasing temperature, rising reaction rates k are achieved and simultaneously higher
catalytic activity is detected (and vice versa). As a rule of thumb going back to van’t-Hoff (RGT-rule),
nearly doubled reaction rates are obtained at a temperature increase of T =10 K for numerous
chemical reactions. However, the RGT-rule does not hold in the case of many biocatalytic reactions
[95]. Moreover, the value of the activation energy (E.) influences the effect on the reaction rate,
while typical activation energies range from E, = 20 — 150 kJ-mol™ [96]. At low activation energies
(Ea < 20 kl'-mol?) anincrease in the operating temperature has a lower impact on the reaction rate,
whereas higher values for E, result in an increased effect on the reaction rate. Beside rising
reaction rates at increased temperatures, oppositional deactivation with respect to increased
temperature reduces the catalytic activity especially for biocatalysts [36] [32]. The effect on the
biocatalytic reaction rate (v) can be described by an exponential deactivation term kg4 [s!] within

the reaction kinetics, which reduces the initial biocatalytic reaction rate (vo) in dependency of time

(t [s]) (Eq. 7):
v=v0'€_kd't Eq. 7

One specific case in the deactivation kinetic becomes even more important to compare the
behavior of a biocatalyst under changed temperature conditions. The parameter of interest is the
half-life time (zos [s]), describing the time point at which 50 % of initial activity (boundary
condition: v = 0.5-vy) is present in consequence of activity losses (Eq. 8):

In(2)
Tog = i, Eq. 8

It has to be mentioned, that the deactivation term (kq [s}]) is not only affected by temperature but
involves the sum of multiple impact factors such as the applied solvent material and inhibition
phenomena. Independent from the applied biocatalyst, long-term stability represented by
increased half-life times should be realized to compete with well-established chemical catalysts.
Within biocatalytic reactive distillation, temperature is expected to be the most important
influencing factor on ks. Hence, a tradeoff between reduced catalytic activity in consequence of
thermal sensitivity and increased reaction rates at rising temperatures should be focused for
biocatalytic reactive distillation approaches.

Prevent inhibition phenomena and overcome equilibrium limitations: Similar to chemical reactions
in reactive distillation, shifting the equilibrium to the desired side of reaction needs to be
performed in all equilibrium limited reactions to increase the final target compound molar fraction

and in this respect the overall yield. Thermodynamically, the equilibrium for an exemplified
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equilibrium limited reaction involving the starting materials A and B as well as the formed products

C and D with the stochiometric factors (v; [-]) (Eq. 9)
[valA + |vg|B = |ve|C + |vp|D Eq. 9

is expressed by the equilibrium constant K¢, [-] (Eq. 10). It is composed of the thermodynamic
activities (a;) to the power of the stochiometric factors of the products and the starting materials

(vi), while the products are placed in the numerator and the starting materials in the denominator.

lvel | ,lvpl
a ap

_ vi _ °C
Keq = nai = ol o] Eq. 10
i a,” *ag

Therefore, an equilibrium limitation is present at values of Keq <1, while Keq > 1 refers to less
equilibrium limited reactions. In real solutions, thermodynamic activity a;is connected to the molar

fraction (x; [mol-mol?]) via the following relation (Eq. 11).
a; =y Xx; Eq. 11

For ideal solutions, intermolecular interactions described by the activity coefficient can be
neglected (y; — 1) and a; becomes similar to x;. The corresponding equilibrium conversion Xeq [-]
for a stochiometric reaction of the type presented in Eq. 9 can be calculated with the equilibrium
constant K., according to Eq. 12:
Xeg = % Eq. 12

As long as an equilibrium limitation in the desired direction of the reaction is defined, it should be
modified to allow a successful operation. Useful strategies date back to the principle of
Le Chatelier (1884), in which changed pressure, temperature or moles of the reactants mainly
influence the equilibrium of the reaction [97]. The possibility to address all those parameters in
reactive distillation makes it a powerful approach in handling equilibrium limited reaction systems.
Additionally, in situ separation of reactants from the position of the catalyst leads to the reduction
of inhibition phenomena, which proves biocatalytic reactive distillation to be an interesting

alternative concept for chiral synthesis.

2.2.3. Feasible Biocatalysts for Reactive Distillation
Nature provides a broad spectrum of different biocatalysts, which are classified in six categories. They
are mainly distinguished on the basis of their catalyzed type of reaction [32] [82]. Biocatalyst

implementation in reactive distillation requires increased thermal stability, catalysis of chiral molecules
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in equilibrium limited reactions and practicability without additional compounds such as cofactors or
solvent material to not further increase complexity in column operation. An evaluation of the
previously discussed characteristics within the different classes of biocatalysts toward their feasibility
in reactive distillation is presented in Table 2.1. The class of hydrolases turned out to be most suitable
for reactive distillation as they solely fulfill the stated requirements (+ indicates fulfilled, - indicates not
fulfilled). Catalytically, hydrolytic transformations comprising amide and ester bonds are realized
within the scope of hydrolases. They can be subdivided into proteases, esterases and lipases. Roughly,
two-thirds of the research within the field of biocatalysis is related to hydrolytic transformations and

especially lipases are responsible for around 40 % of their overall applications [21] [98] [82].

Table 2.1: Classification of biocatalysts and evaluation for the applicability in biocatalytic reactive distillation

Class of Biocatalyst ® | Catalyzed Type of Reaction Feasibility in Reactive Distillation ®

1. Oxidoreductases oxidation-reduction - necessity of T-sensitive cofactors
(25%) - solvent required

+ shift in equilibrium to increase conversion

2. Transferases transfer of functional groups | - necessity of T-sensitive cofactors
(5%) - solvent required

+ shift in equilibrium to increase conversion

3. Hydrolases hydrolysis + no cofactors needed
(60%) + solvent-free approach is possible

+ shift in equilibrium to increase conversion

4. Lyases group elimination (double + no cofactors needed
(7%) bond formation) - solvent required

- no necessity in shift in equilibrium

5. Isomerases isomerization + no cofactors needed
(2%) - solvent required

- no necessity in shift in equilibrium

6. Ligases bond formation coupled - necessity of ATP

(1%) with triphosphate cleavage - plays no role in production of fine chemicals

@ percentages account for the research performed on the given class of biocatalysts [21] [98] [32]
b evaluation is true for the majority of biocatalysts in the different classes

The attention for lipases is mainly related to their unique properties on hydrolyzing triglycerides to
fatty acids and glycerol [99] in the food industry [100] [101] [102]. Moreover, their abilities toward
hydrolyzing and forming carboxylic ester bonds are useful for the synthesis of chiral intermediates

[103] [104] [105]. In particular, the candidate Candida antarctica lipase B (CalB) provides the highest
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variability with respect to catalytic activity on non-natural esters [106] [107] and is available in bulk
guantities [108]. Being catalytically active on non-natural esters, CalB can be applied for kinetic
resolution of racemic starting materials such as secondary alcohols (section 2.2.4) or dynamic kinetic
resolution reactions (section 2.2.5). Beside a huge range of accepted starting materials, several
beneficial properties compared to other hydrolases can be highlighted to demonstrate the exceptional

standing of CalB:

e Increased thermal stability: Compared to other biocatalysts, already free CalB is relatively robust
toward elevated temperatures of up to T =50 - 60 °C [108] [82]. In its immobilized configurations,
further increased thermal stability up to T =80 °C is observed [109] [37]

e No need for interfacial activation: In contrast to the majority of lipases, CalB does not show
considerably increased catalytic activity beyond a critical micellar concentration of the starting
material (CMC) in biphasic oil-water systems [110] [111]. The reason for that is the absence of a
typical lid-structure, which covers the active site of most of the lipases.

e Application in organic solvents and solvent-free approaches: CalB displays high tolerance in organic
solvents such as toluene, acetone or t-butanol [37] [82] and can even be applied solvent-free [112]
[113]. Moreover, water is not needed for the application, which is especially important due to
increased energy consumption for its evaporation in reactive distillation processes.

e No need for cofactors: Cofactors are generally not needed for hydrolases including CalB, which
reduces the complexity and prevents an additional cofactor-regeneration strategy [82].
Furthermore, cofactors usually display thermal sensitivity as well. Exemplary for the cofactor

NADH, thermal deactivation significantly increases in a range of T =4 — 60°C (Figure 2.5).

&4°C 0O20°C A30°C 0O40°C e60°C

cNADH'cNADH,O-l [-]

Figure 2.5: NADH deactivation (n = 3) at varied temperature (T = 4 — 60°C) investigated by spectrophotometric
assay (according to Lambert-Beer law, A = 340 nm); cnaon = 20 mM (in 100 mM KP; buffer, pH = 7)
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Expressed by the corresponding half-life time of NADH, 755 < 0.5 d are detected at T = 40 °C. Hence,
application of cofactor dependent biocatalysts is not recommended for biocatalytic reactive

distillation at the current stage of thermal sensitivity of cofactors.

Based on multiple advantages of applying CalB for accepting chiral starting materials, special interest
for its feasibility in reactive distillation is further discussed by focusing on two different types of

catalyzed reactions in section 2.2.4 and section 2.2.5.

2.2.4. Kinetic Resolution

In kinetic resolution (KR) reactions, the starting point is a racemic mixture containing equal amounts
of two enantiomers. By preferentially converting one of the enantiomers with an increased reaction
rate, enriched optical purity of the slower reacting enantiomer is reached with biocatalysts (i.e. CalB)
due to their enantioselectivity (section 2.2.2) [114]. It has to be distinguished between irreversible KR
reactions without the tendency of any back reaction and reversible KR revealing an equilibrium

limitation (Figure 2.6).

Irreversible kinetic resolution Reversible kinetic resolution
k]. kl
(R)}-§ — (R)-P (R)-s ""'_T (R)-P
-1
k; Kz
(s)s ——» (s5)-P (s)-s — (s)-P
k.,

(at present (R)-selectivity of i.e. CalB: k; >>k;)

Figure 2.6: Scheme of irreversible and reversible kinetic resolution (KR). Enantioselectivity of the biocatalyst
toward the starting materials (S) depends on the difference in the reaction rates kiand k.

In contrast to other asymmetric reactions, the theoretical maximum vyield within KR is limited to
Y =50 % at ideal conditions. This ideal case will occur, if only the preferential enantiomer is converted
and the biocatalyst does not accept the second enantiomer. In reality, at least a small rate of the slower
reacting enantiomer will be converted. Thereby, a reduction in the maximum yield is caused, which
mainly depends on the enantioselectivity (E [-]) of the reaction. Hence, beside the enantioselectivity E
(Eq. 4) the yield (Y [-]) as well as the conversion (X [-]) and the optical purity of the enantiomers (ees,
eep [-]) are the parameters of interest to describe a KR reaction. Values for X (Eq. 13) and Y (Eq. 14) are
accessible by the moles of the starting materials (ns) and the formed products (ns) at the beginning

(to[s]) and at different time points during reaction performance (t > to). In the KR reactions depicted in
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Figure 2.6, ns consists of the sum of the starting enantiomers ((R)-S, (S)-S) and n» is defined by the sum

of the products ((R)-P, (S)-P).

Ns,t, — Nsit
X=—"1——" Eq. 13
Nst,
Npt —Npy
y=———2=0 Eq. 14
Ngt,

Both, the conversion (X) and the yield (Y) become equal, if the starting material is transformed to the
desired product without side product formation (X = Y). The optical purity of the starting materials and
the products is expressed by the enantiomeric excess (ee), which defines the surplus of one
enantiomer toward the other (Eq. 15, Eq. 16). While racemic mixtures exhibit optical purities of ee = 0,
the desired target compound should in ideal case provide excellent optical purity of ee = 1. In this ideal

case, a pure enantiomer is obtained without its undesired counterpart.

eeg = ——m——— Eq. 15
s Ns)-s + Nr)-s q

NRy-p — N(s)-P
eep = Eq. 16
NRy-p + N(s)-p

The enantiomeric ratio £ within irreversible and reversible KR is connected to the enantiomeric excess
of the starting material (ees) and the conversion (X) by Eq. 17 and Eq. 18. Similarly, Eq. 19 and Eq. 20
define E in dependency of conversion (X) and the enantiomeric excess of the product (eep). Those
calculations date back to the methods of Chen et al. (1982) for irreversible KR and Chen et al. (1987)
for reversible KR [115] [116]. Based on the established methods, graphical visualization of KR is usually

realized by plotting the courses of enantiomeric excess (ees, eep) over conversion (X).

Irreversible KR Reversible KR

. In[(1 —X) - (1 — ees)] CIn[1— (14 Keq) - (X + ees(1 = X))]

T -X) A tee)] "+ b= In[1— (1 +Keq) - (X — ees(1 — X))] Fa. 18
_In[1-X-(1+eep)] _In[1—-(1+Kep) X (1+eep)]
E= In[1—-X-(1—eep)] Eq. 19 E= In[1—(1+Keq) X+ (1—eep)] Fq. 20

For the irreversible case, courses for eer and ees at rising conversion (X) for three different
enantiomeric ratios (E=1000, E =35, £=10) are depicted in Figure 2.7, A. If the faster produced
enantiomer of P is the desired target compound of KR, the highest possible optical purity is reached in

the course of eep at X < 50 %. In fact, rising enantiomeric ratios E cause increased maximum optical
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purities for eep in the beginning of the reaction. While the faster reacting enantiomer predominantly
forms the target compound P at X < 50 %, optical purity of P significantly decreases at X > 50 %. This
behavior can be referred to the absence of the faster reacting enantiomer and simultaneous
acceptance of converting the residual, slower reacting enantiomer at X > 50 %. In order to achieve the
highest yield (Y) of P with excellent optical purity (eep = 100) in KR, the reaction should be stopped at
X =50 % in the case of ideal enantioselectivity (E > 1000). At reduced E, the reaction should be stopped
at lower X to guarantee excellent optical purity for eep. Looking at the corresponding trend in optical
purity of the slower-reacting starting enantiomer (ees), constantly rising ees with increasing conversion
(X) are observed until ees = 100 %. With rising enantioselectivities E, optically pure ees is reached at
lower conversion points X. In ideal case (E = 1000), ees = 100 % can be reached at X = 50 %. At further
increased X, optical purity of ees stays constantly high due to the absence of the faster reacting starting
enantiomer. Thus, the reaction should be stopped at X =50 % in the case of E=1000 to obtain the
slower reacting enantiomer of S as the desired target molecule. However, a different operation
strategy need to be considered at reduced E to get the residual starting enantiomer in high optical
purity (ees= 100 %). In this case, stopping the reaction is shifted to higher points of conversion X, which
simultaneously reduces the feasible yield. Hence, the higher the enantioselectivity of the KR reaction,

the higher the feasible yield (with a maximum of Y = 50 %).

A 10 B E=1000 35 10
eeP _— —
ees -==- -
100 — 100
K,, = 0.1
80 80 . / S~
1/ \\
< 60 = .,/ h
S S ;! \
® 40 8 40 4 ,/,/ \
7 L
20 201 4 \
VA \
S \
0 T O - T T T T - 1
0O 20 40 60 80 100 0O 20 40 60 80 100
X [%] X [%]

Figure 2.7: Impact of the enantioselectivity E on the optical purities (ees, eep) in reaction performance with rising
conversion (X). A: irreversible KR reaction, B: reversible KR reaction (Keq = 0.1).

Following the same procedure with respect to the reversible case of KR reveals similar behavior for ee»
but totally different results for ees compared to irreversible KR (Figure 2.7, B). Instead of ending up in

constantly high optical purity for ees, a maximum within rising X is reached before considerably
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decreasing ees beyond the maximum. This behavior originates from the preferential conversion of the
faster reacting starting enantiomers and their corresponding products. In addition to the desired
forward reaction, the undesired backward reaction takes place in reversible KR. Rising ees is only
observed until the equilibrium of the reaction is reached and the backward reaction becomes
dominant due to the formed reaction equilibrium (i.e. at Keq=0.1). The back reaction of the
preferentially formed product enantiomer beyond the maximum in ees is faster compared to the
slower formed product enantiomer, which causes the decrease in ees. Moreover, the position of the
formed maximum in ees depends on the enantioselectivity E of the biocatalyst toward the reactants in
KR. Hence, as long as the slower reacting enantiomer of the starting material is the desired target
compound, it is not possible to achieve high optical purity of ees in reversible KR without shifting the

equilibrium, because ees is limited by K.

Independent from irreversible (Figure 2.7, A) or reversible KR (Figure 2.7, B), the decisive parameter
for industrial application is the enantiomeric ratio E. At values of E < 35, inefficient differentiation
between the enantiomers does not allow industrial application. In the range of 35 < E <100, the
application becomes partly feasible and E > 100 refers to a very selective reaction with increased

interest for further studies [32].

2.2.5. Dynamic Kinetic Resolution

Dynamic kinetic resolution (DKR) allows the synthesis of chiral target compounds from racemic
mixtures through the combination of kinetic resolution (KR) with a simultaneously performed
racemization step in one-pot approaches (Figure 2.8, A). The major benefit compared to KR is the
possibility to in principle achieve Y =100 % by in situ racemization of the slower reacting starting
enantiomer [117]. A powerful strategy to perform DKR with biocatalysts is the combination of a
lipase-catalyzed KR combined with a metal-catalyzed racemization step, originating from initial
research by Williams and Bdckvall [118] [119] [120]. In contrast to KR, the desired target compound
has to be the formed product enantiomer of the KR reaction. It cannot be the left-over starting
enantiomer due to its racemization. For monitoring a DKR reaction, the courses of enantiomeric excess
(ees, eep) with conversion (X) are essential to understand the desired reaction performance
(Figure 2.8, B). At high enantioselectivities (E), constantly high optical purity for the desired target
compound of the KR reaction (eep) at low optical purity with respect to the starting material (ees) is
detected. This behavior can just be achieved as long as both reactions are performed efficiently. In
general, high eepis related to an efficient KR performance and low ees indicates successful performance

of the racemization step.
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Nowadays, several racemization catalysts are available. They contain complexes of transition metals
i.e. rhodium, iridium and ruthenium to perform fast racemization of a broad range of alcoholic starting
materials via hydrogen transfer reactions [121]. However, compatibility with enzymes is only approved
for some of them. An interference between both catalysts often results in either deactivation of the
enzyme or inhibition of the metal catalyst [122]. Therefore, simultaneous operation of both catalysts

at least requires to fulfill the following rules [122]:

e KR has to be at least moderately enantioselective (E > 20)
e Racemization step has to be at least 10 times faster than KR step
e The metal catalyst must not convert the target compound of KR

e KR and racemization have to take place under the same reaction conditions

A Dynamic kinetic resolution ® e —== ©s ---
100 m————————
Ky
(R)-s -..—TT“‘ (R)-P 80 -
krac k-rac g 60 |
Q
k2 @ 40 -
()} s =—— (s)P
Ko 20 A
(efficient kinetic resolution by CalB: k, >>k,) 0 o e e e e e e e

0 20 40 60 80 100

(efficient racemization: k.,.>>k,) X [%]

Figure 2.8: Dynamic kinetic resolution (DKR). A: Reaction scheme, B: Reaction performance with respect to

optical purities (ees, eep) at rising conversion (X).

Among a huge variety of investigated DKR reactions and catalyst combinations [117], successfully
performed DKR of racemic sec-alcohols is reported in Bdckvall’s group applying CalB for KR and
heat-activated Shvo catalyst for the racemization [119] [120]. Shvo catalyst includes a coordinated
ruthenium to allow hydrogen transfer between its keto- and alcohol-subunit [123]. For the formation
of the subunits, Shvo catalyst needs to be homogeneously dissolved in organic solvent such as toluene.
The challenging aspects about metal-complexes used for DKR is the need for high temperatures
causing fast deactivation of enzymes as well as their instability in the presence of oxygen species for
the majority of designed metal catalysts [124]. However, different configurations of the metal catalysts
were investigated. Some of them are even showing practicability at room temperature for the DKR of

sec-alcohols [125] [126] [127] [128] [129].
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2.2.6. Biocatalyst Implementation in Reactive Distillation

For biocatalytic reactive distillation, heterogeneous application is required to prevent contact of the
thermal sensitive biocatalyst with the reboiler region of the column. With respect to increased costs
of the biocatalyst, it is not recommended to feed the catalyst analogue to homogeneous reactive
distillation approaches. Therefore, appropriate fixation of the biocatalyst and simultaneously
reasonable separation efficiency of the applied column internals should be guaranteed within the
implementation strategy. So far, two different methods are described in literature. Similar to classical
reactive distillation with heterogenous chemical catalysts, wire gauze baskets combined with
corrugated metal sheets for separation are feasible (Figure 2.9, A). The biocatalyst can be filled into
the baskets to create a catalytic packing. A famous example for this ‘sandwich’-procedure is the
Katapak-S™ packing developed by Sulzer Chemtech Ltd. (Winterthur, Switzerland) [130]. Within a
second strategy developed by Smirnova et al. (2010) [131], the entrapment of biocatalysts in a silica
matrix following the sol-gel process [132] [133] is realized to create a catalytic layer on the surface of
standard gauze packings (Figure 2.9, B). Applicability of the silica-based coating approach is shown by
Heils et al. (2012 & 2015) [40] [45]. Both strategies depicted in Figure 2.9 offer the opportunity to fix

biocatalysts efficiently in reactive distillation apparatuses.

A Katapak-SP B Montz A3-500

Catalytic baskets for reaction Uncoated Packing Coated catalytic packing

Figure 2.9: Implementation strategies for biocatalysts in reactive distillation columns. A: Type Katapak-SP™
following the ‘sandwich’-approach by filling the biocatalyst in wire gauze baskets (picture of the packing is taken
from [134]); B: Type Montz A3-500 following the sol-gel approach by entrapment of the biocatalyst in a silica
matrix (picture is taken from [45])
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3. MATERIALS & METHODS

In the following part, an overview on the applied reactants and catalysts for reaction performance as

well as the corresponding methods and setups is presented.

3.1.Chemicals & Catalysts

Reaction chemicals: (R/S)-2-pentanol (= 98%), (R/S)-3-hydroxy ethyl butyrate (= 97%), ethyl butyrate
(= 98%), propyl butyrate (> 98%), (R/S)-2-pentyl butyrate (= 98%), 1-pentanol (> 99%) were purchased
from Sigma Aldrich (Merck KGaA, Darmstadt, Germany). 1-propanol (= 99.8%) and ethanol (> 99.8%)
from Carl Roth GmbH & Co. KG (Karlsruhe, Germany).

Additional chemicals: dodecane (=99%), tetramethyl orthosilicate (98%), trimethoxymethyl silane
(98%), polyethylene glycol (M, = 400 g-mol™?), p-xylene (> 99%) and p-nitrophenyl acetate (97%) were
purchased from Sigma Aldrich (Merck KGaA, Darmstadt, Germany); methanol (> 99.9%), acetonitrile
(>299.9%), ethyl acetate (=99.5%), isoamyl alcohol (=98%), acetic anhydride (>99%), pyridine
(299.5%), dichloromethane (>99%), Roti° Nanoquant solution, potassium dihydrogen phosphate
(> 99%), dipotassium hydrogen phosphate (2 99%) and molecular sieve 4 A (Typ 514, 0.4 nm, Perlform)
from Carl Roth GmbH & Co. KG, sodium fluoride from Prolabo (East Grinstead, United Kingdom) and
2-pentanone (= 99%) from Fluka (Honeywell Int. Inc., Bucharest, Romania).

For the kinetic resolution reactions, all chemicals were used for experimental investigation without
further purification. In dynamic kinetic resolution, further treatment prior to experiments was done
under evacuated conditions to avoid impurities by water or different oxidizing molecules. Ethyl
butyrate and p-xylene were distilled, whereas (R/S)-2-pentanol was dried on molecular sieve before

use. The storage of pretreated chemicals took place in a vacuum-desiccator at room temperature.

Catalysts: The biocatalyst Candida antarctica lipase B (CalB) was applied either on methacrylic carrier
available as Novozym435 (CAS: 9001-62-1) or by free Lipozyme CalB L solution, which was kindly
provided by Novozymes (Bagsvaerd, Denmark). With respect to the manufacturer, CalB preparation of
Novozym435 was produced by a submerged fermentation step of a genetically modified Aspergillus
niger microorganism and a subsequently adsorption step on macroporous resin material. Activity of
porous Novozym435 particles was vo = 5000 U-g* according to propyl laurate assay. Free Lipozyme
CalB L solution showed catalytic activity of vo =52 + 5 U'ml ! in spectrophotometric measurements by
p-nitrophenyl acetate assay (50 mM p-nitrophenyl acetate in phosphate buffer, T=30°C, pH 7,
A =400 nm). The protein content was 0.50 + 0.01 mass%, obtained in Bradford assay [135]. Lipozyme
CalB L solution was entrapped in a silica matrix to produce a catalytic xerogel coating. Adjustment of

the xerogel composition followed the existing protocol of Heils et al. (2015) [45]. In further treatment,
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formed xerogel coating material was granulated by a Gastroback® cone mill (Hollenstedt, Germany) to
get sieve fractions of different particle sizes. An average particle size of d = 450 - 630 um was applied
in the experiments. The storage of all biocatalytic preparations took place in a refrigerator at T< 7°C
to preserve activity.

The ruthenium catalyst with the molecular structure of Cs;H4,06RuU> (Shvo catalyst) for racemization in
dynamic kinetic resolution reactions was kindly provided by the Department of Organic Chemistry,

Arrhenius Laboratory (Stockholm, Sweden). It was stored in a vacuum-desiccator at room temperature.

3.2.Sample Analysis & Calibration

Sample analysis for all kinetic resolution (KR) and dynamic kinetic resolution (DKR) experiments was
carried out at an Agilent7890B gas chromatograph (GC) (Agilent Technologies Inc., Wilmington,
Delaware, USA) equipped with a CP-Chirasil-DEX CB column (Lec=25m, dec=0.25 mm) (Agilent
Technologies Inc., Amstelveen, Netherlands). Hydrogen served as carrier gas in the column and helium
was applied as make-up gas for the flame ionization detector (FID). The sample treatment differed with
respect to the investigated reaction system prior to GC-injection.

For KR as well as DKR,starting with the racemic alcohol (R/S)-2-PeOH, the samples were diluted in two
steps to 1:100 (v/v). While in the first dilution step (100 pL sample, 900 uL solvent), solely ethyl acetate
was added as a solvent to the withdrawn sample, ethyl acetate containing the internal standard
isoamyl alcohol (internal standard = ISTD, c¢isto = 1 mg-g?, t = 8.2 min) was used in the second dilution
step (100 pL of first dilution step, 900 uL solvent with internal standard). All pipetted sample volumes
were weighed to have the exact amount of pipetted volumes. Adjusted parameters and typical
retention times in GC analysis for (R/S)-2-PeOH with either EtBu (KR and DKR) or PrBu (KR) are
presented in Table 3.1.

Table 3.1: Sample analysis in gas chromatography (GC) for kinetic resolution (KR) and dynamic kinetic resolution
(DKR) reactions of the chiral alcohol (R/S)-2-PeOH with either EtBu (KR) or PrBu (KR & DKR)

GC Method KR of chiral alcohol DKR of chiral alcohol
(Retention Times) (Retention Times)
Parameter Value Reactant t [min] Reactant t [min]

Vinjection 1puL EtOH 1.3 EtOH 1.3
Flow 1.5 mL-min? EtOAC 1.6 EtOAC 1.6
Tinlet 250°C 1-PrOH 2.1 2-Pentanone 2.8
Tstart 50°C EtBu 5.1 EtBu 5.1
TRamp 1 85°C (10°C-min‘?) (R)-2-PeOH 6.2 (R)-2-PeOH 6.2
TRamp 2 120°C (30°C-min™) (S)-2-PeOH 6.4 (S)-2-PeOH 6.4
Tdetector 300°C PrBu 7.8 p-xylene 6.6
t per sample 10.7 min (S)-2-PeBu 9.5 (S)-2-PeBu 9.5
mode Split (50:1) (R)-2-PeBu 9.7 (R)-2-PeBu 9.7
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For sample analysis of KR with the racemic starting ester (R/S)-3-HEB, additional derivatization became
necessary to allow base-line separation of the chiral compounds. Derivatization was realized by the
transfer of an acetyl group on the alcohol function of the reactants forming an acetylated ester. While
acetic anhydride was the donor of the acetyl group, pyridine served as catalyst to enable the
deprotonation of the transition molecule [136]. Within the sample treatment, 1:10 (v/v) dilution in a
derivatization agent with subsequent incubation for 3 h (60°C, 600 rpm) took place in the first step.

The composition of the derivatization agent is listed in Table 3.2.

Table 3.2: Composition of derivatization agent for (R/S)-3-HEB sample analysis

Component Mass fraction (w/w) [%]
Pyridine 8.8
Acetic anhydride 41.4
Dichloromethane 49.3
Dodecane 0.5

The solvent dichloromethane was chosen as it did not affect the derivatization step. Due to its low
surface tension and high relative volatility, dichloromethane was stored on ice for improved pipetting
conditions. In a second dilution step of 1:10 (v/v), 100 pL of derivatized sample were mixed with 40 pL
demineralized water and 860 puL dichloromethane to stop the derivatization reaction by converting
residual acetic anhydride into acetic acid. At each step, the sampling mixtures were weighed to have
the exact amount of pipetted volumes, respectively. Parameters for GC analysis of the generated

samples and typical retention times for KR of (R/S)-3-HEB with 1-PeOH are summarized in Table 3.3.

Table 3.3: Sample analysis in gas chromatography (GC) for the kinetic resolution (KR) reaction of the chiral ester
(R/S)-3-HEB with 1-PeOH

GC Method KR of chiral ester
(Retention Times)
Parameter Value Reactant t [min]

Vinjection 1ul EtOH -
Flow 2 mL-min? Dichloromethane 1.6
Tintet 250°C 1-PeOH 2.9
Tstart 80°C (S)-3-HEB 6.0
TRamp 1 5°C'min"to 120°C (R)-3-HEB 6.2
TRamp 2 20°C'mintto 180°C | Dodecane (ISTD) 7.0
Tdetector 300°C (S)-3-HPB 10.3
t per sample 11 min (R)-3-HPB 10.4
mode Split (50:1)
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Component calibration of the reactants involved in KR and DKR by the racemic starting alcohol
(R/S)-2-PeOH was performed by stepwise dilution of stock solutions (n =10 -14) to reach a final
dilution of 1:100 (v/v). Weighing all pipetted volumes of the calibrated reactants in ethyl acetate as
well as ethyl acetate with isoamyl alcohol was performed in the same way to the sample treatment of
unknown reactant compositions. The prepared stock solutions covered the whole calibration range up
to samples with pure calibrated substance. Accuracy of linear trend lines in calibration was at least
R% =0.95 (for EtBu). Similar dilution series with additional derivatization (n = 10) was performed for KR
of 1-PeOH with the chiral ester (R/S)-3-HEB according to previously described sample treatment, which
resulted in accuracy of R?=0.99. For the calibration of the reaction product ((R)- and (S)-3-HPB),
stochiometric product formation with respect to the conversion of (R)- and (S)-3-HEB was considered
to correlate measured peak areas of (R)- and (S)-3-HPB. Low boiling ethanol was calibrated by dilution
without derivatization to prevent overlapping of the peak areas in derivatized samples. An overview

on the accuracy in calibration related to all reactants is given in Table 3.4.

Table 3.4: Accuracy of linear regression in the calibration lines of all applied reactants for kinetic resolution (KR)
and dynamic kinetic resolution reactions (DKR) expressed by R?. n represents the number of dilution steps for
each calibration line.

KR of chiral alcohol DKR of chiral alcohol KR of chiral ester
Reactant n[-] R?[-] | Reactant n[-] R?[-] | Reactant n[-] R?*[]
EtOH? 14 0.99 | EtOH? 14 0.99 | EtOH?® 10 0.99
1-PrOHP 14 0.99 | 2-pentanone?® 14 0.99 | 1-PeOH? 10 0.99
(R)-2-PeOHP 14 0.99 | (R)-2-PeOHP 14 0.99 | (R)-3-HEB® 10 0.99
(S)-2-PeOHP 14 0.99 | (5)-2-PeOHP 14 0.99 | (S)-3-HEB® 10 0.99
EtBu® 10 0.95 | EtBu® 10 0.95 | (S)-3-HPB*© - 0.99
PrBu® 14 0.98 | p-xylene® 12 0.99 | (R)-3-HPB¢ - 0.99
(S)-2-PeBu® 14 0.99 | (5)-2-PeBu® 14 0.99
(R)-2-PeBuP® 14 0.99 | (R)-2-PeBu® 14 0.99

2refers to duplicates, °refers to triplicates, is iteratively calculated based on (R)-3-HEB and (S)-3-HEB

3.3.Characterization in Stirred Tank Reactors

Initial activity measurements (vo) for KR of the chiral starting alcohol (R/S)-2-PeOH and the chiral
starting ester (R/S)-3-HEB took place in jacketed STRs (V=1-7 mLl) at varied initial molar ratios
(X(a/s)-substrate = 10 —90 %) and in a temperature range of T = 30 — 80°C. Solvent-free binary mixtures of
the starting materials were preheated to the desired reaction temperature in water baths, in order to
avoid temperature differences compared to the batch vessels when starting the experiments. Mixing
was achieved by magnetic stir bars at 400 rpm under ambient pressure. The sampling volume of 100 uL
was subsequently treated and analyzed in GC according to section 3.2. Two different CalB preparations

were investigated, including commercially available Novozym435 (NZ435) and entrapment of CalB in
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a xerogel coating procedure according to Heils et al. (2015) [45]. In all cases, initial activity (vo) is
expressed in U-mg? wherein 1 U refers to 1 pmol-min. Obtained moles (n(t)) of formed product
((R)-2-PeBu, (5)-2-PeBu, (R)-3-HPB or (S)-3-HPB) in dependency of the reaction time were fitted by non-

linear regression following Eq. 21.

n(t) = Nypayx - (1 — %) Eq. 21

Excel solver® was used to minimize the sum of errors for all data points by varying k as parameter in
aniteration loop. The parameter nmqx relates to the maximum moles of product, which are theoretically
expected at the end of the reaction at full conversion. Finally, activity was determined by the slope in
linear range of Eq.21 at conversions X<10% divided by the applied amount of biocatalyst
preparation. The operation conditions for performed experiments with both CalB preparations in the
investigated KR reactions are summarized in Table 3.5. Additionally, the mean error of the fitting
method for catalytic activity is given as the mean standard deviation () of measured and calculated
moles with respect to formed (R)-2-PeBu or (R)-3-HPB.

Based on the same experiments, determination of the enantioselectivity (E) in the KR reactions was
realized by calculating the ratio of the faster reacting enantiomer ((R)-2-PeOH or (R)-3-HEB) compared
to the not preferred enantiomer ((S)-2-PeOH or (S)-3-HEB) according to Eq. 4 (section 2.2.2).

Table 3.5: Overview on the operation conditions of performed experiments and standard deviations to define
the catalytic activity and the enantioselectivity in KR reactions with the chiral alcohol (R/S)-2-PeOH as well as the
chiral ester (R/S)-3-HEB

KR of chiral alcohol: KR of chiral ester:
(R/S)-2-PeOH / PrBu (R/S)-3-HEB / 1-PeOH
Applied CalB . b . b
. gel coating® NzZ435 gel coating® NZ435
preparation
Ccals [gprep.'L'I] 7 7 35 7
30/40/50/
T[°C 60 40/60/80 60
[°C] /60/ 60 /70
X(R/s)-substrate,0 05 0.1/03/0.4/0.5/ 05 0.1/0.3/0.5/
[mol-mol?] ' 0.6/0.7/0.9 ' 0.7/0.9
o [%] 4.5 9.7 5.4 7.5

arefers to duplicates, Prefers to triplicates

Experimental characterization of the equilibrium constant (K.g) was realized in duplicated batch vessel
experiments of V=1 -5 mL for KR of the chiral alcohol (R/S)-2-PeOH with PrBu and the chiral ester
(R/S)-3-HEB with 1-PeOH, which were incubated at T=60°C with a catalyst concentration of

cnza3s = 35g-LL. At varied initial molar fractions of the racemic starting materials
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(X{R/S)—Z»PeOH =0.1 / 0.3 / 0.55 / 0.66 / 0.7 / 0.9 moI-moI'l, X(R/s)-3-HEB = 0.1 / 0.3 / 0.5 / 0.7 / 0.9 mol-mol'l),
sampling took place after t =48 h and t = 72 h in the case of (R/S)-2-PeOH and aftert =22 - 23 h in the

case of (R/S)-3-HEB. Sample treatment and analysis followed the procedures described in section 3.2.

Long term stability of Novozym435 (NZ435) was determined in repetitive batch vessel experiments
(V =5 mL). NZ435 was incubated in a drying chamber at defined temperatures in between the different
runs. Batch vessel reaction performance of (R/S)-2-PeOH with PrBu took place at T = 60°C and T = 80°C
with cnzass = 7 g-L%, while equimolar initial molar ratios were chosen (X/s)-2-peot = 0.5 mol-mol™). Both
temperatures were investigated in duplicates. The residual activity was obtained by referring the initial
reaction rate for conversions X< 10 % within time intervals of several days to the initial reaction
velocity of the first experiment. At the end of every batch reaction, the final reaction mixture was

removed from the reactor via syringe.

The influence of pressure (p) on reaction performance was investigated at ambient as well as reduced
pressure in batch vessels (V = 7 mL) under solvent-free environment in duplicates. In contrast to the
catalytic activity measurements, the batch vessels were equipped with a vigreux column and a
horizontally placed condenser for the separation of low boiling reactants from the reaction mixture.
Cooling water of T =4°C was applied in the jacketed condenser, which was connected to a collection
vessel for condensed reactants. Reduced pressures were realized by installing a vacuum pump PC3001
VARIOP™ (Vacuubrand GmbH & Co. KG, Wertheim, Germany) behind the condenser to prevent the loss
of low boiling compounds. Samples of 100 pL were withdrawn through vacuum stable septa via syringe
and treated by the same procedure described in section 3.2. For KR of (R/S)-2-PeOH with EtBu the
reduced pressure was adjusted to p = 100 mbar and for KR of (R/S)-3-HEB with 1-PeOH to p = 20 mbar.
The corresponding initial molar fractions were Xg/s)substrate = 0.1 mol-mol™* at T = 60°C and mixing of the
reactants at 400 rpm. At ambient pressure, cnzss=50g-L? ((R/S)-2-PeOH) and cnzass = 35 g-L?
((R/S)-3-HEB) were placed in the batch vessels. Changing to reduced pressures, cnzss =50 g-L?
((R/S)-2-PeOH) and cnzass = 7 g-L ((R/S)-3-HEB) were applied.

3.4.Batch Reactive Distillation Setup

The applied batch reactive distillation setup (Normag, imenau, Germany) within this work was mainly
composed of an evaporator, the packing height including a combination of catalytic as well as
non-catalytic sections and a condenser (Figure 3.1) [137]. In a 4 L round bottom flask, evaporation of
the starting materials was induced by a temperature controlled electric heating mantle (TIC, bottom).
Constant heating of the starting materials and prevention of delay in boiling in the bottom of the
column was guaranteed by magnetic stirring. Evaporated starting materials created a vapor flow

through the effective packing height of the column (h = 1200 mm) consisting of four identical glass
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cylinders (douter = 50 mm, h = 300 mm). The glass cylinders were connected to the bottom flask and to
each other via detachable flanges and circular silicone seals to allow tightness even at reduced
pressure operations. Because of the flange construction, easy assembling and disassembling was
possible for a flexible distribution of the column internals. Surrounded by foamed polystyrene, isolated
conditions reduce the heat loss through the glass surface of the column. Analogue design of the tubes
comprised two radially arranged GL14 side-ports in their lower part for temperature measurements

and sampling at different column heights.

A
1.50m ]
top
1.14m + -
0.84m + <t @
o biocatalytic
. m + .
P D) section
0.24m + < —(m)
]
= |
Om | |
bottom >

Figure 3.1: Scheme (A) and picture (B) of the applied batch reactive distillation (RD) setup [137]. The 6 column
heights represent the sampling positions during operation as well as the location of temperature measurements
(T1), controlled temperature (TIC) and controlled pressure (PIC). An exemplified distribution of the biocatalyst
(biocatalytic section) and non-catalytic section (residual part of RD) is presented.

Condensation of the vapor stream took place on top of the column via connection of the condenser to
a closed cycle cooling system. The inner part of the condenser was equipped with a swingable glass
cylinder containing a magnet for reflux control in dependency of temperature (TIC, top). By controlling

the position of the glass cylinder, downcoming liquid was either flushing back into the packing height
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or could be automatically withdrawn from the column via a separately cooled sampling tube
(Top = 1500 mm). The samples were fractionated in collecting vessels, which could be replaced in
variable time intervals for analysis during operation. For the adjustment of reduced pressures, the
condenser was connected to a controlled vacuum pump PC3001 VARIOP™ (Vacuubrand GmbH & Co.
KG, Wertheim, Germany) to realize constant pressure during operation (PIC). Sampling in the bottom
of the column (Bottom = 0 mm) and in each tube of the packing height (H1 = 240 mm, H2 = 540 mm,
H3 =840 mm, H4 = 1140 mm) was performed manually through silicone septa of vacuum stable

sample ports.

For fractional distillation, two strategies of adjusting the reflux ratio were applied. Generally, the

reflux ratio (rr [-]) is defined by the ratio of condensed volumetric liquid flow back into the column

(V,, [L-s"]) and the withdrawn distillate flow at the top of the column (Vp[L-s]) (Eq. 22).
v,

7

rr Eq. 22

Both strategies for the reflux ratio in this work were characterized by a split in the liquid flow via
magnet induced switching of a glass funnel, which was placed in the condenser of the RD setup. The
funnel could be in an OFF-position or an ON-position, while its movement was either adjusted manually
or temperature controlled. In the case of manual operation, a fixed algorithm with respect to time
could have been started at any point of operation to enable a change in the position of the funnel. If a
reflux ratio of rr=10 was adjusted, liquid was flushing back into the column for t=10s in the
OFF-position followed by t = 1 s in ON-position in order to strip accumulated compounds at the column
top (Figure 3.2, A). In contrast, the temperature-controlled operation initiated funnel movement in
dependency of a fixed temperature value (Toorder), measured by a resistance thermometer PT100 at
Top position (Figure 3.2, B). Hence, the same algorithm with respect to time was started for rr = 10, if
the measured column temperature was lower than Tyorger. Otherwise, the funnel was constantly in the

OFF-position.

A Off-position On-position B Off-position On-position

(TRD > Tborder) (TRD s Tbnrder)

Liquid l TVapor Liquid l TVapor

Figure 3.2: Reflux strategies for fractional distillation by magnet induced switching of a glass funnel. A: manual
reflux operation, B: automated temperature-controlled reflux operation. Tro = temperature in the top of the
reactive distillation setup, Thorder = given limiting value for temperature to initiate funnel movement.
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Catalyst integration in RD: In all presented and discussed RD experiments, a combination of catalytic
and non-catalytic packing elements is applied in flexible arrangements to allow reaction performance
of kinetic resolution. Catalytic packing elements (h =100 mm, d =43 mm, aspec. = 210 m>m3) were
created by placing NZ435 in baskets of Katapak-SP-like wire gauze structures provided by Sulzer
Chemtech (Winterthur, Switzerland). Biocatalytic capacity of one catalytic packing element is up to
Mnzazs = 8 g. As long as less amounts of NZ435 were applied per catalytic packing element, increased
catalyst distribution was achieved by adding glass beads to the wire gauze baskets. A loss of NZ435
through the wire gauze baskets during preparation of catalytic packing elements is prevented by
sieving the particles to a diameter of d, > 630 pm. Additional preparation and fixation of self-made
mesh funnels (d = 50 mm) at the bottom of the catalytic packing elements caused increased liquid
flows through the catalytic baskets by collecting downcoming liquid from the column wall. Preparation

of the catalytic packing elements is depicted in Figure 3.3.

CalB mesh catalytic
Novozym435® bag packing

Figure 3.3: Procedure to create catalytic packing elements with NZ435 placed in baskets of Katapak-SP-like wire
gauze packing elements (taken from Kiihn et al. (2017) [137])

Non-catalytic regions in the column were equipped with Montz A3-500 (Julius Montz GmbH, Hilden,
Germany) wire gauze column internals (h = 60 mm, d = 43 mm, aspec. = 500 m2m3). In those regions,
increased separation efficiency of the non-catalytic packings was realized by exhibiting a larger surface
area compared to the catalytic packing elements. The applied distributions and amounts of NZ435 for
the RD column experiments, which will be discussed in section 5.3 and 5.4, are summarized in

Table 3.6 and Table 3.7.
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Table 3.6: Equipped distribution of column internals for batch reactive distillation experiments

(R/S)-2-PeOH / EtBu (R/S)-2-PeOH / PrBu

Xo [%] 10:90 10:90 60:40 (A) | 60:40 (B) 65:35 67:33

Packing Nep Np Ncp npe Ncp Np Ncp ne Nce Np | Necp  Np
H4 - 3 - 3 |1 2 - 3 1 2|1 2
H3 - 3 -3 |1 2 - 4 1 2|1 2
H2 2 - -3 |1 2 2 1 2 1|2 1
H1 2 - 2 - 1 2 2 1 2 1|2 1
Sum 4 6 2 9 | 4 8 4 9 6 6| 6 6

Hi = column height divided into the glass tubes in the reactive distillation setup
nce = number of catalytic packing elements (Katapak-SP-like)

ne = number of non-catalytic packing elements (Montz A3-500)

xo = initial molar fraction of the starting materials

Table 3.7: Amount and distribution of NZ435 per catalytic column internal in batch reactive distillation

experiments

(R/S)-2-PeOH / EtBu (R/S)-2-PeOH / PrBu
Xo [%] 10:90 10:90 60:40 (A) 60:40 (B) 65:35 67:33
Catalyst Mnzass [g] Mnzass [8] Mnzass [8] Mnza3s [8] Mnzass [8] | Mizass [g]
H4 - - 7.54 - 6.85 6.85
H3 - - 7.03 - 8.08 8.08
H2 3.46 - 7.98 14.57 14.57 14.57
H1 3.04 6.15 7.81 15.79 15.79 15.79
Sum 6.50 6.15 30.36 30.36 45.29 45.29

F-factor calculation within RD experiments: The vapor load in the applied column setup expressed by
the F-factor (Fv) was estimated via the following Eq. 23. It involves the gas velocity (uy [m-s?]) in the
column and the vapor density (pv [kg:-m=3]). While the gas velocity was accessible by the ratio of the
vapor mass flow (1, [kg-s™]) through the cross-sectional column area, an average density between
the bottom and top of the column was assumed to determine a constant py. The mean density in the
column was calculated by the obtained molar fractions in stationary column experiments without
catalyst at the bottom and the top of the column, assuming ideal gas behavior for binary mixtures of

the starting materials.

my
FV=uV'\/pV=T Eq. 23

Vo 5

36



Chapter 3 Materials & Methods

For the determination of the vapor mass flow (1, [kg-s]), an energy balance at the reboiler stage of

the column was performed according to Eq. 24:

iy = Qheat Eq. 24
hy
The introduced heat flow Qu.qr [W] into the column was calculated based on experimentally
determined vapor mass flows. They are referred to water evaporation at various adjusted
temperatures within the heating device, monitoring a time dependent temperature increase in the
round bottom flask of the reactive distillation setup. Transferring the obtained values for Q¢4 to the
mass flow (11,) of the starting materials (R/S)-2-PeOH and PrBu was done via substitution of the
vaporization enthalpies (h, [J-mol?]). Final determination of h, accounted for the mean enthalpy
calculated with literature data and considering the initially applied molar fractions of (R/S)-2-PeOH and
PrBu [138] [139]. An overview on the correlation data for Q.4 in dependency of the temperature
difference between the electric heating device and the mean column temperature is given in appendix

section A, while the final F-Factors for the column experiments are integrated in Table 3.8.

Calculation of reaction performance in RD experiments: Evaluation of experimental data in reactive
distillation equipped with catalytic packing elements was performed by expressing the course of
enantiomeric excess (ee) with increased conversion (X). In contrast to single-phase experiments in
standard batch vessels, the additional vapor phase in reactive distillation caused a liquid hold-up of
reactants in the packing height and the condenser stage. Therefore, the conversion (X) became a
function of the liquid hold-up in the column, which reduced the moles in the bottom of the column.
The stationary liquid hold-up (Vuy,sta: [mL]) of the applied Katapak-SP-like packing elements and the
Montz A3-500 column internals was specified within the weight difference under wet and dry
conditions. Wet conditions were created by an artificial liquid flow of EtOH, which was sprayed on top
of the structured packings. After draining, a liquid hold-up volume for experimental evaluation of
Vhustat = 14.7 mL for Katapak-SP-like packing elements and Vhygstat = 5.0 mL for Montz A3-500 was
determined. For the condenser, Viysat = 9 mL was estimated consisting of the liquid hold-up at the
inner surface area as well as in the swingable glass cylinder. In dependency of the equipment regarding
catalytic and non-catalytic packing elements, the liquid hold-up for the performed experiments was
defined for the different column sections comprising each glass tube of the packing height as well as
the condenser stage. In fact, it was assumed to have a significantly higher stationary liquid hold-up
compared to dynamic hold-up volumes in the column. For the dynamic hold-up in presence of Katapak-
SP-like packing elements, Viu,ayn =5 - 10 mL per glass tube was estimated within the packing height.

The sum of all partial stationary and dynamic liquid hold-up volumes resulted in the overall column
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hold-up (Vwu), which is summarized together with the operation conditions for the performed

experiments in Table 3.8.

Table 3.8: Operation conditions for batch reactive distillation experiments

KR of chiral alcohol: KR of chiral alcohol:

(R/S)-2-PeOH / EtBu (R/S)-2-PeOH / PrBu
Xo [%] 10:90 10:90 60:40 (A) 60:40 (B) 65:35 67:33
mo [g] 800 800 800 800 800 800
p [mbar]® 100 80 80 80 80 80
rr manually controlled | controlled | controlled | controlled | controlled
F [Pa®5]° - 2.4 1.8 1.8 1.8 1.9
Vi [mL] 117.8 93.4 127.8 132.8 157.2 157.2
Theat [°C]° 280 - 300 290 - 300 250 240-250 | 250-260 | 250-270
Teool [°CI° 2 2 2 2 2 2

agiven numbers account for mean values over the whole time of experiment
bestimated on the basis of a binary mixture of the starting materials
values refer to the adjusted temperature conditions

Beside the liquid hold-up, sampling at different column positions and stripping of low boiling
components at the top of the column were considered in a mole balance over the whole column to
calculate the actual number of moles for all present reactants within the different column sections at
any time during operation. Thereby, partial terms of moles (n) were obtained at the investigated
sampling ports (j = Bottom, H1, H2, H3, H4, Top), of which the sum was used to calculate the overall
conversion (X) in the column at any time point t > to (Eq. 25). It was assumed to have the same molar
fractions present in the whole glass tube of the packing height as measured in the corresponding

sampling port (H1, H2, H3, H4).

_ N(R)-2-Pe0H,0 + N(s)-2-PeoH,0 — Zj(n(R)—Z—PeOH,t,j + n(S)—Z—PeOH,t,j) Eq. 25

X
N(R)-2-PeoH,0 T N(S)-2—-Pe0H,0

Similar calculation by the sum of partial terms with respect to the column sections was performed for
the enantiomeric excess (ee) of the chiral starting material ((R/S)-2-PeOH, Eq. 26) and the formed

product ((R/S)-2-PeBu, Eq. 27).

Zj N(s)-2—-PeoH,t,j — Zj N(R)-2-PeOH,t,j
= Eq. 26

eeg =
Zj(n(s)—Z—PeOH,t,j + n(R)—z—PeOH,t,j)
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_ Zj N(R)-2-PeBu,t,j — Zj N(s)-2-PeBu,t,j
Zj(n(R)—Z—PeBu,t,j + n(S)—Z—PeBu,t,j)

eep Eq. 27

As long as the applied biocatalyst NZ435 does not form any side-products in the investigated kinetic
resolution reactions, the conversion (X) becomes equal to the yield (Y) (section 2.2.4) and in this case
both equations become valid to generate the presentation of data in an enantiomeric

excess - conversion diagram (Eq. 25 or Eq. 28).

Xeyo 2 N(R)—2—PeBu,tj — LjT(S)—2—PeBu,t,

Eq. 28
N(R)-2-Pe0H,0 T 1(5)-2—-PeOH,0

Reproducibility in reactive distillation experiments: All experimental errors for the conversion (X), the
enantiomeric excess (ees) and the molar fractions of the reactants (x;) in batch reactive distillation
account for their maximum errors (Az) according to Eq. 29. The maximum error Az consists of m
variable dependent or independent terms, which are equal to the number of influencing factors on the
parameter x. Each individual term is formed by the product of the first derivative and the

corresponding standard deviation (Ax)).

Eq. 29

af
a_Xj AXj

m
Az = Z
j=1

In this work, the influencing factors were represented by the moles of the participating reactants.
Predominantly, deviations in gas chromatography (GC) analysis, in the mass balance of the experiment
and in the hold-up volume were expected. Standard deviations in GC account for twice performed
sample analysis. The mass balance at the start and the end of an experiment considered sampling
during operation at different column heights, residual liquid amounts in the packing height and
collected liquid in cooling traps beyond the vacuum pump (1.3 —5.5 %). With respect to the column
hold-up, deviations during operation of up to 10 % were assumed. In dependency of the investigated
parameter (X, ee, x;), different combinations of those error sources were applied to determine
reasonable errors. For the conversion (X), all three error sources are considered, while for errors in the
mole fractions (x;) a combination of deviations in gas chromatography (GC) analysis and the mass
balance were involved (changed hold-up volumes did not influence the fraction of a compound). The
error of the enantiomeric excess (ee) only depended on gas chromatography (GC) analysis, which was
referred to the involved relation of identically boiling compounds within the determination of ee. The

corresponding mean errors (Az) within reactive distillation experiments are listed in Table 3.9.
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Table 3.9: Calculated errors in reactive distillation experiments with respect to maximum error determination.
Numbers for the mean deviation (Az), the lowest deviation (Azmin) and the highest deviation (Azmax) are given for
the parameters conversion (X), enantiomeric excess (ee(s)-2-reon) and the molar fractions of applied reactants (xi).

(R/S)-2-PeOH / EtBu (R/S)-2-PeOH / PrBu
Xo [%] 10:90 10:90 60:40 (A) 60:40 (B) 65:35 67:33
deviation | Az (AzZmin, AZmax) [%] AZ (DZmin, DZmax) [%]
0.2 0.9 0.1 0.1 0.1 0.1
€€(s)-2-PeOH"
(0.1,0.2) (0.1,4.8) (0.1, 0.5) (0.1, 0.2) (0.1,0.2) (0.1, 0.2)
3.2 2.7 2.8 3.4 2.6 1.9
Xa
(0.6,4.7) (0.8,6.4) (0.1,5.7) (0.8,1.7) (0.3,7.0) (0.1, 3.6)
9.6 7.2 7.8 7.8 3.7 2.5
X(S)—Z-PeOHb
(9.2,10.4) (3.3,9.0) (1.9,9.3) (2.3,10.9) (0.4, 6.6) (0.4,5.0)
9.5 9.4 9.4 10.9 5.7 3.3
X(R)—Z-PeOHb
(9.5,9.5) (8.9,9.8) (8.2,9.8) | (11.3,12.5) | (5.6,7.1) | (2.5,10.3)
10.2 10.8 9.8 11.1 2.8 2.9
X(S)—Z-PeBua
(9.6, 11.5) (9.6,17.9) | (9.0,11.4) | (9.6,13.0) (0.7,5.5) (2.5, 3.6)
9.4 9.9 5.8 6.6 5.6 1.6
X(R)—Z-PeBua
(9.1,9.9) (8.8,16.5) | (2.5,9.8) (2.7, 11.5) (5.2, 6.3) (0.2,3.1)
XEtBu, 4.4 7.3 9.4 10.7 6.0 3.4
Xpru® (1.0,7.5) (1.1,9.3) (8.8,9.9) | (10.0,11.3) | (5.5,7.3) (2.7,5.4)
XEtOH, 5.6 4.2 2.8 4.2 3.0 1.4
X1-pron® (2.4,9.3) (1.6,9.2) (0.8, 8.7) (0.9,9.7) (0.9,10.0) | (0.5,4.1)

areferred to the bottom of the reactive distillation column
breferred to the top of the reactive distillation column

3.5.Setup for Dynamic Kinetic Resolution

Integrated chemo-enzymatic dynamic kinetic resolution with separated catalysts was conducted in
an evacuated Soxhlet reactor setup (h = 600 mm, Figure 3.4). At the bottom of the setup, a batch vessel
surrounded by an oil bath represented the reboiler region to evaporate applied reactants and generate
a vapor stream. The batch vessel was filled with the pretreated starting materials ((R/S)-2-PeOH and
EtBu), the solvent material (p-xylene) as well as the chemocatalyst for racemization at the beginning
of each experiment. It was connected to a Soxhlet-extractor, which typically consists of a vertical glass
tube with two separate lines. The ‘vapor line’ was empty and let the vapor stream rise to the top of
the setup. During operation, uprising vapor was condensed by a reflux condenser at the top of the
setup, which caused a liquid flow through the second line of the extractor unit. In the second line, the

immobilized biocatalyst (NZ435) was placed either in the upper part or in the lower part, while the
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residual volume was filled with glass beads (d = 2 -3 mm). This ‘liquid line’ contained a valve for liquid
reflux in the lower part to allow circulation of reactants back to the batch vessel and simultaneously
prevented a contact of both applied catalysts. Due to the cooling effect in the condenser, a reduced
temperature was present in the condensed droplets of the liquid flow and consequently at the position
of the biocatalyst as well. Overpressure in the evacuated system was prevented by the connection of
a balloon at the top of the reflux condenser. At the same position, either nitrogen flow or vacuum was
applied via a flexible shifted valve in a connected Schlenk-line to evacuate the system and reduce

deactivation of the racemization catalyst by molecular oxygen.

Nitrogen —_| >, = N,
Ballon /] Vacuum

Condenser —

- L =i3 Vapor line

™ Liquid line | ‘/
~~3 || Immobilized
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Separation
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Reaction 7 oo - -
vessel and — 7\ /
il bath N @ —-

_ ~ Solved )

Chemocatalyst

Figure 3.4: Integrated soxhlet reactor setup for chemo-enzymatic dynamic kinetic resolution with separated
catalysts

For each experiment, three evacuation intervals were done. Additionally, all connection parts were
sealed with Teflon tape and applied glassware was flamed prior to use to get rid of moisture. In the
batch vessel, m =1 g dried sodium carbonate (Na,COs) supported the absence of oxidizing species
during operation. All reactants and the racemization catalyst were added under evacuated conditions
at room temperature and mixing within the batch vessel was realized by a magnetic stir bar to
circumvent delays in boiling. Sampling during operation was performed through silicone septa and
temperature was monitored in the reboiler region (resistance thermometer) as well as in the ‘liquid

line’ (infrared thermometer) to analyze the temperature at the position of both catalysts. With respect
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to promising results of Bogar et al. (2007) in classical chemo-enzymatic DKR, the weight ratio of NZ435

to Shvo catalyst for DKR was adjusted to 1.56 gnzass'Sshvo * [124].

Operation in the classical DKR approach by adding both catalysts in batch vessels was performed with
reactor volumes of V = 2 mL in standard batch vessels, which were evacuated similar to the conditions
described in the section of the Soxhlet reactor setup. In contrast to the Soxhlet reactor setup, both
catalysts were operated at the same temperature in this classical DKR approach.

The operation conditions for chemo-enzymatic DKR with spatially separated and not separated

catalysts are summarized in Table 3.10.

Table 3.10: Overview on operation conditions in chemo-enzymatic dynamic kinetic resolution of (R/S)-2-PeOH
with EtBu in p-xylene.

Soxhlet reactor setup Batch vessel

(spatially separated catalysts) (not separated catalysts)

Xo [%]
54:23:23 54:23:23 56:24:20 82:11:7

(EtBu : (R/S)-2-PeOH : p-xylene)
p [mbar] 1013 1013 1013 1013
mo [g] 13 13 2.2 1.5
Mnza3s [g] 0.25 0.25 0.035 0.035
Mshvo [8] 0.16 0.16 0.022 0.022
Tizass [°C] 31+2 57 32 65
Tshwo [°C] 183 +5 183 to 193 32 65
ATeatalysts [°C] 152+4 135 0 0
p [mbar] 1013 1013 1013 1013
n[-] 2 1 1 1
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4. SCOPE OF WORK

The aim of the present study will be the development of an approach for feasible reaction performance
with biocatalysts in an integrated batch reactive distillation (RD) setup (Figure 4.1). Within the
biocatalytic RD setup, it will be of special interest to realize in situ separation and isolation of chiral
target compounds in contrast to the well-established case of non-chiral compounds in course of RD
with chemical catalysts. Hence, a new set of target compounds should be addressed for RD resulting
from the application of biocatalysts. On the other hand, challenging aspects such as thermal
deactivation of biocatalysts should be overcome in biocatalytic RD to be attractive for industrial
application in future times. With respect to economic evaluation, increased amounts of chiral target
compounds can theoretically be achieved by solvent-free application of the starting materials and well-
chosen reactants to generally allow their in situ isolation within the RD setup.

Therefore, a preselection (A) and characterization (B) part will be performed to select theoretically
feasible candidates and verify them experimentally with respect to theirimplementation in biocatalytic
batch RD. While the preselection phase should be supported by property data from literature, stirred

tank reactors (STR) will be taken into account for experimental studies.

A Preselection B Characterization C Transfer to RD E Transfer to DKR
D In situ isolation RD || with 2 Catalysts

STR RD - Cat. RD + Cat. Soxhlet + Cat.

2 S

» »

Cat.
Y Y
Ideal process Experimental data Evaluation of Benefits for
window for basis for selected selected candidates, || cointegration
feasible candidates experimental of bio-and
candidates process window chemocatalysts

Figure 4.1: Approach of the present work
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The experiments in stirred tank reactors (STR) should provide influencing parameters of a selected
starting material combination such as biocatalytic activity, enantioselectivity, and the identification of
equilibrium limitations as well as the thermal stability of the biocatalyst. Furthermore, application of
STRs at reduced pressures compared to ambient conditions of p =1 atm = 1013 mbar (STR p < 1 atm)
will be performed to evaluate the necessity of shifting equilibrium limited reactions to the product
side. In addition to that, reactive distillation (RD) performance needs to be established and applied
without catalyst (RD - Cat.) during the characterization phase. Thereby, the availability of chosen
starting materials at different operating conditions can be proven to select a proper position of the
biocatalyst for further studies. Based on generated experimental data, interesting starting material
combinations ideally will be transferred to RD with catalyst (RD + Cat.) (C). As long as a transfer to RD
is successful, the major aim will be to identify a strategy for the possibility of in situ target compound
isolation. This strategy should comprise the variation of influencing parameters (i.e. fractional
distillation, position of the biocatalyst, racemic starting molar fraction) to determine a process window
for an interesting candidate with in situ target compound isolation (D) and perform economic
evaluation of this reaction system. In the case of a achieving the in situ isolation and demonstrating
the feasibility of biocatalytic RD, the application of a cointegrated approach by a biocatalyst and a
chemocatalyst in a Soxhlet reactor setup (Soxhlet + Cat.) will be considered and investigated (E) to
evaluate the feasibility of broadening the application of biocatalytic batch RD to dynamic kinetic

resolution (DKR).

The working packages A - E of the developed approach depicted in Figure 4.1 will be discussed in detail

in the following sections of chapter 5:

A Selection of Applicable Reactions for Biocatalytic Reactive Distillation (section 5.1)

B Characterization of Kinetic Resolution Reactions for Biocatalytic Reactive Distillation (section 5.2)
C Implementation of Selected Reactions in Biocatalytic Reactive Distillation (section 5.3)

D Chiral Target Compound Isolation in Biocatalytic Reactive Distillation (section 5.4)

E Combination of Chemo- and Biocatalysts by Dynamic Kinetic Resolution (section 5.5)
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5. RESULTS & DISCUSSION

5.1. Selection of Applicable Reactions for Biocatalytic Reactive Distillation

For the successful application of biocatalysts in an integrated batch reactive distillation column (RD),
the selection of starting materials prior to experimental studies is focused in the first part of the result
section. The investigated type of catalyzed reaction is the kinetic resolution (KR) of short chain racemic
alcohols with non-chiral esters (section 2.2.4). In Figure 5.1, the generated interface in Microsoft Excel

for comparing different starting materials is presented.

Reaction
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Figure 5.1: Implemented preselection tool to identify feasible starting material combinations for biocatalytic
reactive distillation

Implemented racemic starting alcohols comprise butyl-, pentyl- and hexyl-alcohols with one chiral
center and their derivatives including additional methyl or dimethyl sidechains (10 different
molecules). The corresponding starting esters range from (iso)-butyrates over (meth)-acrylates to
isovalerates with methyl-, ethyl- or propyl moiety (12 different molecules). An overview on the starting
materials is given in appendix section B (Table B.1). With respect to its unique properties, lipase B
from Candida antarctica (CalB) is the selected catalyst throughout the whole work (section 2.2.3). In
this part, theoretical application of the 120 different combinations for KR in RD is evaluated by
literature data on the implemented reactants taken from the National Institute of Standards and
Technology (NIST) database [140].In particular, the boiling temperatures of the reactants at varied
operating pressures are of interest for biocatalytic RD due to thermal deactivation of CalB at elevated

temperatures. Hence, the major criterion is to
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a) operate RD in a feasible temperature range for the chosen biocatalyst CalB (Trp).

At batch RD column temperatures up to Tgrp < 80 °C, theoretical feasibility of CalB is expected [37].
Thus, fixed column temperature constrains the boiling points of investigated starting materials. To
allow evaporation of the starting materials, reduced pressures in the RD column are considered for
decreasing the boiling points according to the corresponding Antoine parameters from NIST [140]. For
the calculation of the boiling points at varied operating pressures via the Antoine equation (Eq. 2,
section 2.1.1) pure reactants are considered. Simultaneously, batch RD operation is expected to
depend on the availability of the starting materials at the position of the biocatalyst as well as the
separation of the low and high boiling reactants to overcome reaction equilibria of KR reactions.

Therefore, theoretical feasibility of starting material combinations comprises criteria for

b) similar boiling points of the pure starting materials (ATevaporation) in the bottom of RD

and

c) separation of low boiling as well as high boiling reactants (ATseparation) in the column height.

The applied criterion for evaporation (ATevaporation) is restricted by a maximum boiling point difference
between the pure reactants at varied operating pressures, whereas the border of the separation
criteria is given by a minimum boiling point difference. A limiting maximum boiling point difference for
evaporation is chosen, because no reaction will take place without the availability of both starting
materials at the position of the biocatalyst at high temperature differences. On the other hand, a
limiting minimum boiling point difference is necessary for the separation of reactants (ATseparation)-

As long as the three described preselection criteria are fulfilled for a specific combination of starting
materials, RD operation is theoretically feasible. In a second step, the selected combination of starting
materials should be investigated more in detail with respect to property data (e.g. VLE data) as well as
experimental characterization. The described approach is discussed within the following subchapters

to select candidates for biocatalytic batch RD:

1. Influence of preselection criteria on the number of feasible combinations (section 5.1.1)

2. Selected kinetic resolution reactions and property data (section 5.1.2)

5.1.1. Influence of Preselection Criteria on the Number of Feasible Combinations

The influence of the temperature differences between the reactants in KR (ATseparation & ATevaporation) ON
the theoretical feasible number of reactions (ngeac) at varied operating temperature of the batch RD
column (Trp) was investigated for an operating pressure of p = 100 mbar. Both discussed temperature

criteria account for the boiling point differences between the pure compounds. The aim of those
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temperature criteria is to serve as an initial decision parameter for evaluating further investigation on
a specific starting material combination. The criterion for separation includes the temperature
differences between the low boiling reactants as well as the high boiling reactants and is represented
by ATseparation in Figure 5.2, A. Evaporation of the starting materials is taken into consideration by
ATevaporation in Figure 5.2, B. For both criteria, the temperature difference ranges from AT =2-15 °C
while in each case the second criterion is kept constant. Presented lines are implemented for visual aid
of the trend.

Figure 5.2, A demonstrates a slight decrease in the number of theoretically feasible reactions (ngeac)
with rising ATseparation at @ constant Trp and fixed ATevaporation < 15 °C. Moreover, a strong increase in Ngeac
was observed at rising column temperatures in the range of Trp = 60 — 80 °C. While only Ngeac = 44 were
reached for ATseparation > 15 °C (filled diamonds), stepwise increased reactions of nNgesc =48 at
ATseparation > 10 °C (filled squares), Ngeac =53 at ATseparation > 5 °C (filled triangles) and ngeac = 54 at
ATseparation > 2 °C (filled squares) were detected to be feasible at a column temperature of Tgp = 80 °C.
At reduced column temperatures of Trp = 60 °C, less flexibility in the number of feasible reactions was

observed by NReac = 6 (ATseparation >15 OC) up tO NReac = 8 (ATseparation >2 OC)

A & AT >15°C W AT >10°C B O AT <15°C O AT <10°C

separation separation evaporation evaporation

A AT >5°C @ AT >2°C A AT <5°C OAT <2°C

separation separation evaporation evaporation

hil T T

60 65 70 75 80
Tro [°C] Teo [°C]

Figure 5.2: Theoretically feasible number of reactions (nreac) in batch reactive distillation at varied temperature
criteria and column temperatures (Tro = 60 —80 °C). A: Criterion for separation by boiling point differences
between the low and high boiling reactants (ATseparation > 2 / 5/ 10 / 15 °C) at fixed ATevaporation < 15 °C. B: Criterion
for evaporation by boiling point differences between the starting materials (ATevaporation <2 /5 /10 /15 °C) at
fixed ATseparation > 5 °C.

Hence, the main influencing factor on ngreac With respect to the separation criteria ATseparation Was Tro,
which is determined by the thermal stability of the biocatalyst. Besides, minor effects of a changed

separation efficiency in the range of ATseparation > 2 - 15 °C 0N ngeac Were detected at a fixed Trp. This
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observation can be explained by the boiling temperatures of the formed lowest and highest boiling
compounds. In the presented case of KR reactions with short chain racemic alcohols and non-chiral
esters, the lowest boiling product alcohols are formed by cleavage of the ester compound. Within the
investigated reactants, the esters comprise methyl, ethyl or propyl moiety. That is why the low boiler
is either methanol, ethanol or 1-propanol, which provides significant decreased boiling temperatures
compared to the starting esters. Only if the applied racemic starting alcohol has a low boiling
temperature, ATseparation is Not fulfilled in the preselection tool. Same is true for the highest boiling
compound, which is formed by adding the faster reacting enantiomer of the racemic starting material
with a butyl, pentyl or hexyl structure on the residual part of the ester compound. By that, considerably
increased boiling temperatures for the formed esters are obtained compared to the starting materials.

Thus, the separation criterion showed a minor influence on the feasibility of KR in biocatalytic RD.

The results for rising temperature differences between the starting materials (ATevaporation) revealed a
strong increase in Nreac With rising Trp = 60 — 80 °C in the range of ATevaporation < 15 — 2 °C (Figure 5.2, B).
Moreover, an increased number of reactions was observed with rising ATevaporation at a fixed Trp. Within
the presented data on ATevaporation, @ fixed separation criterion of ATseparation > 5 °C is considered. The
lowest number of reactions was revealed at low temperature differences between the starting
materials of ATevaporation < 2 °C in the range of Nreac = 1 at Trp = 60 °C Up t0 Ngeac = 7 at Tro = 80 °C (open
circles). At ATevaporation < 5 °C, the number of reactions was increased to Nreac =3 (Tro = 60 °C) up to
NRreac = 22 at Trp = 80 °C (open triangles). A further increase was detected to Ngeac = 6 at Trp = 60 °C up
t0 Nreac =41 at Trp =80 °C for ATevaporation < 10 °C (open squares). Finally, the highest number of
reactions was present at ATevaporation < 15 °C With Nreac =7 (Trp = 60 °C) Up tO Ngeac = 53 at Trp = 80 °C
(open diamonds).

In contrast to the observations for ATseparation in Figure 5.2, A, the evaporation criterion (ATevaporation)
showed an increased influence on ngeac at a fixed Trp in Figure 5.2, B. This can be explained by less
flexibility toward the boiling points of the starting materials in the preselection approach. While the
lowest and highest boiling compounds are predetermined by the length of the applied alcohol residue
in the reactants and the reaction mechanism (Figure 5.2, A), similar boiling points of the starting
materials are not present by selecting a random combination of racemic alcohols and an ester
compound (e.g. (R/S)-3-hexanol and methyl butyrate). If higher ATevaporation Were allowed, an increased
number of randomly chosen combinations became theoretically feasible. But anyway, only the
combined effect of increased thermal stability of the catalyst (Trp) and high ATevaporation resulted in the
maximum number of feasible KR reactions in the preselection tool.

Finally, for both temperature criteria (ATseparation aNd ATevaporation), Tro Was the main influencing factor

on ngeac. Therefore, the highest number of reactions can be reached for increased Trp equivalent to
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increased thermal stability of the biocatalyst. In fact, thermal stability is predefined by the catalyst
preparation applied in RD. Thus, preferably increased ATevaporation @and reduced ATseparation Should be
adjusted by the column setup to allow an additional increase in nreac beside the main influencing
criterion of Trp. However, during real evaporation of a binary reactant mixture, actually only one boiling
point is present instead of a temperature difference. The application of the preselection criteria of
ATseparation aNd ATevaporation Was addressed due to a lack of information on vapor liquid equilibria
(VLE data) for the investigated starting material combinations. Hence, the performed preselection
study simplifies the real behavior by temperature differences between the pure compounds to obtain
feasible candidates for reactive distillation. But anyway, experimental investigations should be

performed in a second step for promising candidates.

As an additional parameter for an increase in the number of feasible starting material combinations
(nreac), further reduced operating pressure of p = 10 mbar is taken into account to decrease the boiling
temperatures of the reactants in accordance to Antoine dependency (section 2.1.1). Below pressures
of p = 10 mbar, sampling within the applied batch reactive distillation setup described in section 3.4
becomes challenging. Thus, beside the influence of Trp on the temperature differences ATseparation @S
well as ATevaporation, the impact of Trp on the varied operating pressure was investigated in the range of
Tro = 60 — 80 °C. In Figure 5.3, the feasible number of reactions (ngeac) is presented at virtual reduced
pressures of p =10 mbar (filled bars) and p = 100 mbar (open bars). The criteria for the previously
discussed temperature differences were kept constant at ATseparation > 5 °C and ATevaporation < 15 °C.

At p = 10 mbar, constant values for ngeac = 44 were observed independent from Tgp = 60 — 80 °C. On
the contrary, a rising number of Ngeac =7 at Trp = 60 °C up tO Nreac = 53 at Trp = 80 °C was present at

p = 100 mbar, respectively (see Figure 5.2, B).

BMp=10mbar Op =100 mbar
60

50
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20
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Figure 5.3: Theoretically feasible number of reactions (nreac) in batch reactive distillation at varied operating
pressure (p=10mbar, p=100mbar) and column temperatures (Tro=60-80°C). Fixed criteria for
ATseparation > 5 °C and ATevaporation < 15 °C were considered.
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According to the results, a strict reduction of the operating pressure in batch RD was required for all
starting material combinations to fulfill theoretical feasibility at reduced Tgo. If the virtual operating
pressure was reduced to p = 10 mbar, 6 times increased ngeac With respect to the investigated KR were
feasible at Trp = 60 °C in comparison to p = 100 mbar. This behavior clearly demonstrates the operating
pressure to be the major design variable for increasing ngeac at lower thermal stability of the biocatalyst.
Derived from the observations at different operating pressures, highly reduced pressures should be
applied to achieve application of biocatalysts with lowered thermal stability. For the investigated KR
reactions, at maximum ngeac =44 (at p =10 mbar and Tgp =60 °C) and ngeac =53 (at 100 mbar and
Tro = 80 °C) of initially 120 different options were determined to be feasible for further work.
Overviews on the feasible combinations at the discussed temperature constraints at p =10 mbar
(Tro = 60 °C) and p = 100 mbar (Trp = 80 °C) are given in appendix section B (Table B.2, Table B.3). The
observed reduction in nNgeac (Figure 5.3) to 37 — 44 % of the theoretical maximum of 120 options was
mainly caused by high boiling temperatures of the reactants, which were not evaporating at reduced
Tro and the chosen operating pressure. However, increased thermal stability of the biocatalyst allows
a constant increase in feasible nreac. At Trp = 80 °C, it becomes more efficient to operate the column at
p = 100 mbar with respect to the resulting number of reactions due to increased ngeac compared to an
operating pressure of p =10 mbar. Therefore, it is always a question of thermal stability of the
biocatalyst to get the optimal flexibility with respect to ngeac. Hence, the adjusted operating pressure

should be optimized for selected starting materials, individually.

Concise summary of section 5.1.1:

e Increased thermal stability of the biocatalyst allows higher number of feasible kinetic resolution
(KR) reactions ngeac in reactive distillation (RD): Npeac=7 at T =60 °C, Ngeac =53 at T=80"°C
(p =100 mbar)

o The lower the thermal stability of the biocatalyst, the lower the pressure that should be applied

in RD: p = 100 mbar (Ngeac = 7 at T = 60 °C), p = 10 mbar (ngeac = 44, T = 60 °C)

5.1.2. Selected Kinetic Resolution Reactions and Property Data

In order to evaluate the presented preselection tool described and discussed in section 5.1.1, two
chiral starting materials were selected for a detailed study on their property data.

In the first case, racemic 2-pentanol ((R/S)-2-PeOH) and either the non-chiral butyric ester compound

ethyl butyrate (EtBu) or propyl butyrate (PrBu) were selected to be the starting materials for kinetic
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resolution (KR) with CalB (Figure 5.4). The involved substitution of the non-chiral ester should give
detailed information on the influence of varied starting materials aiming at the same target compound.
This target compound is the less preferentially converted enantiomer (S)-2-PeOH of the racemic
starting material (R/S)-2-PeOH. In both reactions, CalB forms either (R)-2-pentyl butyrate ((R)-2-PeBu)
or (S5)-2-PeBu within a transesterification. In dependency of the present enantioselectivity for CalB,
only the faster reacting enantiomer of (R/S)-2-PeOH (here: (R)-2-PeOH) is converted under cleavage of
low boiling ethanol (EtOH) or 1-propanol (1-PrOH) from the starting ester. Both reactions are part of

the preselection tool (section 5.1.1).

OH o Kir) -

SNt Ry J\/\ D + R,
O Kr) OH
(R)-2-PeCH R-Bu (R)-2-PeBu R-OH
target compound o

OH o ks oJJ\/\
/\/!\ + |R -0J\/\ Ky /\/'\ + R “OH
(S)-2-PeOH R-Bu (S)-2-PeBu R-OH

R = ethyl (Et) or propyl (Pr)

Figure 5.4: Selected kinetic resolution reactions of the racemic starting alcohol (R/S)-2-pentanol ((R/S)-2-PeOH)
with A: ethyl butyrate (EtBu) or B: propyl butyrate (PrBu) catalyzed by Candida antarctica lipase B (CalB). Target
compound: (5)-2-PeOH, k) >> k(s).

In the second case, racemic (R/S)-3-hydroxy ethyl butyrate ((R/S)-3-HEB) was selected in combination

with the non-chiral primary alcohol 1-pentanol (1-PeOH) (Figure 5.5).

OH O k(-‘?} OH O
HO/‘\/\/ + /'\/U\O/\‘ K /‘\_)LO/\/\/ + /\OH
-(R)
1-PeOH (R)-3-HEB (R)-3-HPB EtOH
target compound
OH O k(5) QH O
HO/W + /\)I\O/\ k_(s) /\)I\O/\/\/ + /\OH
1-PeOH (S)-3-HEB (S)-3-HPB EtOH

Figure 5.5: Selected kinetic resolution reaction of the racemic starting ester (R/S)-3-hydroxy ethyl butyrate
((R/S)-3-HEB) with 1-pentanol (1-PeOH) catalyzed by Candida antarctica lipase B (CalB). Target compound:
(5)-3-HEB is the target compound, k) > kis).
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Similar to the first case, the residual enantiomer of the starting material ((S)-3-HEB) is the target
compound and the corresponding pentyl esters (R)- or (S)-3-hydroxy pentyl butyrate ((R)-, (5)-3-HPB)
are formed in dependency of the enantioselectivity of the applied biocatalyst CalB. Additionally, the
low boiler ethanol (EtOH) is produced. The main differences in comparison to the KR of the racemic
starting alcohol (R/S)-2-PeOH is the switch of chirality to the ester compound. This reaction represents
a randomly chosen starting material combination, which is of interest for pharmaceutical industry as

an intermediate molecule [141].

To evaluate the feasibility of the selected KR reactions, the Antoine behavior for the pure compounds
was used to determine the resulting theoretical operating window. Therefore, the calculated boiling
points of the pure compounds (T) are displayed in dependency of the applied column pressure (p) for
the selected KR reactions starting either with the racemic alcohol (R/S)-2-PeOH (Figure 5.6, A) or the
racemic ester (R/S)-3-HEB (Figure 5.6, B). Experimental data from literature (data points) and
parameter estimation calculated by Antoine equation (lines) (Eq. 2, section 2.1.1) were compared to
each other for the starting materials ((R/S)-2-PeOH, (R/S)-3-HEB, EtBu, PrBu, 1-PeOH) as well as the
formed low boiling alcohols (EtOH, 1-PrOH). The boiling points of the formed high boiling pentyl esters
((R/S)-2-PeBu, (R/S)-3-HPB) were estimated differently, because no information on the Antoine
parameters of those compounds was available. For (R/S)-2-PeBu (dashed line, Figure 5.6, A), the
estimation was performed based on linear extrapolation of the behavior for methyl, ethyl, propyl and
butyl butyrate (R? = 0.99). In the case of (R/S)-3-HPB (dashed line, Figure 5.6, B), the group contribution
method of Joback was applied to estimate the boiling temperature in dependency of the pressure
[142]. For this method, an error in the estimation of 7.2 % was present with respect to the comparison
of the available boiling temperature for (R/S)-3-HEB (p = 1 bar) and the derived Joback data for
(R/S)-3-HEB [143] [142]. Furthermore, reasonable operating range of CalB is expected between
T=30-80°C. At T = 80°C, the highest feasible operating temperature with respect to thermal stability
of CalB is highlighted by a dotted line.

Independent from the reactant, typical trends of rising vapor pressures were observed at increased
temperatures. In Figure 5.6, A, the theoretical feasible operating range of batch RD for (R/S)-2-PeOH
with PrBu is represented by a light grey box within T = 30 - 80 °C, whereas the sum of the dark and the
light grey box represents the theoretical operating window for KR of (R/S)-2-PeOH with EtBu. Those
areas are feasible, because any binary mixture of the starting materials can be evaporated and the
highest boiling reaction product will not evaporate simultaneously (see section 2.1.2). Additionally,
changing from ethyl to propyl moiety in the applied ester compound (EtBu or PrBu) resulted in a
different boiling point order of the starting materials over the complete range of the operating

pressure. While (R/S)-2-PeOH (filled diamonds) has an increased boiling point compared to the starting
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ester EtBu (filled triangles), (R/S)-2-PeOH has a lower boiling point compared to the starting ester PrBu
(open triangles). Similarly, the resulting operating window for (R/S)-3-HEB with 1-PeOH in Figure 5.6, B
is visualized by a grey box. Obviously, a reduced operating range is theoretically feasible for

evaporation of (R/S)-3-HEB.

A ® (R/S)-2-PeOH = = =(R/S)-2-PeBu | B <& (R/S)-3-HEB = = = (R/S)-3-HPB
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Figure 5.6: Theoretical operating window of the selected kinetic resolution reactions for biocatalytic batch
reactive distillation with CalB. A: (R/S)-2-PeOH with either EtBu (dark + light grey box) or PrBu (light grey box), B:
(R/S)-3-HEB with 1-PeOH (grey box). Dotted line at T=80°C: limit for thermal stability of CalB, filled lines:
calculated Antoine behavior, data points: experimental data from literature ((R/S)-2-PeOH [144], EtBu [145],
EtOH [146] [147], PrBu [148] [149], 1-PrOH [150], (R/S)-3-HEB and 1-PeOH [140]), dashed lines: estimated
Antoine behavior for (R/S)-2-PeBu by linear extrapolation of methyl-/ethyl-/propyl- & butyl-butyrate, estimated
Antoine behavior for (R/S)-3-HPB by group contribution method of Joback.

In fact, comparing experimental data from literature (data points) and calculated Antoine behavior
(lines) for the starting materials and the low boiling reaction products are in good agreement.
Moreover, changing the racemic starting material from (R/S)-2-PeOH to (R/S)-3-HEB showed a strict
influence on the theoretically feasible operating window in the applicable temperature range of the
biocatalyst (Trp). This is caused by the substantially increased boiling temperature of (R/S)-3-HEB
(Tooil,r/s)-3-nes = 181 °C) compared to (R/S)-2-PeOH (Twoil,r/s)-2-peon = 119 °C). Thus, the racemic starting
alcohol (R/S)-2-PeOH can be operated in a broader range with respect to the applied column pressure.
Furthermore, even slight changes in the moiety of the non-chiral starting material from EtBu to PrBu
revealed a different boiling point order of the reactants for the racemic starting alcohol (R/S)-2-PeOH.
A changed boiling point order of the reactants in principle allows in situ separation of the chiral target
compound at the top of the RD column by fractional distillation which will be addressed in section 5.3

and 5.4 of this work.
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Beside the operating window with respect to the thermal stability of CalB by feasible Tgp, fulfilling the
criteria for the temperature differences regarding evaporation (ATevaporation) @and separation (ATseparation)
at different virtual column pressures can be extracted from the given data in Figure 5.6, A & B.
Therefore, the boiling temperatures of the reactants in the investigated starting material combinations
are presented at three different column pressures in Table 5.1. A successful batch RD operation is
expected to be feasible at ATevaporation < 15 °C and ATseparation > 5 °C as long as the boiling temperatures
of the starting materials are within the range of T < 80 °C.

In the case of (R/S)-2-PeOH and EtBu behaving as the starting materials, the preselection criteria are
fulfilled at p =80 mbar (ATevaporation = 10 °C, ATseparation > 26 °C) and 100 mbar (ATevaporation = 11 °C,
ATseparation > 25 °C) as well as a maximum boiling temperature for evaporation of up to
Thoil,(r/s)-2-peon = 65 °C at p =100 mbar. At strictly reduced column pressures of p =10 mbar, the
evaporation criterion is not fulfilled (ATevaporation = 17 °C). Substituting the ester compound by PrBu
revealed theoretical feasibility at all three reduced pressures between p =10 - 100 mbar. However,
increased temperatures of up to Thoiereu = 76 °C will be necessary for evaporation, which is close to the
maximum temperature for Tgp = 80 °C. Hence, the operating pressure cannot be randomly chosen for
changed starting material combination and for further work on (R/S)-2-PeOH with EtBu column
pressures of p = 100 mbar are selected. To be more flexible in operation of (R/S)-2-PeOH with PrBu, a
pressure of p = 80 mbar is selected for further parts of this work, which will allow evaporation of the
binary mixtures of the starting materials at least at Tgp =70 °C. Therefore, similar temperature
differences of ATevaporation =9 -10°C for the two selected starting material combinations with
(R/S)-2-PeOH are generated.

In contrast to the selected combinations with (R/S)-2-PeOH, starting with (R/S)-3-HEB and 1-PeOH
gives a temperature difference apart from the feasible range for ATevaporation <15 °C
(ATevaporation = 24 - 30 °C) at p =10 - 100 mbar. Additionally, Tap <80 °C can only be achieved at
p = 10 mbar for the higher boiling starting ester (R/S)-3-HEB (Tuoil,r/s)-3-1e8 = 66 °C). Only ATseparation > 5 °C
(ATseparation > 48 -52 °C) is fulfilled within the theoretical operating window for (R/S)-3-HEB with 1-PeOH.
Hence, feasibility of (R/S)-3-HEB and 1-PeOH due to the fixed temperature criteria of the preselection
tool is not given.

In order to verify these observations within the preselection criteria, experimental investigation on
both racemic starting materials will be performed (section 5.2). Moreover, it has to be mentioned that
the worst-case scenario was implemented for the preselection criteria with respect to estimated
Antoine parameters. In contrast to the pure boiling temperature of the higher boiling starting material,
real boiling temperatures of applied starting material mixtures will be in most cases lower than the
boiling temperature of the higher boiling starting material. The only exception is the formation of a

temperature maximum azeotrope, which does only occur in minor cases [64]. In all other cases, the
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pure higher boiling starting material could be evaporated at a given column temperature as long as

the preselection criteria are fulfilled.

Table 5.1: Boiling temperatures (Tbvi) of the reactants and criteria for separation (ATseparation) as well as
evaporation (ATevaporation) at varied pressures (p) for the selected kinetic resolution reactions with either
(R/S)-2-PeOH or (R/S)-3-HEB.

(R/S)-2-PeOH / EtBu | (R/S)-2-PeOH / PrBu | (R/S)-3-HEB / 1-PeOH
pro [mbar] 100 80 10 100 80 10 100 80 10
To,(r/s)-2-peon [°C] 65 61 28 65 61 28
To,eu [°Cl 55 50 11
To,prau [°C] 76 70 29
Tb,(g/s)-2-pesu [°C] 95 89 45 95 89 45
Th,eron [°Cl 29 25 -6 29 25 -6
To,1-pron [°C] 46 42 10
Th,(r/s)-3-Hes [°Cl 112 | 107 | 66
To,1-peon [°C] 81 76 42
Th,r/s)-3-Hp8 [°C] 172 | 170 | 151
ATevaporation [°C] 10 11 17 11 9 1 31 31 24
ATseparation [°C] >26 | >25 | >17 | >18 | >18 > 16 >52 >51 | >48

Previously discussed restrictions by the application of Antoine parameters for pure reactants instead
of using VLE data for binary reaction mixtures are exemplary discussed for (R/S)-2-PeOH with PrBu.
With respect to literature, experimental data on the behavior of binary mixtures are only available for
the involved non-chiral ester PrBu with either isopropanol or the racemic starting alcohol (R/S)-2-BuOH
[151] and mixtures of PrBu with the formed low boiling alcohol 1-PrOH at ambient pressure [152]. Due
to strictly reduced availability of experimental VLE data, the non-ideal binary behavior was estimated
by the software Aspen properties V8.0 (Aspen Technology, Bedford, Massachusetts, USA) applying the
universal quasi-chemical UNIQUAC equation as a gt model [153]. For the calculation of activity
coefficients based on group contribution methods in the UNIQUAC equation, UNIFAC Dortmund
parameters (UNIFAC DMD) were used [154].

The results for estimated VLE behavior of binary mixtures of 1-PrOH and PrBu or (R/S)-2-PeOH and
PrBu at ambient pressure as well as reduced pressure of p = 80 mbar are presented in Figure 5.7, A - D.
In Figure 5.7, A, experimental data from literature are displayed by diamond shaped data points for
the vapor mole fraction of low boiling 1-PrOH (yi.pron) and squares for the liquid mole fraction of
1-PrOH (X1pron) [152]. The corresponding estimated VLE behavior of the vapor mole fractions
(Y1-prom / Yirss)-2-peon) are represented by dashed lines and for the liquid mole fractions

(X1-pron / X(rss)-2-peon) by filled lines, which are in good agreement with the experimental data.
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Figure 5.7: Estimated vapor liquid equilibria (VLE) by the software Aspen properties V8.0 for binary mixtures of
1-PrOH and PrBu (A: p = 1013 mbar, B: p = 80 mbar) as well as (R/S)-2-PeOH and PrBu (C: p = 1013 mbar, D:
p = 80 mbar). Filled lines: liquid molar fraction (xi), dashed lines: vapor molar fraction (yi), data points:
experimental data taken from Ortega et al. (1995) [152].

For binary mixtures of 1-PrOH and PrBu at ambient (Figure 5.7, A) and the desired reduced pressure
of p =80 mbar (Figure 5.7, B), no azeotropic behavior was detected, although almost similar molar
fractions were observed at T = 42.4 °C (X1-pron = 0.99 mol-mol™, y1.pon = 0.98 mol-mol?). Therefore, full
separation of 1-PrOH and PrBu is feasible according to the estimated VLE data. Similar results of
theoretically feasible full separation were obtained for the estimated binary VLE data of (R/S)-2-PeOH
and PrBu (Figure 5.7, C). In contrast, estimated (R/S)-2-PeOH and PrBu in Figure 5.7, D revealed
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azeotropic behavior at p=80mbar, T=60.8°C and Xg/s)-2-peoH = Y(r/s)-2-peon = 0.84 mol-mol?
(Xprau = Yerau = 0.16 mol-mol?). Hence, (R/S)-2-PeOH and PrBu can not easily be fully separated in RD.
For all other estimated binary VLE data including the reactants of the KR by (R/S)-2-PeOH with PrBu,
azeotrope formation is not observed. The corresponding additional VLE data are depicted in appendix
section B (Figure B.1).

By the detection of an azeotrope, the importance of investigating non-ideal behavior between the
applied reactants became clear in the preselection phase of a starting material combination for RD
application. However, comparing the boiling temperatures of pure reactants to the estimated binary
reactant mixture of (R/S)-2-PeOH and PrBu within the VLE data revealed a reduced boiling temperature
of the formed temperature minimum azeotrope. According to Ewell et al. (1944) [64], this temperature
minimum azeotrope is present in the majority of cases. Therefore, applicability of the established
preselection tool based on temperature criteria for pure compounds is still feasible in the case of
temperature minimum azeotropes, because evaporation of the azeotropic mixture with a reduced
boiling point is still possible in the range of the presented preselection criteria. Consequently, the
number of feasible reactions can be increased if VLE data for all starting material combinations would
be available but no restriction for selected starting material combinations occurs for a temperature
minimum azeotrope. Only in the case of a temperature maximum azeotrope and a desired operation
of RD near to the temperature constraints can cause false theoretical preselection. Furthermore, the
desired reaction performance in a biocatalytic batch RD column in principle allows overcoming the
azeotropic behavior (section 5.4). Finally it can be stated, that the presented approach for preselection
takes into account available data for the Antoine parameters to roughly give information on theoretical
performance by ideal estimation of pure boiling temperatures, which can be extended by VLE
estimation as well as RD column experiments to monitor the real column behavior for interesting

candidates.

Concise summary of section 5.1.2:

e Property data need to be considered for the selection of candidates in the preselection phase to
identify azeotropic mixtures and adjust the boiling point order of the reactants

e (R/S)-2-PeOH with PrBu shows azeotropic behavior during binary VLE-data estimation

(azeotropic mixture: p = 80 mbar, T = 60.8 °C and X(r/s)-2-peon = 0.84 mol-mol?)
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5.1.3. Interim Summary: Selection of Applicable Reactions

Successfully established preselection tool allows simple comparison with available data from
literature (Antoine) and first decision on feasible starting material combinations by discarding
many inacceptable combinations at an early stage of investigation

Preselection is demonstrated for KR reactions of short chain racemic alcohols and non-chiral ester
compounds, which can be extended to further reactions (37 - 44 % are feasible according to the
applied preselection criteria for the implemented KR reactions)

Two racemic starting materials are selected for detailed investigation of CalB catalyzed kinetic
resolution:

(R/S)-2-PeOH: with either EtBu or PrBu

(R/S)-3-HEB: with 1-PeOH

Their theoretical feasibility ranges can be identified using the applied preselection criteria for
evaporation in the column (ATevaporation < 15 °C), separation of the reactants (ATseparation > 5 °C) and
the biocatalyst stability (Trp < 80 °C):

(R/S)-2-PeOH with EtBu: all three fulfilled at p = 80 mbar and p = 100 mbar

(R/S)-2-PeOH with PrBu: all three fulfilled at p = 10 mbar, p = 80 mbar and p = 100 mbar
(R/S)-3-HEB with 1-PeOH: only ATseparation > 5 °C fulfilled at p = 10 - 100 mbar
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5.2.Characterization of Kinetic Resolution Reactions for Application in Biocatalytic

Reactive Distillation

This part deals with the experimental characterization of the selected CalB catalyzed solvent-free
kinetic resolution (KR) reactions from section 5.1 in terms of their feasibility in biocatalytic reactive
distillation (RD). In addition to the theoretical feasibility proven in section 5.1, performed experiments
and their results have to prove the application in small scale approaches within stirred tank reactors
(STR) at ambient and reduced pressure. The aim of this part is to generate an experimental data basis
for the selected KR reactions to allow a comparison with RD experiments afterwards. In the selected
reactions, chirality is either present in the racemic starting alcohol (R/S)-2-PeOH or the racemic starting
ester (R/S)-3-HEB, respectively. A comparison of both chiral starting materials is performed focusing

on the following parameters:

Influence of catalyst preparation and starting molar fraction on catalytic activity (section 5.2.1)
Influence of operating temperature on catalyst stability and catalytic activity (section 5.2.2)

Influence of operating pressure on reaction performance (section 5.2.3)

P oW poe

Availability of starting materials in reactive distillation experiments (section 5.2.4)

5.2.1. Influence of Catalyst Preparation and Starting Molar Fraction on Catalytic Activity
Biocatalytic activity for the selected biocatalyst CalB was investigated within two different catalyst
preparations applied in stirred tank reactor (STR) experiments. On the one hand, gel coating procedure
was applied in which the biocatalyst is entrapped in a silica matrix following the sol-gel process by
Reetz et al. (1996) [132] [133] (open bars, Figure 5.8). The gel coating material was produced according
to the method of Heils et al. (2015) and can be implemented in RD via coated Montz A3-500 wire gauze
column internals [45]. On the other hand, CalB adsorbed on poly acrylic carrier material known as
commercially available Novozym435 (NZ435) was investigated (filled bars, Figure 5.8). NZ435 particles
can be applied in RD by filling mesh baskets of Katapak-SP-like wire gauze column internals to create
catalytic packing elements. In contrast to the application of free biocatalysts, those immobilization
techniques can guarantee sufficient fixation within RD column height during operation and allow
increased thermal stability compared to the application of free biocatalysts [37] [132] [45].

Measured initial activities for particles produced by the gel coating procedure and NZ435 depicted in
Figure 5.8 showed an 12 - 16 times increase for NZ435 at T = 60 °C comparing the amount of applied
catalyst preparation (U-mgnzazs™ and U-mggel coating *). Independent from chirality either in the racemic
starting alcohol (R/S)-2-PeOH or in the racemic hydroxy ester (R/S)-3-HEB, initial activities of NZ435
were Vo=1.97+0.04U-mg? ((R/S)-2-PeOH) and vo=1.89+0.16 Umg?! ((R/S)-3-HEB) for

cnzazs = 7 mg-mLt and equimolar initial molar fractions (xo = 0.5 mol-mol?). At the same initial molar
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fraction and increased catalyst concentration for the gel coating material (Cgel coating = 35 mg-mL™), initial
activities of vo=0.07 £0.01 U-mg? ((R/S)-2-PeOH) and vo=0.12 £ 0.02 U-mg? ((R/S)-3-HEB) were

detected for both reactions.

A STR experiments: B Nz435 gel coating
(R/S)-3-HEB O (R/S)-3-HEB
B (R/S)-2-PeOH O (R/S)-2-PeOH

2,5
’ |

W 1,5

£

=)
(R/S)-3-HEB / 1-PeOH: e 1

-1
X = 0.5 mol-mol
(R/S)-3-HEB,0 0’ 5
(R/S)-2-PeOH / PrBu:

- 0.5 mol-mol " 0

X (R/5)-2-pe0H,0

Figure 5.8: Initial activity (vo) for two biocatalyst preparations of CalB comprising gel coating applied as particles
and Novozym435 (Nz435) for the selected kinetic resolution reactions of (R/S)-3-HEB with 1-PeOH or
(R/S)-2-PeOH with PrBu. A: Scheme of STR, B: experimental data. Operation conditions: p = 1 bar, T = 60°C,
400 rpm, cnzazs = 7 mg-mL?, Cgel coating = 35 mg-mL?, (R/S)-2-PeOH: X(r/s)-2-peot,0 = 0.5 mol-mol?,
xprau,0 = 0.5 mol-mol™?, (R/S)-3-HEB: X(r/s)3-Hes,0 = 0.5 mol-mol™?, Xi-reon,0 = 0.5 mol-mol™?. SD: n =2 for gel coating
((R/S)-2-PeOH, (R/S)-3-HEB) and NZ435 in ((R/S)-2-PeOH), n = 3 for NZ435 ((R/S)-3-HEB).

Beside the visible increased catalytic activity for NZ435, the theoretically applicable catalytic activity
per column section is calculated for both catalyst preparations to allow a proper selection. For NZ435
placed in Katapak-SP-like catalytic packing elements, at maximum a capacity of mnzass = 8 g per packing
element is possible. In one part of the column height (h = 300 mm), implementation of two Katapak-
SP-like catalytic packing elements (mMnzass,max = 16 g) can be realized (section 3.4). This refers to initial
activities of vo = 31520 + 640 U ((R/S)-2-PeOH) and vo = 30240 * 2560 U ((R/S)-3-HEB) per column part
for equimolar initial molar fractions in both selected KR reactions based on the presented initial
catalytic activities and their corresponding errors in Figure 5.8. Additionally, the capacity for gel coating
is calculated assuming similar conditions by published data of Heils et al. (2015) [45]. With a provided
Megel coating = 3.43 g per packing element and having the possibility to place three Montz A3-500 packing
elements in one part of the column (h =300 mm), initial activities of vo =720+ 103 U ((R/S)-2-PeOH)
and vo=1235+206 U ((R/S)-3-HEB) per column part can be realized at x;o = 0.5 mol-mol. Hence,
beside 12 - 16 times increased catalytic activity of NZ435, 1.6-fold increased mass of NZ435 can

theoretically be integrated into one part of the RD setup. Therefore, NZ435 offers the opportunity of

60



Chapter 5 Results & Discussion

increased flexibility in the position of the reactive zone and allows higher initial activities in RD

experiments, which leads to the decision of using NZ435 for further experiments.

In the next step, the initial activity (vo) of the selected catalyst preparation NZ435 was investigated at
varied initial molar fractions of (R/S)-2-PeOH as well as (R/S)-3-HEB in a range of
X(R/s)-substrate,0 = 0.1 - 0.9 mol-mol™ in STR’s at T = 60 °C (Figure 5.9). This is particularly important with
respect to the selection of initial molar fractions for the aimed RD experiments, because in the column
changed composition of the molar fractions over the column height and in the bottom of the setup are
expected during RD operation. This is referred to the separation of the reactant mixtures according to
their phase change behavior described in the corresponding vapor-liquid equilibria (section 2.1.1).
Therefore, the information of initial activity at varied initial molar fractions of the starting materials
which may consist at different RD column heights, is necessary to evaluate the RD process.

For low initial molar fractions of the racemic starting alcohol (R/S)-2-PeOH
(X(r/s)-2-peom,0 = 0.1 - 0.4 mol-mol™?) with PrBu, similar initial activities of vo=2.33 £0.02 U-mg* were
observed for the faster reacting (R)-2-PeOH (filled diamonds, Figure 5.9). A further increase in the
initial molar fraction of (R/S)-2-PeOH showed a constant decrease of the initial activity. The lowest
initial activity of vo=0.60+0.03 U'mg? was obtained at Xpg/s)-2-reon,0 =0.9 mol-mol™. For the
corresponding (S)-enantiomer, no initial activity was detected at varied initial molar fractions of

(R/S)-2PeOH (filled squares, Figure 5.9).

(R/S)-2-PeOH (R/S)-3-HEB
¢ (R)-2-PeOH ¢ (R)-3-HEB
W (S)-2-PeOH O (S)-3-HEB

3
2,5 - %

Vo [U-mg?]
&

0,5 A

=== —

0 0,2 o4 06 08 1

x(R/S)-substrate,O [']

Figure 5.9: Dependency of initial activity (vo) on the applied racemic initial molar fraction (X(r/s)-substrate,0) for the
kinetic resolution reaction of (R/S)-2-PeOH with PrBu and (R/S)-3-HEB with 1-PeOH. Operation conditions:
p =1bar, T=60"°C, 400 rpm, cnza3s = 7 mg-mL?, lines serve as visual aid, SD: n =2 ((R/S)-2-PeOH) and n=3
((R/S)-3-HEB).
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On the contrary, anincrease in initial activity was identified for (R)-3-HEB at rising initial molar fractions
with 1-PeOH up to vo = 2.62 + 0.27 U-mg at Xr/s)-3-1es,0 = 0.7 mol-mol™ (open diamonds, Figure 5.9). At
higher starting molar fractions of Xgp/s-3-Hes0 = 0.9 mol-mol?, decreased initial activity of
vo=1.83+0.06 U'mg! was detected for (R)-3-HEB. Similar behavior was observed for the
corresponding (S)-enantiomer, although highest initial activity was present at a lower level of
Vo =0.22 + 0.02 U'mg™ at Xr/s)-3-nes,0 = 0.7 mol-mol™ (open squares, Figure 5.9). All described trends are
highlighted by visual aid lines in Figure 5.9.

The observed trend of reduced initial activities for preferentially reacting (R)-2-PeOH with PrBu can be
explained by the effect of substrate surplus inhibition of the racemic starting alcohol (R/S)-2-PeOH.
Thus, Xr/s)-2-peor,0 = 0.1 - 0.4 mol-mol™? showed the most promising results for the aimed RD application
focusing only on high initial activity (vo). At the same time, reduced mass of the target compound
(S)-2-PeOH can be reached in KR at low initial molar fractions of (R/S)-2-PeOH due to an excess of the
corresponding initial molar fraction of the non-chiral ester PrBu. Additionally, the feature of ideally
having X =50 % in KR at an excellent enantioselectivity of the applied biocatalyst toward the starting
materials causes a further reduction in the mass of the target compound at low initial molar fractions
of (R/S)-2-PeOH (section 2.2.4). This means to achieve 0.05 mol-mol? of the desired target compound
(S)-2-PeOH in the case of excellent enantioselectivity at a starting molar fraction of
X(r/s)-2-peon,0 = 0.1 mol-mol™. Simultaneously, the starting ester PrBu will be present with an unreacted
residual molar fraction of 0.85mol'mol® at the end of the kinetic resolution. Excellent
enantioselectivity of E >> 100 was proven over the complete range of the initial molar fraction of the
racemic starting alcohol (R/S)-2-PeOH due to the absence of undesired formation of (S)-2-PeBu. Hence,
increasing the initial molar fractions of (R/S)-2-PeOH in the range of Xr/s)-2-peon,0 < 0.4 - 0.66 mol-mol*
will theoretically allow higher mass of the target compound in RD although the initial activity is reduced
by up to 36 % at Xr/s)-2-reon,0 = 0.66 mol-mol™. Referring to the increase in the starting molar fraction
up to Xr/s)-2-reor,0 = 0.66 mol-mol™?, 0.33 mol-mol? of the desired target compound (S)-2-PeOH can be
realized at excellent enantioselectivity while almost full conversion of the applied starting ester PrBu
(Xprauo = 0.34 mol-mol?)  takes place. At increased starting molar fractions  of
X(r/s)-2-peon,0 > 0.66 mol-mol™?, initial activity is further reduced and the present excess of the faster
reacting starting enantiomer (R)-2-PeOH compared to PrBu prevents full KR performance. If a starting
molar fraction of X(/s)-2-peon,0 = 0.9 mol-mol™ is applied, only 0.05 mol-mol™ are converted at excellent
enantioselectivity and the target compound can never reach high optical purity under those
conditions. Therefore, finally a reasonable trade-off between inhibition phenomena causing reduced
initial activity and the possibility of an increased mass of the target compound at full KR performance

needs to be adjusted for successful RD operation. Both of the discussed regions of initial molar
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fractions are addressed in section 5.4 by operating RD at initial molar fractions of X(g/s)-2-peon,0 = 0.1, 0.6
and 0.66 mol-mol™* with the corresponding starting ester PrBu.

For the KR reaction performance of the racemic starting ester (R/S)-3-HEB, the opposite trend in initial
activity is referred to the substituted chirality in the ester compound instead of the alcohol
((R/S)-2-PeOH).

At regions with low initial molar fractions of the racemic ester (R/S)-3-HEB (X(r/s)-3-1es,0 < 0.5 mol-mol™?),
substrate surplus inhibition of the non-chiral starting alcohol 1-PeOH was present causing reduced
initial activities. With increasing initial molar fractions of (R/S)-3-HEB, inhibiting effects by the reactant
1-PeOH were reduced due to its lowered initial molar fraction. However, the revealed maximum at
X(r/s)-3-nes = 0.7 mol-mol™ cannot be explained only by inhibition through the reactant 1-PeOH. Thus, an
influence of stochastic binding to the active side of CalB is assumed within the applied catalyst
preparation NZ435. Stochastically, less probability of simultaneous presence of both starting materials
(R/S)-3-HEB and 1-PeOH at the active side of CalB is expected for reaction performance at high initial
molar fractions of X/s)3-ues0 = 0.9 mol-mol™? (Xi-peon,0 = 0.1 mol-mol™?). That is why small initial molar
fractions of either the racemic ester (R/S)-3-HEB or the starting non-chiral alcohol 1-PeOH caused
decreased initial activities. However, initial molar fractions of X(/s)-3-ues,0 = 0.66 mol-mol™ as mentioned
in the case of the racemic starting alcohol (R/S)-2-PeOH theoretically allow full KR at excellent
enantioselectivity. But indeed, reduced enantioselectivity is observed for the racemic starting ester
(R/S)-3-HEB due to the formation of undesired (S)-3-HPB. Therefore, a reduced molar fraction of
X(r/s)-3-nes,0 < 0.66 mol-mol™?  should be applied to realize full KR. As an example, at
X(r/s)-3-Hes,0 = 0.5 mol-mol™ enough 1-PeOH (X1-peon0 = 0.5 mol-mol?) is present for the conversion of
(R)- as well as (S)-3-HEB with a starting molar fraction for both enantiomers of 0.25 mol-mol™.
However, this strictly reduces the theoretical mass of the desired target compound (S)-3-HEB in the KR
in comparison to the case with excellent enantioselectivity.Finally, for (R/S)-3-HEB a synergistic effect
of increased initial activity and an increased mass of the target compound could be formed, while a
compromise between lowered initial activity and increased mass of the target compound became
necessary for (R/S)-2-PeOH. On the other hand, the formation of undesired product (5)-3-HPB by
converting (S)-3-HEB beside the preferential (R)-3-HEB, less enantioselectivity of E=10-13 was
detected for the racemic starting ester (R/S)-3-HEB with 1-PeOH. Hence, CalB was not able to
distinguish between the enantiomers of the racemic starting ester (R/S)-3-HEB as good as for the
racemic starting alcohol (R/S)-2-PeOH.

As a conclusion, a strong influence of the applied initial molar fraction of the starting materials on the
initial activity is observed for both tested KR reactions with (R/S)-2-PeOH or (R/S)-3-HEB. Additionally,
the corresponding enantioselectivity was strictly decreased by changing from (R/S)-2-PeOH to

(R/S)-3-HEB.
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The observed differences in the initial activities of the (R)- and (S)-enantiomers of both racemic starting
materials in Figure 5.9 were further investigated by comparing the relative reaction velocity over the
course of the conversion (X) at a specific racemic initial molar fraction of X/s)-substrate,0 = 0.1 mol-mol™
(Figure 5.10). Calculation of the relative reaction velocity was done by dividing the obtained reaction
velocity for the formation of either the (R)- or (5)-pentyl ester at different points of conversion with
the initial reaction velocity of the preferably reacting (R)-enantiomer. The ratio of the relative reaction
velocity is abbreviated by vi)vgr)o? for the formation of (R)-2-PeBu and (R)-3-HPB (filled and open
diamonds) as well as visvir)o ! for the formation of (S)-2-PeBu and (S)-3-HPB (filled and open squares).
In both cases, the trends of the relative reaction velocities are shown by visual aid lines.

Independent from the applied racemic starting material, the relative reaction velocity of the faster

reacting (R)-enantiomers strictly decreased (diamonds, Figure 5.10).

(R/S)-2-PeOH (R/S)-3-HEB
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Figure 5.10: Comparison of the relative reaction velocities (vr)vir,0l, visyvr,ol) for the kinetic resolution
reactions of (R/S)-2-PeOH with PrBu and (R/S)-3-HEB with 1-PeOH. Operation conditions: p = 1 bar, T =60 °C,
SD: n=2. (R/S)-2-PeOH: Xr/s)-2-peor = 0.1 mol-mol?, xprau = 0.9 mol-mol?, cnzass =7 mg-mL?, (R/S)-3-HEB:
X(r/s)-3-ves = 0.1 mol-mol™, xi-peon = 0.9 mol-mol™, cnzazs = 35 mg-mL™2.

For KR of (R/S)-2-PeOH with PrBu, at X=47 +1% an extremely low relative reaction velocity of
VRIV@R,0T = Vs Vr,o s = 0.14 £ 0.03 % was detected. In the case of (R/S)-3-HEB with 1-PeOH, a similar
low relative reaction velocity of vpgrvpr,e’=0.10+0.01 % for the (R)-enantiomer was reached at
substantially increased conversions of X = 70 + 2 %. Comparing both trends revealed higher v(z)v)o!
for the racemic starting ester (R/S)-3-HEB. Simultaneously, the corresponding relative reaction

velocities of the (S)-enantiomers in both KR reactions were lower indicated by vis)vg)o? (squares,
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Figure 5.10). However, increased v(svg) o' =10.12 + 1.59 % was observed within KR of (R/S)-3-HEB
with 1-PeOH, whereas at maximum vsv(g)0™* = 0.11 £ 0.1 % was detected for KR of (R/S)-2-PeOH with
PrBu.

Thus, (R)-selectivity of CalB was detected by increased reaction velocities of vz)'v(z),0 ! and by that faster
conversion of (R)-2-PeOH as well as (R)-3-HEB. Moreover, increased relative reaction velocity was
present for both enantiomers in the KR by (R/S)-3-HEB with 1-PeOH. This is related to the previously
described reduced enantioselectivity, which caused increased v)-vr)0™ until (R)-3-HEB was either fully
converted or reaching the reaction equilibrium at higher conversion points at X=70+ 2 %. Low
enantioselectivity for KR of (R/S)-3-HEB with 1-PeOH could be supported by simultaneous conversion
of (S)-3-HEB represented by increased v Vg0l compared to the absence of any reaction with
(S)-2-PeOH. On the other hand, excellent enantioselectivity in the KR of (R/S)-2-PeOH with PrBu was
proven by fast depletion of (R)-2-PeOH up to X =47 + 1 % indicated by a strict decrease in vyVr)o™t.
Additionally, high enantioselectivity was underlined by prevented conversion of (S)-2-PeOH indicated
by vis)vir)ot = 0.14 £ 0.03 %. Finally, changing the racemic starting material influences not only the

initial activity (Figure 5.9) but affects the relative reaction velocity as well (Figure 5.10).

Furthermore, the influence of the initial molar fraction on the reaction equilibrium was investigated
for the racemic starting alcohol (R/S)-2-PeOH and the racemic starting ester (R/S)-3-HEB to identify the
point of equilibrium conversion. Therefore, the equilibrium constant (Keq) was determined at varied

initial molar fractions (X(/s)-substrate,0 = 0.1 — 0.9 mol-mol™?) at T = 60 °C and p = 1 bar (Figure 5.11).
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Figure 5.11: Experimentally determined equilibrium constant (Keg) in dependency of the racemic initial molar
fraction (X(r/s)-substrate,0) for the kinetic resolution reactions of (R/S)-2-PeOH with PrBu and (R/S)-3-HEB with
1-PeOH. Operation conditions: p = 1 bar, T = 60°C, cnzazs = 35 mg-mL?, SD: n = 2.
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Rather constant values of Keq = 0.24 + 0.04 were obtained for KR of (R/S)-2-PeOH with PrBu in the range
of Xr/s)-2-peor,0 = 0.1 — 0.9 mol-mol™? (filled diamonds). This refers to an equilibrium conversion of
Xeq = 44 £ 3 % for the racemic starting alcohol (R/S)-2-PeOH. The equilibrium conversion is calculated
by Eq. 12 in section 2.2.2. For KR of (R/S)-3-HEB with 1-PeOH, strong fluctuations were observed in the
determined equilibrium constants (open diamonds). So far, there is no explanation for the big
deviations in the equilibrium constants with (R/S)-3-HEB. They resulted in a mean value of
Keg=1.42 £0.15 within the investigated range of initial molar fractions
(X(r/s)-3-HeB,0 = 0.1 — 0.9 mol-mol™?). The corresponding equilibrium conversion was calculated to be
Xeq = 77 = 8 % for the racemic starting ester (R/S)-3-HEB.

Hence, the KR of (R/S)-2-PeOH with PrBu showed strong equilibrium limitation at Keq << 1 and did not
allow full KR at Xr/s)-2-peon,0 = 0.1 — 0.9 mol-mol™ even at excellent enantioselectivity due to Xeq < 50 %.
This observation can be supported by the previously described low detected relative reaction velocities
at a conversion of X =47 + 1 % (Figure 5.10). Therefore, a shift in equilibrium for the selected racemic
alcohol (R/S)-2-PeOH is necessary in the feasible range of Xp/ss)-2-reon0. This issue will be further
addressed by operating STRs (section 5.2.3) and the RD column at reduced pressure (section 5.3.1). In
the procedure of in situ product removal, the equilibrium is shifted by reducing the moles on the
product side according to the principle of Le Chatelier [97].

With respect to the reaction equilibrium for the KR of (R/S)-3-HEB with 1-PeOH, K¢q > 1 implied the
equilibrium to be on the product side. However, less enantioselectivity of E=10- 13 requires
increased conversions of Xeq275% instead of Xeq250% for a reaction with excellent
enantioselectivity (section 2.2.4). Although high standard deviations within experimental data were
detected for (R/S)-3-HEB with 1-PeOH, the reaction was not as strictly equilibrium limited as the KR of
(R/S)-2-PeOH with PrBu. This can be underlined by experimental data, in which Xeq =85 %2 % was
obtained (Figure 5.10). Finally, comparing both selected KR reactions with respect to the equilibrium
constant Keq revealed the necessity of shifting the equilibrium clearly in the case of the KR of

(R/S)-2-PeOH with PrBu.

Concise summary of section 5.2.1:

e Both selected starting materials reveal successful performance of solvent-free KR in stirred tank
reactors (STR) with the biocatalyst preparation NZ435 ((R/S)-2-PeOH with PrBu:
Vo =1.97 £ 0.04 U-mg™, (R/S)-3-HEB with 1-PeOH: vo = 1.89 + 0.16 U-mg™)

e Full KR can be achieved in STRs at initial molar fractions of X(/s)-substrate,0 < 0.66 mol-mol™

e Significant changes in the enantioselectivity (E) are detected in dependency of the applied starting

material ((R/S)-2-PeOH with PrBu: excellent E >> 100, (R/S)-3-HEB with 1-PeOH: low E = 10 - 13)
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e A strong equilibrium limitation is identified at T =60 °C and p = 1 bar for KR of (R/S)-2-PeOH with
PrBu (Keq = 0.24 + 0.04, Xeq = 44 + 3 %), while (R/S)-3-HEB with 1-PeOH is not equilibrium limited
(Keqg=1.42 £ 0.15, Xeq =77 £ 8 %)

5.2.2. Influence of Operating Temperature on Catalyst Stability and Catalytic Activity

The thermal stability of NZ435 was investigated for the KR of the racemic starting alcohol (R/S)-2-PeOH
with PrBu in STR experiments at operating temperatures of T=60 °C and T =80 °C (Figure 5.12).
Equimolar starting molar fractions of X(r/s)-2-peon,0 = 0.5 mol-mol™ were used for both temperatures. The
time dependent courses of residual activity were determined by the ratio of the initial activity in each
experiment to the initial activity in the first experiment (section 3.3). Independent of temperature,
decreased residual activity is depicted by open diamonds in the case of T = 60 °C and filled diamonds
at T =80 °C (Figure 5.12). Both experiments showed the expected exponential decrease in residual
activity. The experiment at T=80 °C was carried out for t =21 d, which resulted in a decrease of
46 £ 6 % after this time period. In comparison, a significantly increased residual activity of 62 £5 %
after t=58 d was obtained at T =60 °C. Those observed exponential trends correspond to the
deactivation constants kges = 0.036 £ 0.005 d* at T=80"°C and kges =0.008 £ 0.001 d* at T=60"°C
(Eg. 7, section 2.2.2). The calculated half-life times are 10s=19+3d (T=80°C) and 1o5=87+11d
(T =60 °C) for CalB applied as NZ435 (Eq. 8, section 2.2.2).
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Figure 5.12: Thermal stability of the selected biocatalyst preparation NZ435 at varied operating temperatures of
T=60°C and T=80°C. Operation conditions: p =1 bar, X&/s)-2-peon,0=0.5 mol-mol™, Xpreu0=0.5 mol-mol?,
cnzazs = 7 mg-mL?, 400 rpm, n =2
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The observed time-dependent decrease in residual activity at both temperatures is referred to thermal
deactivation of CalB (section 2.2.2). Therefore, this effect became stronger at an increased operating
temperature of T =80 °C. However, NZ435 was robust enough toward elevated temperatures of
T =60 °C—80 °Cfor the investigated solvent-free KR reaction. In fact, the detected thermal stability of
CalB in the presented results of T=60°C—-80°C can be supported by literature. While
Heils et al. (2012) determined similar residual activity of 58 % after t =50 d and at T =60 °C applying
CalB in gel coating material [40], Poojari et al. (2013) stated no significant activity loss for NZ435 at
T =80 °C after t = 30 d with incubation in toluene [37].

Thus, the application of NZ435 in biocatalytic reactive distillation as well as numerous reuse of the
same NZ435 particles is expected to be feasible according to the detected half-life times. Clearly, a
reduction in the applied temperature resulted in a substantially longer lifetime of NZ435. Although the
results were obtained in STR experiments, similar behavior with respect to the temperature is assumed
to be present in the RD setup. Additionally, stirring may cause disruptive effects within the collision of
NZ435 particles as well as the abrasion by the stirrer itself to increase deactivation of CalB within STR
experiments. Even more, reduced operating temperatures (T < 60 °C) in RD by guaranteed evaporation
of the starting materials can be realized by reduced pressure and would further increase the lifetime
of NZ435 (section 2.2.3). Although in reactive distillation processes in chemical industry, catalyst
lifetimes of up to several years are preferred for the synthesis of bulk chemicals [3], the main difference
is the synthesis of fine chemicals by the application of highly enantioselective but less thermal stable
biocatalysts. However, economic evaluation of the reusability of the catalyst and the value of the target

compounds should always be considered.

Beside the influence of two operating temperatures on catalyst stability, the effect of the operating
temperature on initial activity and enantioselectivity at fixed racemic initial molar fractions of
X(r/s)-substrate,0 = 0.5 mol-mol™ was investigated. According to Arrhenius, rising temperatures are known
to result in increased catalytic activity for chemical reactions [94].

Figure 5.13, A shows the results of Arrhenius dependency for the selected KR reactions in STR
experiments. Within this Arrhenius dependency, comparing the logarithmic initial activity (In(vo)) to
reciprocal temperature (T1) allows calculation of the activation energy E. by linear regression
(section 2.2.2). In addition to T, the corresponding temperature (T) is given in Figure 5.13, A. For
(R/S)-2-PeOH with PrBu, temperatures of T=40°C, 60°C and 80 °C (filled data points) were
investigated and for (R/S)-3-HEB with 1-PeOH temperatures of T =30 °C, 40 °C, 50 °C, 60 °C and 70 °C
were applied (open data points). The corresponding activation energy was calculated for the formation
of either (R)- and (S)-2-PeBu or (R)- and (S)-3-HPB. Diamond shaped data points represent the results
for (R)-2-PeBu and (R)-3-HPB, whereas data for (S)-3-HPB are depicted by squares in Figure 5.13, A.
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Similar activation energies of E; = 14.0 £ 0.1 kJ:-mol? for (R)-2-PeBu in KR of (R/S)-2-PeOH with PrBu
and E,=18.1+0.1kJ-mol? for (R)-3-HPB in KR of (R/S)-3-HEB with 1-PeOH were obtained. The
experiments indicated a 1.9-fold increased initial activity from T=40 °C to T =80 °C (AT =40 °C) for
(R/S)-2-PeOH with PrBu.

A (R/S)-2-PeOH (R/S)-3-HEB B
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Figure 5.13: Effect of operating temperature on kinetic resolution of (R/S)-2-PeOH with PrBu and (R/S)-3-HEB
with 1-PeOH. A: Arrhenius dependency (In(vo) over 1/T) for varied temperatures (T). B: Effect on
enantioselectivity E. Operation conditions: p = 1 bar, 400 rpm, cnzass = 7 mg-mL%, (R/S)-2-PeOH with PrBu (n = 2):
X(r/s)-2-peor,0 = 0.5 mol-mol™?, Xprau0 = 0.5 mol-mol, T=40°C, 60°C, 80°C. (R/S)-3-HEB with 1-PeOH (n=3):
X(r/s)-3-Hes,0 = 0.5 mol-mol?, x1-peor,0 = 0.5 mol-mol?, T = 30°C, 40°C, 50°C, 60°C, 70°C

For detailed information on the corresponding numbers for initial activity, it is referred to appendix
section C (Table C.1 ((R/S)-3-HEB), Table C.2 ((R/S)-2-PeOH)). Regarding the same temperature
difference within T = 30 — 70 °C (AT = 40 °C) for KR performance of (R/S)-3-HEB with 1-PeOH, 2.4 times
increased initial activities were observed. For the corresponding (S)-enantiomers, significant
differences between the racemic starting materials occurred. In the case of starting with (R/S)-2-PeOH,
no formation of (S)-2-PeBu was detected at the three investigated temperatures between
T=40-80°C and therefore is missing in Figure 5.13, A. If (R/S)-3-HEB was applied, simultaneous
formation of (S)-3-HPB took place. In fact, doubled activation energy of E,=37.5+ 0.1 ki-mol? for
formed (S)-3-HPB was calculated compared to (R)-3-HPB. At the same time, 5.6-fold increased initial
activity was present for the formation of (S)-3-HPB. Moreover, the dependency of enantioselectivity
(E) on the operating temperature is visualized for the racemic starting ester (R/S)-3-HEB with 1-PeOH

at the same temperature range between T =30 — 70 °C in Figure 5.13, B. The calculation of E was done
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on the basis of Eq. 4 (section 2.2.2). Assuming linear behavior resulted in decreased E-values at rising
temperatures. While an enantioselectivity of E = 20 is detected at T = 30 °C, it is reduced by more than
50% toE=9atT=70"°C.

Thus, faster conversion of the (R)-enantiomers was present independent from the applied racemic
starting material. In the case of (R/S)-2-PeOH with PrBu, excellent enantioselectivity was present at
the investigated temperature range between T = 40 — 80 °C, because no formation of (S)-2-PeBu was
detected (E >> 100). Similar results about the enantioselectivity of KR by (R/S)-2-PeOH with PrBu were
obtained for varied starting molar fractions in section 5.2.1. Even for the less enantioselective KR
performance of (R/S)-3-HEB with 1-PeOH, slightly faster reaction was detected for the (R)-enantiomer.
All those observations are in accordance to literature, wherein CalB is known to be (R)-selective [155].
Comparing both racemic starting materials, the initial activity is roughly doubled (1.9 to 2.4-fold) for a
temperature difference of AT = 40 °C. As a rule of thumb, doubled initial activities are already assumed
at a temperature difference of AT = 10 °C for chemical reactions [94]. Within the presented results, at
a temperature gradient of AT = 10°C just a reduced increase of 1.2-fold in initial activity was detected.
Hence, in combination with observed low activation energies of E, < 20 kJ-mol™ for the (R)-reactions,
the impact of temperature on the initial activity in both selected KR reactions is lower in the
investigated operating temperature range of NZ435. Even for increased E, = 37.5 £ 0.1 kJ-mol? with
respect to the (S)-enantiomer in KR of (R/S)-3-HEB with 1-PeOH, the increase in initial activity was not
doubled but 1.5-fold at a temperature gradient of AT =10°C. In fact, the observed reduced
temperature influence in principle allows catalyst distribution even in regions with low temperature
as well as a reduced overall column temperature for aimed RD experiments. Based on previously
discussed results, reducing the overall column temperature will decrease biocatalyst deactivation of
NZ435 and allow increased lifetime of the catalyst in column operation (Figure 5.12). Beside increased
lifetime of NZ435 at reduced temperatures, an increase in enantioselectivity was detected for the KR
reaction of (R/S)-3-HEB with 1-PeOH. The increase in E is caused by different E, for both enantiomers.
As long as different behavior for both enantiomers is present, integration of reactions with not
excellent enantioselectivities may become feasible in RD due to adjusting the operating temperatures

and therefore the enantioselectivity of the reaction as well.

Concise summary of section 5.2.2:
e High thermal stability of NZ435 with 195 =19 d (T = 80 °C) and 105 = 87 d (T = 60 °C) is obtained
e Less influence of rising temperatures on vo at AT =10 ° is observed in Arrhenius dependency

((R/S)-2-PeOH with PrBu: 1.2-fold increase, (R/S)-3-HEB with 1-PeOH: 1.2-fold increase)
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5.2.3. Influence of Operating Pressure on Reaction Performance

The influence of pressure on the reaction performance of the two selected racemic starting molecules
(R/S)-2-PeOH and (R/S)-3-HEB is addressed by the progress of enantiomeric excess (ee) with rising
conversions (X) at a racemic initial molar fraction of X/s)-substrate,0 = 0.1 mol-mol™? (Figure 5.14). Both,
experimental data for the enantiomeric excess of the target compounds (5)-2-PeOH or (S)-3-HEB as
well as the enantiomeric excess of the formed pentyl esters were compared to calculated data by the
method of Chen et al. (1982) [115] (section 2.2.4).

For KR of the racemic starting alcohol (R/S)-2-PeOH with EtBu, the course of ees.2-reon is depicted in
Figure 5.14, A at ambient pressure (p = 1 bar, open diamonds) and reduced pressure of p=0.1 bar
(filled diamonds). At a reduced pressure of p =0.1 bar, full KR with ees)-2-peon > 98 % was reached at
X =58.6 £ 0.7 %. Further increased conversion points up to X=78.8+1.9% (p=0.1bar) showed
constantly high values for ee(s)2peon. On the other hand, KR at ambient pressure stopped at
ee(s)q2-peon = 81.8 £ 1.5% and X =48.5 1 0.4 %. Simultaneously, the enantiomeric excess of formed
(R)-2-PeBu was observed to be constant at eeg)-2-resu > 98 % up to X=48.5+0.4% (p =1 bar, open
squares) and X=45.9+0.4 % (p = 0.1 bar, filled squares) followed by a decrease in ee(g)-2-pesu. Finally,
€erj-2-peu=94.2122.0% at p=1bar (X=48.5+0.4%) and ee)-2resu =30.7+3.3% at p=0.1bar

(X =78.8 £ 1.9 %) were detected before stopping the experiments.
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Figure 5.14: Reaction performance of kinetic resolution reactions at varied operating pressures. A: (R/S)-2-PeOH
with EtBu, B: (R/S)-3-HEB with 1-PeOH. Operation conditions: X(r/s)-substrate,0 = 0.1 mol-mol?, T =60 °C, 400 rpm,
SD: n=2, (R/S)-2-PeOH: p=1bar and 0.1 bar, cnzss=50mg-mL?, lines: calculated behavior at E > 100,
(R/S)-3-HEB: p = 1 bar, cnzass = 35 mg-mL?, p = 0.02 bar, cnzass = 7 mg-mL7, lines: calculated behavior at E = 10.
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The presented results are in good agreement with calculated data by the method of Chen et al. (1982)
[115] assuming an irreversible KR reaction for (R/S)-2-PeOH with EtBu (filled and dashed line,
Figure 5.14, A). In addition, experimental data for KR of (R/S)-2-PeOH with the corresponding starting
ester PrBu at ambient pressure showed the same trends (appendix section C, Figure C.1). Rising
enantiomeric excess values with respect to the target compound (S)-2-PeOH up to
eers)2peon = 79.9120.3% were detected while the formed pentyl ester was constantly at
€e(rj-2-pepu > 98.0 £ 0.1 % up to X = 46.4 £ 0.3 % for starting with PrBu (appendix section C, Figure C.1).
With respect to the previously discussed equilibrium conversion of Xeq=44+3 % in Figure 5.11
(section 5.2.1), the reaction of (R/S)-2-PeOH with PrBu clearly was at its equilibrium state. According
to the results for (R/S)-2-PeOH with EtBu at ambient pressure, the same reason can explain the
incomplete KR reaction at p = 1 bar. Comparing experimental data of KR by (R/S)-2-PeOH with either
EtBu or PrBu represented excellent enantioselectivities at ambient (with EtBu or PrBu) as well as
reduced pressure (EtBu) by initially obtained ee(g)-2-pesu > 98 % up to X <46 + 1 %. Hence, mainly the
preferentially reacting starting enantiomer (R)-2-PeOH was converted by CalB (provided as NZ435) as
long it is present in the reaction mixture. Especially at increased conversions beyond equilibrium
conversion, reaction velocity was enhanced by in situ separation of EtOH at reduced pressures, which
is displayed by substantially rising conversion up to X=78.8+1.9% (p=0.1bar) compared to
X=48.510.4 % at ambient pressure (p =1 bar) within similar operation times of t =300 min. The
driving force for increased conversion at reduced pressure was a shift in the equilibrium via in situ
product removal of low boiling EtOH. In fact, shifting the equilibrium of KR is required for PrBu applied
as starting ester due to lower Keq=0.24£0.04 and an equilibrium conversion of Xeq=44+£3 %
(section 5.2.1). As the same behavior is detected for the starting ester EtBu, full KR in the case of
(R/S)-2-PeOH can only be achieved at reduced pressures and by shifting the equilibrium. Hence, the
design opportunity by the operation at reduced pressures can be beneficial for the application of KR
in RD.

Similar experiments for the determination of the dependency of enantiomeric excess from conversion
at two different operating pressures of p = 1 bar (open data points) and p = 0.02 bar (filled data points)
were performed for KR of the racemic starting ester (R/S)-3-HEB with 1-PeOH (Figure 5.14, B). In
contrast to the racemic starting alcohol, reduced enantiomeric excess of the formed pentyl ester
(R)-3-HPB was observed in the beginning of the experiments for both investigated pressures due to
low E-values (section 5.2.1). While eeg)-3-nps = 82.9 % at X =3.9 % and p = 1 bar was detected (open
squares), eef)s-nes = 83.3£0.3 % at X =8.2 £ 0.6 % was present at reduced pressure of p =0.02 bar
(filled squares). Over the course of conversion, similar reduction in the enantiomeric excess of
(R)-3-HPB took place for both pressures. At the end of the experiment an eegp)s.nps = 17.5 £ 1.1% at
p=1bar(X=78.6+1.1%)and eepr)snrs =12.7 % at p = 0.02 bar (X = 88.8 %) was obtained. In respect
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to the enantiomeric excess of the target compound (S)-3-HEB, experimental data at ambient pressure
are passing through a maximum at ee(s)s.nes = 80.8 £ 0.7 % and X =65.3+1.9 % before decreasing
again at further increased X to reduced ee(s)sup=65.6+1.1% (X=78.6+1.1%). At a reduced
pressure of p=0.02 bar, contradictory behavior of rising ee()s.nes ending up at constantly high
ee(s)a-nes > 99 % at 65.1 £ 0.1 % < X < 88.8 % were detected.

Hence, full KR was only achieved at reduced operating pressure (p=0.02 bar) indicated by
eers)s-nes >99 %, whereas it was prevented at ambient pressure (ees)s-nes = 80.8 £ 0.7 %). Assuming an
ideally performed irreversible KR reaction with less enantioselectivity (filled and dashed line,
Figure 5.14, B) showed the same behavior for calculated ees)snese compared to the presented
experimental data at reduced pressure. Moreover, within the results at ambient pressure, a typical
reversible reaction described in section 2.2.4 is indicated by the point of inflexion at X=65.3+1.9%
[116]. Hence, desired formation of the pentyl esters as well as low boiling EtOH was the preferred
direction of KR at conversions of X< 65.3+1.9 %. In this part of the reaction, the faster reacting
enantiomer (R)-3-HEB was preferably converted and increased ees)-s-es Were detected. Afterwards at
X>65.3+1.9%, the corresponding back reaction to the starting materials was preferentially taking
place. This behavior is referred to the presence of formed (R)-3-HPB, which can be converted faster by
CalB due to the same chirality as it is present in (R)-3-HEB [82]. At the same time, the undesired second
reaction takes place by converting (5)-3-HEB to the corresponding pentyl ester (S)-3-HPB. This is caused
by less ability of CalB to distinguish between the enantiomers of the racemic starting ester (R/S)-3-HEB
indicated by E = 10 at X(r/s)-3-nes,0 = 0.1 mol-mol™ (section 5.2.1). Therefore, the observed behavior in
the course of ee()-3-ups providing a maximum at X = 65.3 + 1.9 % is expected to be an overlaying effect
of equilibrium characteristics and low enantioselectivity of the KR reaction. In fact, this reversible
reaction with a decrease in ee(s).s-nes could be circumvented by performing the reaction at reduced
pressures (p = 0.02 bar).

To conclude, the operating pressure shows increased impact on the reaction performance of KR with
the racemic starting alcohol (R/S)-2-PeOH as well as the racemic starting ester (R/S)-3-HEB. At reduced
pressures, two main parameters allow an optimized reaction performance. On the one hand, the
equilibrium conversion can be overcome by removal of low boiling products (here: EtOH or 1-PrOH).
On the other hand, the back reaction especially for a less enantioselective KR reaction represented by
(R/S)-3-HEB with 1-PeOH can be achieved to realize full KR with excellent ee(s)snes. This feature of
removing reactants in situ can be applied in RD as well. Additionally, the performance of KR reactions
at reduced pressures in RD may offer the opportunity for direct separation of the chiral target

compound at the top of the column.
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Concise summary of section 5.2.3:

e Equilibrium of the limited KR reaction with (R/S)-2-PeOH can be shifted to the product side in
stirred tank reactors at reduced pressures (p = 0.1 bar) by in situ product removal to exceed full
KR (e€(s)-2-peon > 98 %, X = 58.6 + 0.7 %)

e Backreaction is prevented at reduced pressures (p = 0.02 bar) for the investigated KR of the chiral

starting ester (R/S)-3-HEB to exceed full KR (ee(s)3-nes > 99 %, X = 65.1 £ 0.1 %)

5.2.4. Availability of Starting Materials in Reactive Distillation Experiments as Function of the
Column Height

Based on the theoretical feasibility study in the preselection tool (section 5.1) and experimental
characterization of KR by (R/S)-2-PeOH with PrBu as well as (R/S)-3-HEB with 1-PeOH
(section 5.2.1-5.2.3), their behavior in RD was investigated by performing column experiments
without the presence of CalB. The addressed parameters were the substrate availability in different
column heights to define the position of the catalytic section and the separation efficiency of the
column setup.

Two binary mixtures for (R/S)-2-PeOH with PrBu (Figure 5.15, A) as well as (R/S)-3-HEB with 1-PeOH
(Figure 5.15, B) were investigated in RD with infinite reflux ratio (rr = «) to evaluate their distribution
over the column height. At infinite reflux, no fractional distillation takes place by total condensation at
the column top and returning the complete stream of evaporated reactants back into the column. The
column pressure was adjusted to p = 80 mbar in the case of operating the RD setup with two binary
mixture of (R/S)-2-PeOH and PrBu (Xg/s-2-peoro = 0.4 mol-mol™?,  Xsg/s)-2-peor,0 = 0.6 mol-mol™?)
(Figure 5.15, A). For (R/S)-3-HEB and 1-PeOH, further reduced column pressures of p =10 — 20 mbar
were applied due to an increased boiling temperature of the binary reactant mixture (section 5.1.2).
The investigated initial molar fractions for the racemic starting ester were X(/s)-3-+es,0 = 0.5 mol-mol?
and Xrss)3-nes0 = 0.8 mol-mol? (Figure 5.15, B). Final distribution of the reactants over the column
heights are presented in stationary state, which refers to at least two samples at a specific column
height during constant column temperatures. A column height of H = 0 m refers to the bottom of the
batch RD setup, whereas H = 0.72 m (for (R/S)-3-HEB) or H = 1.5 m (for (R/S)-2-PeOH) corresponds to
the condenser stage at the top of the column. For separation of the reactants, RD is either equipped
with a combination of Katapak-SP-like packing elements and Montz A3-500 wire gauze structures in
the case of (R/S)-2-PeOH or just by Montz A3-500 in the case of (R/S)-3-HEB. A combination of column

internals in the case of (R/S)-2-PeOH was applied to imitate catalyst integration in the mesh baskets of
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Katapak-SP-like packings by packing glass beads inside and profit from increased separation efficiency
within Montz A3-500 structures (section 3.4). With respect to literature, the separation efficiency of
Katapak-SP like packings (HETP=0.4—0.5m at p =100 mbar and Fy=1.2-2.8 Pa%) is reduced
compared to Montz A3-500 column internals (HETP=0.2-0.3m at p=100mbar and
Fv=1.2-2.5Pa%%) [156] [157] [45]. The presented experimental data show the mean values of
obtained molar fractions over the column height for varied F-Factors in a range of Fy = 0.9 — 2.6 Pa®®,
Calculation of the F-Factors is based on an energy balance in the evaporator of RD by the procedure
described in section 3.4 and additional data are given in appendix section A (Figure A.1, Table A.1).

In Figure 5.15, A, the height dependent column profiles of the initial material molar fractions of
(R/S)-2-PeOH (diamonds) and PrBu (squares) at six different sampling positions within the column
setup are visualized. Independent from the applied initial molar fractions in the bottom of the column,

X(r/s)-2-peon iNCreased with rising column heights at a simultaneous decrease of Xpsu.
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Figure 5.15: Stationary column profiles in reactive distillation without biocatalyst for the distribution of binary
mixtures. A: (R/S)-2-PeOH and PrBu, the grey box indicates the feasible region for performing full KR at decreased
temperatures; B: (R/S)-3-HEB and 1-PeOH. Operation conditions: A: p = 80 mbar, msottom,0 = 800 g, total reflux
(rr = 00); X(r/s)-2-peon,0 = 0.4 mol-mol™: Tstat, top = 59 * 2°C, Tstat, bottom = 64 * 1°C (n = 3); X(r/s)-2-Peon,0 = 0.6 mol-mol™?:
Tstat, top = 56 * 4°C, Tstat, bottom = 63 = 1°C (n = 4); B: Maottom,0 = 800 g, total reflux (rr = o0) X(r/s)-3-#es,0 = 0.5 mol-mol™:
p =20 mbar, Tstat, top = 59°C, Tstat, bottom = 69°C, SD: 4 samples at stationary conditions; X(g/s)-3-+es,0 = 0.8 mol-mol™:

p = 10 mbar, Tstat, top = 43°C, Tstat, bottom = 64°C, total reflux (rr = ), SD: 4 samples at stationary conditions

In the case of starting with Xwgs-2peono= 0.4 mol-mol? (open diamonds), up to
X(r/s)-2-peon = 0.83 £ 0.01 mol-mol™? were detected at the column top (H = 1.5 m) at stationary column

conditions. At the same time, a slight shift from Xw&s-2-peono = 0.4 mol-mol? to
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X(r/s)-2-peon = 0.35 + 0.02 mol-mol™* was observed at the bottom of the column (H = 0 m). This decrease
at H=0m was caused by an increased tendency for evaporation of the lower boiling reactant
(R/S)-2-PeOH in the applied binary mixture (section 2.1.1). Within the lowest sampling position of the
packing height at H = 0.24 m, an intersection of the molar fractions occurred with molar fractions of
X(r/s)-2-peon = 0.50 £ 0.01 mol-mol™. In the experiments with an increased racemic initial molar fraction
of X(r/s)-2-peon,0 = 0.6 mol-mol™ (filled diamonds) was applied, similar X/s)-2-peon = 0.84 + 0.01 mol-mol™
were obtained at the column top (H = 1.5 m) under stationary conditions. In contrast to the previously
discussed results, no intersection along the column height was observed for an initial molar fraction of
X(r/s)-2-peon,0 = 0.6 mol-mol™.

Hence, for both investigated racemic initial molar fractions, separation over the RD column height
ended up in similar Xr/s)-2-peon = 0.83 — 0.84 mol-mol™ and xprey = 0.16 - 0.17 mol-mol™? at the top of the
column. This behavior of similar molar fractions at the top of the column for varied initial molar
fractions indicated the formation of an azeotropic mixture. In fact, this is in accordance with previously
discussed results in section 5.1.2, in which a temperature minimum azeotrope at similar conditions of
X(r/s)-2-peon = 0.84 mol-mol™?, Xprgy, =0.16 mol-mol™?, T=60.8°C and p=80mbar was estimated by
VLE-data in Aspen properties V8.0. Theoretically, overcoming the azeotrope is possible by shifting
X(r/s)-2-peort iN @an additional performed KR reaction in the RD setup with the application of biocatalysts.
Within the reaction, the molar fractions of the starting materials will be decreased and at carefully
adjusted initial molar fractions full separation should be feasible. For offering advantageous conditions
to catalyze the reaction sufficiently, availability of both starting materials at different column heights
becomes particularly important. Therefore, the catalyst should at least be placed at the column
sections containing (R/S)-2-PeOH and PrBu. According to the investigated binary mixtures of
X(r/s)-2-peon,0 = 0.4 mol-mol™ and X(r/s)-2-peon,0 = 0.6 mol-mol™ in Figure 5.15, A, both starting materials can
be detected along the whole column height and catalyst placement is theoretically sufficient in all
column sections. In view of rather similar molar fractions of the starting materials in lower column
sections, the catalyst should be preferably in RD column heights of H=0.24-0.84 m (grey box,
Figure 5.15, A). Although the option of placing the catalyst in the bottom of the setup allows similar
molar fractions of the starting materials, thermal deactivation of the biocatalyst preparation will be
significantly increased due to formation of the high boiling pentyl ester (R)-2-PeBu (section 5.2.2).
Hence, placement of the biocatalyst preparation at column sections with decreased temperatures is
focused (H > 0 m). Besides, increased RD column heights of H > 0.84 m would allow further decreased
temperatures at the position of the biocatalyst, but formed low boiling 1-PrOH will accumulate at those
column positions. That is why in uppermost position of RD biocatalyst placement will not be as efficient
as in lower positions of the column. The effects on the reaction performance of varied biocatalyst

placement along the column height is discussed in detail for RD experiments with NZ435 in section 5.4.
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For binary mixtures of (R/S)-3-HEB with 1-PeOH (Figure 5.15, B), their height dependent distribution
in RD without catalyst at equimolar initial molar fractions of Xg/s)-3-nes0= 0.5 mol-mol? and
X1-peon0 = 0.5 mol-mol? were compared to increased racemic starting molar fractions of
X(r/s)-3-nes,0 = 0.8 mol-mol™ (x1-peor,0 = 0.2 mol-mol™). As a result, pure low boiling x1.reon Was detected at
the top of the column (H = 0.72 m) for both starting molar fractions at stationary conditions, whereas
no (R/S)-3-HEB was present. Initial molar fractions of X/s)-3-nes0 = 0.5 mol-mol? (open diamonds)
revealed a considerably decrease from X/s)-3-nes = 0.55 + 0.01 mol-mol™? in the bottom of RD to
X(r/s)-3-nes = 0.05 £ 0.01 mol-mol? at the lowest sampling position within the packing height
(H=0.18 m). At initial molar fractions of X/ 3-nes0=0.8 mol-mol? (filled diamonds), constantly
decreasing molar fractions of (R/S)-3-HEB were observed with an intersection of both reactants at
H = 0.18 m X(r/s)-3-1es = 0.51 + 0.01 mol-mol™? (filled squares).

In contrast to the results in Figure 5.15, A, full separation for two binary mixtures of (R/S)-3-HEB and
1-PeOH over the applied RD column height was achieved (Figure 5.15, B). This is indicated by pure
1-PeOH at the top of the column. Hence, no azeotrope formation was observed for the racemic starting
ester, which would allow less challenging separation compared to the results of (R/S)-2-PeOH and
PrBu. However, the placement of the biocatalyst becomes challenging due to less availability of the
starting materials at Xg/s)-3-1es,0 = 0.5 mol-mol™. Only in the bottom and at H = 0.18 m, higher boiling
(R/S)-3-HEB was detected. A broadened column section for placing the biocatalyst can only be realized
by increasing the molar fraction of (R/S)-3-HEB. Although placement of the biocatalyst at
X(r/s)-3-nes,0 = 0.8 mol-mol™ would be feasible in a range of H=0.18 — 0.54 m in the investigated setup,
the reaction performance at X(/s)3-1es,0 > 0.66 mol-mol™ prevents full KR with optical pure (S)-3-HEB
due to a deficit in Xi-peon,0 (section 5.2.1). The main reason for reduced availability of both starting
materials in the packing height of the column is the increased difference in the boiling temperatures
of (R/S)-2-PeOH and 1-PeOH of ATevaporation = 24 °C (section 5.1.2). Indeed, the observed challenges in
column operation without catalyst proves previously discussed feasibility based on the preselection
criteria in section 5.1.1 and section 5.1.2.

Finally, the presented results in Figure 5.15, A & B clearly demonstrated no feasibility of the starting
materials (R/S)-3-HEB and 1-PeOH for biocatalytic RD, supported by initially determined preselection
criteria. On the other hand, feasibility of KR by (R/S)-2-PeOH with PrBu detected by the preselection
criteria was successfully proven for biocatalytic RD in column experiments without catalyst. Those
results underline the importance of establishing a preselection basis prior to experimental

investigations, which will be discussed in the following chapters of this work.
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Concise summary of section 5.2.4:

Distribution of the starting materials along the RD column height without catalyst shows
availability of both starting materials over the whole column height in the case of (R/S)-2-PeOH
with PrBu and confirms the estimated azeotropic mixture

Less availability of (R/S)-3-HEB in the whole column height is detected

5.2.5. Interim Summary: Characterization of Kinetic Resolution Reactions

The biocatalyst preparation NZ435 is selected for the implementation in RD in this work due to
12 - 16 times increased catalytic activity compared to gel coating material and high thermal
stability upto T =80 °C

Several requirements for biocatalytic reactive distillation can be derived from the obtained results

in stirred tank reactors (STR) during the characterization phase:

a. Starting molar fractions should be adjusted to X(r/s)-substrate,0 < 0.66 mol-mol™ to theoretically

allow full KR performance
b. Excellent enantioselectivity (E > 100) is needed

c. Aslong as an equilibrium limited reaction is present (Keq < 1), the feature of in situ separation
in RD can be used to shift the equilibrium to the product side and to reach full KR under

vacuum conditions
d. Back reactions are avoided under vacuum conditions

e. Placement of NZ435 should be realized at least in lower column sections of the packing height
(H=0.24 m) despite the bottom to allow availability of both starting materials and
simultaneously increase the catalyst lifetime by decreased column temperature at the

position of the catalyst

f. KR with the chiral starting alcohol (R/S)-2-PeOH fulfills the stated requirements and is

therefore selected for investigations in a reactive distillation setup
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5.3.Implementation of Selected Reactions in Biocatalytic Reactive Distillation

On the basis of the selected and characterized CalB catalyzed kinetic resolution (KR) reactions of
(R/S)-2-pentanol ((R/S)-2-PeOH) with either ethyl butyrate (EtBu) or propyl butyrate (PrBu) from the
described and discussed results within stirred tank reactors (STR) in the previous sections 5.1 and 5.2,
this part will focus transferring and comparing this results to biocatalytic reactive distillation (RD)
application. The major aim of this part is the implementation of NZ435 in the RD column setup as well
as the focus on reaction performance of two different reactions in RD. The following sections address
the transfer and comparison of the results from STR experiments at reduced pressures (VAC = vacuum)

to biocatalytic RD:

1. Comparison of the reaction performance in stirred tank reactors at reduced pressure and
in biocatalytic reactive distillation (section 5.3.1)

2. Influence of the boiling point order on reaction performance (section 5.3.2)

5.3.1. Comparison of the Reaction Performance in Stirred Tank Reactors at Reduced
Pressure and in Biocatalytic Reactive Distillation

For the transfer of obtained characteristics in STR experiments at reduced pressure (VAC) in
section 5.2.3 (Figure 5.14, A) to the batch biocatalytic RD column setup, the KR experiments at similar
starting molar fractions of the racemic mixture (R/S)-2-PeOH (X(r/s)-2-peon,0 = 0.1 mol-mol?) and the
starting ester EtBu (Xetsu0 = 0.9 mol-mol?) at p = 100 mbar and T = 60 °C were performed. Schemes of
the applied reactor setups are depicted in Figure 5.16, A. The main differences between both reactors
were the position of the catalyst preparation NZ435 and the multistep separation along the column
height in RD. While NZ435 was placed in the liquid volume in VAC experiments, it is distributed in four
Katapak-SP-like catalytic packing elements at the bottommost column heights (H1 —H2) in the RD
setup. A higher separation efficiency in the RD setup was generated by non-catalytic wire gauze
structures (Montz A3-500) at increased column heights of H3 — H4 (grey area: Figure 5.16, A).

In Figure 5.16, B, the enantiomeric excess of (S)-2-PeOH and (R)-2-PeBu for both experimental setups
is shown over the conversion. In the RD setup, manually enabled fractional distillation at the top of the
column was performed with a reflux ratio of rr=20 (20:1) during the range of
43.4+4.1%<X<53.3+4.5% (grey area, Figure 5.16, B). Presented standard deviations (SD) for the
RD experiment refers to the maximum error estimation according to section 3.4. The performed
manual reflux strategy corresponds to a liquid side stream at the column top, which is switched on and
off by the operator at specific time points. For a detailed description of this manual reflux strategy, it
is referred to section 3.4. The enantiomeric excess in both reactor setups (VAC, open data points &

RD, filled data points) are compared to each other as well as to theoretical calculated data based on
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the method of Chen et al. (1982) (calc., lines in Figure 5.16, B) [115]. Within the experiments of stirred
tank reactors, the enantiomeric excess as well as the conversion can directly be calculated by the
withdrawn samples. For the RD experiment the situation becomes more complex and the samples at
different height positions were considered to calculate the parameters in the RD experiment.
Therefore, presented data for ee()-2-pesu and ee(s)2-peon are referred to the mean values including all
sampling positions in the RD column to allow a consideration of the liquid column hold-up. The
corresponding conversion was calculated based on the sum of changed moles of the racemic starting
material (R/S)-2-PeOH at all sampling positions related to the initially applied moles of (R/S)-2-PeOH.

An overview on the calculation procedure is given in section 3.4.

A VAC RD B (S)-2-PeOH (R)-2-PeBu
STR at reduced
(STR at reduced p) o VAC 1 VAC

/Q—l - = calc. — calc.
r 3
Top

[ I I —

H4

A\ J

H3

H2

H1

Bottom =

==<]Catalytic packing elements
(NZ435 in Katapak SP-like)

0 20 40 60 80 100
Non-catalytic packing X [%]
elements (Montz A3-500)

Figure 5.16: Comparison of kinetic resolution performance for (R/S)-2-PeOH with EtBu in a stirred tank reactor
operated at reduced pressure (VAC) and biocatalytic batch reactive distillation (RD). A: Applied reactor setups
with NZ435 either placed in the liquid volume (VAC) or in catalytic packing elements (RD). B: Experimentally and
calculated data for the enantiomeric excess (ee(s)-2-reoH, €€(r)-2-PeBu) at rising conversion (X). Operation conditions:
Xeteu,0 = 0.9 molmol™?,  X(r/s)q2-peon0 = 0.1 mol‘mol?, p=100mbar; VAC (n=2): T=60°C, mnz3s=0.35¢g
(cnzazs = 50 mg-mLL, cnzass = 500 mg-ger/s)-2-peon,0); RD (N =1): maottomo =800 g, grey box: area of manually
adjusted fractional distillation with rr=20(20:1), Teottom = 58 — 64 °C, Mnza3s = 6.5 8
(cnzazs = 104 mg-g(r/s)-2-peon,0t), SD: refers to maximum error estimation according to section 3.4.

During RD operation, constantly increasing enantiomeric excess of the desired target compound
(S)-2-PeOH to ees)2-peon > 99 % was observed with rising conversion up to X =53.3 £ 4.5 %. A further
increase in conversion to X = 56.5 + 4.7 % had no effect on ee(s).>-reon due to total consumption of the

faster reacting enantiomer (R)-2-PeOH. At the same time, high enantioselectivity of the reaction was
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confirmed by high enantiomeric excess values of the preferably formed ester (R)-2-PeBu
(ee(r)-2-penu > 94.8 £ 0.2 %) until X = 43.4 £ 4.1 %. Same trends were true for previously discussed results
in stirred tank reactors at reduced pressure (VAC) indicating high values for the enantiomeric excess
of ee(s-2peon>98% in a range of 58.6+0.7%<X<788%19% and high eer)2-resu>98 % at
X <£45.9 £ 0.4 %. For detailed discussion on the presented data within VAC experiments, it is referred
to section 5.2.3.

Within presented experimental data in Figure 5.16, B, good agreement is observed for the two
compared setups in VAC and RD experiments as well as the theoretical calculated values by revealed
identical reaction performance for ee(r).2-resu as Well as ee(s)-2-reon With increasing conversion. Thus, it is
obvious to see the successful implementation of NZ435 in Katapak-SP-like catalytic packings for full KR
in the batch biocatalytic RD setup. Hence, the validation of similarities between VAC experiments and
the RD column used in this work can be stated due to consistent data for enantiopure formation of

(S)-2-PeOH.

Concise summary of section 5.3.1:
e Identical behavior with respect to ee(s)2-reon and X in STRs at reduced pressure as well as in batch
reactive distillation is achieved at p = 100 mbar and X/s)-2-peon,0 = 0.1 mol-mol?

e Experimental results are in good agreement with calculated ideal courses of ees).2-peon and X

5.3.2. Influence of the Boiling Point Order on Reaction Performance

Changes in the boiling point order of the starting materials in CalB catalyzed KR are considered by
substituting the applied chain length of the starting ester from an ethyl- to a propyl-side chain in EtBu
and PrBu (section 5.1.2). In both reactions, (R/S)-2-PeOH served as the racemic starting alcohol. For
experiments in biocatalytic batch RD, the same column conditions were chosen with respect to the
starting molar fractions of (R/S)-2-PeOH (X(r/s)-2-peon,0 = 0.1 mol-mol?) and the varied starting ester EtBu
or PrBu (Xestero = 0.9 mol-mol?). Schemes of the two RD experiments with varied starting esters are
depicted in Figure 5.17, A. Moreover, operating the RD column at reduced pressures of p = 100 mbar
for the application of EtBu and p = 80 mbar for PrBu indicates similar temperature differences between
the pure boiling points of the starting materials of ATevaporation =9 - 10 °C according to the presented
preselection approach (section 5.1). By this reduced temperature differences, any binary mixture of
the starting materials should guarantee the availability of the reactants in the biocatalytic section of

the column setup. While a similar mass of NZ435 of mnzs3s=6.2 - 6.5 g was implemented within
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Katapak-SP-like catalytic packing elements at the bottommost column height, distribution took place
either in two (PrBu, only in H1) or four catalytic packing elements (EtBu, H1 - H2). The preparation of
catalytic packing elements is described in section 3.4 and is depicted in Figure 5.17, A by crosses for
each catalytic packing element. Residual parts of the RD column were equipped with non-catalytic
Montz A3-500 wire gauze packing elements (grey area, Figure 5.17, A). Fractional distillation at the top
of RD was performed with reflux ratios of rr=20 (20: 1) for EtBu and rr=7.5 (15:2) for PrBu in
dependency of the applied starting ester. For PrBu, automated temperature controlled fractional
distillation was applied within the RD experiment. This temperature controlled strategy comprises a
liquid side stream at the top of the column independent from the operator but induced by a set
temperature value (section 3.4).

In Figure 5.17, B, the results of the two experiments for KR performance with varied starting esters of

EtBu and PrBu in biocatalytic RD are shown.

A (R/S)-2-PeOH (x=0.1mol-molt) B EtBu PrBu calculated
+ EtBu + PrBu
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L L ol 1
H4
H3 08
o
H2 < 06 2
" e
H1 o 04 %
v v @
Bottom = = x
____ 0,2
== Catalytic packing elements 0
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Non-catalytic packing
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Figure 5.17: Investigation of a changed boiling point order in kinetic resolution performance of (R/S)-2-PeOH
with either EtBu or PrBu in biocatalytic batch reactive distillation (RD). A: Equipment of the two RD experiments.
B: Reaction performance by enantiomeric excess (ee(s)-2-reon and ee(r)-2-resu) as well as molar fraction at the top
of the column (x(s-2-reoHop) at rising conversion (X). Operation conditions: X/s)-2-peon,0 = 0.1 mol-mol?,
Meottom,0 = 800 g, SD: refers to maximum error estimation according to section 3.4. EtBu: Xeteu,0 = 0.9 mol-mol?,
p=100 mbar, at 43.4+41%<X<53.3+4.5%: manually adjusted fractional distillation (rr=20),
Teottom = 58 — 64 °C, mMnzazs = 6.5 8 (Cnzass = 104 mg-gr/s)}2-peon,0 ), PrBu: Xprauo=0.9 mol-mol?, p =80 mbar,
Meottom,0 = 800 g, grey areas: automated temperature controlled fractional distillation (rr = 7.5), set temperature
value: T<43°C (lightest grey), T<46 °C (light grey), T<60 °C (dark grey), Tsottom = 70 - 74°C, mnza3s =6.15¢
(cnzass = 110 mg-g(r/s)-2-peoH,0™L).
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Hence, the focus is to investigate the influence of a changed boiling point order of the starting
materials for the racemic starting alcohol (R/S)-2-PeOH (section 5.1.2). Beside the courses of
enantiomeric excess for the target compound (S)-2-PeOH (ee(s)-2-reon) and the formed pentyl ester
(R)-2-PeBu (ee(r)-2-peau), Obtained molar fraction of the target compound at the top of the column
(X(s)-2-peon) are presented in dependency of conversion (X). Additionally, the theoretical calculated
courses of the enantiomeric excess for (5)-2-PeOH (dashed line) and (R)-2-PeBu (filled line) are shown.
The stepwise increased set temperature values for fractional distillation in the experiment with PrBu
were adjusted from T<43°C at 270x14%<X<432+23% to T<46°C at
432+23%<X<543+29% and T<60°C at 54.3+2.9%<X<582+3.6%. Those areas are
visualized by light to dark grey boxes for rising set temperature values in Figure 5.17, B. By this
procedure, condensed liquid was stripped out of the top of the column automatically at the defined
set temperature values, which behaved as temperature constraints.

Regarding the molar fraction of the target compound (5)-2-PeOH at the top of the column (X/s)-2-peon),
X(s)-2-peon < 0.05 £ 0.01 mol-mol™* was detected over the complete course of reaction in the case of
applying EtBu (filled triangles, Figure 5.17, B). However, the composition of the reactants at the top of
the column was shifted by manually applied fractional distillation between
43.4+4.1 % <X<53.3+4.5%. An additional figure with respect to the molar fractions of all reactants
in the top of the column is placed in appendix section D (Figure D.1, A). While EtOH was the dominant
compound due to its accumulation at the top of the column at X £ 43.4 + 4.1 % with molar fractions up
to  Xewon =0.75+0.02 mol-mol?, it was decreased by manual fractional distillation to
Xeton = 0.05 + 0.01 mol-mol™t at X = 53.3 + 4.5 %. At the same time, EtBu became the major compound
at the top of the column as it was the second lowest boiling component. An increase from
Xeweu = 0.25 + 0.02 mol-mol?, to Xee, =0.90 +0.01 mol-mol? was observed within the period of
43.4+4.1 % <X<53.3+4.5%. Within the courses of ee)zresu (filled squares) and ee(s)2-peon (filled
diamonds) over conversion (X), the presented results of RD with EtBu showed typical behavior for an
enantioselective KR reaction similar to the calculated behavior (ee)-2-resu = filled line and
ee(s)2-peon = dashed line), respectively. For a detailed description on the results of enantiomeric excess
over conversion for applying EtBu as the starting ester, it is referred to the previously discussed results
in section 5.3.1 (Figure 5.16, B).

If the same initial molar fractions with the starting ester PrBu were applied, an increased molar fraction
of the target compound (5)-2-PeOH up to Xs)-2-peon = 0.65 + 0.02 mol-mol™? at X =59.2 +3.2 % was
realized at the top of the column (open triangles, Figure 5.17, B). Residual components in this sample
at X=59.2+32% were Xpgp-2-reon = 0.04 £0.01 mol-mol?, Xipron = 0.07 £0.01 mol-mol* and
Xpreu = 0.24 £ 0.02 mol-mol™. The corresponding molar fractions of all reactants in the top of the

column experiment with PrBu over the whole course of the experiment are depicted in appendix
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section D (Figure D.1, B). Within the first part of the reaction (X £ 43.2 + 2.3 %), low molar fractions of
up to Xs)-2-peon = 0.12 £ 0.01 mol-mol™ were detected at the top of the column due to formation and
separation of low boiling 1-PrOH in the column setup. This leads to increased molar fractions of low
boiling 1-PrOH up to Xipron = 0.83 £ 0.01 mol-mol? at the top of the column in the range of
X<43.2 £ 2.3 %. In consequence of automated temperature controlled fractional distillation with a set
temperature value of T <46 °C, stripping of the low boiling 1-PrOH allowed an accumulation of
(S)-2-PeOH at the top of the column in the second part of the reaction. This was indicated by the
increase in its molar fraction up to Xs)-2-peon = 0.65 + 0.02 mol-mol™* at X = 59.2 + 3.2 %. Afterwards, no
change in conversion was detected until the end of the experiment at simultaneously decreased molar
fractions to X(s2-peon = 0.11 £ 0.01 mol-mol? and increased molar fractions of PrBu to
Xpreu = 0.88 + 0.01 mol-mol™. Additionally, Xr)-2-peon = 0.01 + 0.01 mol-mol™* were detected in the same
sample. The behavior of substantially reduced molar fractions of (S)-2-PeOH can be explained by the
low initial molar fractions of Xr/s)-2-peon,0 = 0.1 mol-mol?, which was fully stripped over the top of the
column in the end of the experiment. The expected course of enantiomeric excess with conversion for
PrBu is presented by open squares for ee)-2-ress and open diamonds for ee(s)2-peon. In the period of
X<43.2+2.3%, the enantiomeric excess of preferably formed (R)-2-PeBu was observed to be
ee(r)-2-pebu > 91.8 £ 0.3 %. At further increased conversion up to X £ 59.2 + 3.2 %, ee(r)-2-pesu Was reduced
to 81.3 £ 0.2 %. At the same time, constantly increasing enantiomeric excess of the target compound

was detected up to ee(s)-2-peon = 90.3 £ 0.3 % at X=59.2 £ 3.2 %.

Comparing the obtained molar fractions of (S)-2-PeOH for the two RD experiments at the top of the
column revealed successful accumulation and stripping of this target compound with molar fractions
of X(s)-2-peon = 0.65 + 0.02 mol-mol™ in the case of PrBu as the applied starting ester. In contrast, it is
prevented in the case of starting with EtBu (X(s)-2-peon < 0.05 + 0.01 mol-mol?) due to a different boiling
point order of the starting materials. Hence, instead of the target compound (S)-2-PeOH, EtBu had a
lower boiling point and was enriched at the top of the column in consequence of stripping the lowest
boiling compound EtOH. Changing this behavior by applying PrBu with a higher boiling temperature
compared to the racemic starting alcohol (R/S)-2-PeOH lead to successful stripping of (S)-2-PeOH at
the top of the column. In particular, the adjusted set temperature values for automated temperature
controlled fractional distillation of T<46 °C and T<60 °C in the experiment with PrBu allowed a
stepwise increase of the target compound (S)-2-PeOH at the top of the column. Finally, 13 times
increased molar fractions of (S)-2-PeOH were detected at the column top operating the column with
PrBu instead of EtBu as the starting ester and initial starting molar fractions of

X(r/s)-2-peori,0 = 0.1 mol-mol™. This substantial increase of a chiral target compound molar fraction in
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biocatalytic batch RD demonstrates the need for a careful preselection of the starting materials, if an
in situ isolation of the chiral target molecule is desired.

With respect to the courses of enantiomeric excess as function of conversion, high enantioselectivity
in RD was observed for both column experiments due to high ee)2peon =90.3+0.3% at
X =59.2 £3.2 % (PrBu) and excellent ee(s)-2-peon > 99 % at X =53.3 £ 4.7 % (EtBu). While the results for
(R/S)-2-PeOH and EtBu show good agreement until the end of the experiment at X=56.5+4.7%
between experimental data and calculated behavior with the assumption of an enantioselectivity of
E =100, the results for starting with (R/S)-2-PeOH and PrBu, fit the calculated values only at
X<43.2 +2.3 %. At further increased conversions, deviations to the calculated behavior occurred.
While eefr)2-pesu gave higher values compared to calculated behavior, ee(s)-2-reon Was reduced
(Figure 5.17, B). Obtained experimental data of ee(s)2-peon in RD were rather similar to the course of
reduced enantioselectivity of E = 10 (for comparison see Figure 2.7, A in section 2.2.4), which would
indicate an apparent behavior of low enantioselectivity. However, high enantioselectivity of E > 100 is
expected due to previously discussed results in stirred tank reactors (section 5.2.1) for the starting
ester PrBu. Looking at the course of the preferably formed pentyl ester (R)-2-PeBu (open squares in
Figure 5.17, B), ee(r)2-pesu > 99 % were still detected in the beginning of the experiment. In fact,
drastically reduced eef)-2resu should be present at E=10. Therefore, the reason for observed
decreased ee(s)-2-reon in KR with PrBu has to be a feature of changed reaction performance in RD
operation compared to the application of EtBu. The main difference of both reactions was the
opportunity for in situ separation of the target compound (S)-2-PeOH caused by a changed boiling
point order of the reactants, respectively. Hence, this should be the main influencing factor for the
reduced ees).2-peon in KR with PrBu. Especially during the period of fractional distillation at conversions
of X>43.2+2.3%, stripping of 1-PrOH lead to accumulation of (5)-2-PeOH as well as not reacted
(R)-2-PeOH  (X(r)-2-peon = 0.03 £ 0.01 mol-mol?) at the top of the column (appendix section D,
Figure D.1, B). Simultaneously, no (R)-2-PeOH (X()-2-pecon = 0 mol-mol™?) was left in the bottom of the
column and at the position of NZ435 in H1 (appendix section D, Figure D.1, C & D). Thereby, the low
starting molar fraction of X(s)-2-reon = 0.10 mol-mol™ prevented constant availability of (R)-2-PeOH at the
position of NZ435 for increased conversions (X > 43.2 + 2.3 %) and its simultaneous accumulation at
the top of the column caused a reduced ees)2-peon in the biocatalytic batch RD experiment.

To draw a conclusion, as long as small molar fractions of (R)-2-PeOH and (S)-2-PeOH were present in
the column, optical pure (S)-2-PeOH at the top of RD were prevented at the applied fractional
distillation strategy and a lowered boiling temperature of pure racemic (R/S)-2-PeOH compared to the
non-chiral starting ester PrBu. On the contrary, availability of the racemic starting alcohol was achieved
in the reactive section at the position of NZ435 at H1 — H2 for the lower boiling ester EtBu compared

to (R/S)-2-PeOH even after fractional distillation of the low boiling product EtOH and the starting ester
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EtBu. But in this case, in situ separation of (S)-2-PeOH during column operation is not possible at an
applied initial molar fraction of X/s)-2-reor,0 = 0.1 mol-mol™. Therefore, the selection of a proper starting
molar fraction, reasonable distribution of NZ435 along the column height and adjustment of the
temperature constraint for fractional distillation should be addressed in further experiments to
achieve in situ separation of the target compound with increased enantiomeric excess and purity at

the top of the column (section 5.4).

Moreover, the influence of the applied boiling point order on the reaction performance of the two
selected KR reactions is investigated by monitoring the temperature profiles over the course of
conversion at four different column heights (Bottom, H2, H3, Top) in the same RD experiments (EtBu
in Figure 5.18, A and PrBu in Figure 5.18, B). Horizontal lines represent the boiling points of the pure
reactants ((R/S)-2-PeOH = filled line, EtBu or PrBu = dashed line, EtOH or 1-PrOH = dotted line) at the
applied operating pressure for each experiment (p = 100 mbar (EtBu), p = 80 mbar (PrBu)). Within the

grey shaded areas, the periods of fractional distillation are highlighted.
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Figure 5.18: Temperature profiles within a changed boiling point order in kinetic resolution performance of
(R/S)-2-PeOH with either EtBu or PrBu in biocatalytic batch reactive distillation (RD). A: EtBu
(Xeteu,0 = 0.9 mol-mol?), B: PrBu  (xersuo=0.9 mol-mol?l). Operation conditions: mMegottom,0 = 800 g,
X(r/s)-2-peor = 0.1 mol-mol™? (detailed in caption of Figure 5.16).

In both experiments, the highest column temperature was measured in the bottom of the column
displayed by diamond-shaped data points. Starting with a 9-fold molar excess of EtBu (Figure 5.18, A),
this was dominating the initial boiling temperature of the reactant mixture of Tgottom = 59 °C, which was

slightly increased compared to the pure boiling temperature of EtBu (T, =55°C) at an operating

86



Chapter 5 Results & Discussion

pressure of p =100 mbar. This observed slight increase in the boiling temperature of the reactant
mixture can be referred to the vapor-liquid binary interaction of both reactants during evaporation
(section 2.1.1). Indeed, less molecules from the higher boiling racemic starting alcohol (R/S)-2-PeOH
(Tp = 65°C) of the binary mixture change from the liquid to the vapor phase than of the lower boiling
starting ester EtBu (appendix section D, Figure D.2, A). With proceeding conversion, an increase in the
bottom temperature up to Teottom = 64 °C was detected because of formed high boiling (R)-2-PeBu. The
same trend was present at the bottom of RD for a 9-fold molar excess of PrBu, in which an increase in
the boiling temperature of the reactant mixture from Tegottom = 70 °C t0 Tgottom = 74 °C occurred
(Figure 5.18, B). In contrast to the application of EtBu, the initial boiling temperature of the reactant
mixture was similar to the boiling temperature of the higher boiling starting ester PrBu (T, = 70 °C).
This is referred to the changed boiling point order of the starting materials, of which (R/S)-2-PeOH is
the lower boiling reactant and therefore evaporating in a higher extent compared to PrBu (appendix
section D, Figure D.1, C). At increased X >43.2+ 2.3 % in the experiment with PrBu, the RD column
temperature in the bottom became even higher than the boiling point of PrBu. This behavior occurred
based on the formation of high boiling (R)-2-PeBu, which accumulated at the bottom of RD and
simultaneously increased the boiling temperature of the reactant mixture (appendix section D,
Figure D.1, C). Finally, this temperature increase clearly indicated successful biocatalytic reaction
performance and supported the results in the offline samples.

At the column positions H2 (squares) and H3 (circles), decreased temperatures of the reactant
mixtures were observed compared to the temperature in the bottom with values in between the
boiling temperatures of the pure starting materials. Those temperatures showed the availability of
both starting materials within the column height. In Figure 5.18, A, almost constant temperatures of
Tuanus =57 £ 1 °C at H2 and H3 were monitored over the complete course of reaction including mainly
EtBu with molar fractions of xewsu =0.92 +0.02 mol-mol? (appendix section D, Figure D.2, B & C).
Therefore, the temperatures at H2 and H3 were not affected by the applied manual fractional
distillation strategy in the range of 43.4 + 4.1 % < X £ 53.3 £ 4.5 %. However, the experiment with PrBu
demonstrated fluctuating column temperatures at H2 and H3 (Figure 5.18, B). While the temperature
at position H2 ranged from Tux =65 °C to Tz = 69 °C, slightly decreased values of Tus =62 °C were
detected in the beginning of the reaction at H3 up to similar temperatures of Tyz = 69 °C at the end of
the experiment. Some fluctuations can be referred to the automated temperature controlled fractional
distillation strategy. Until the set temperature value was adjusted to T <60 °C, temperature at H3
stayed rather constant at Ty3 = 61 + 1 °C and afterwards it increased up to Tus = 69 °C.

At the top of the column, the lowest temperature was detected (triangles in Figure 5.18, A & B). During
reaction performance, the temperature at the top of the column is similar to the formed and

accumulating low boiling compounds EtOH (Figure 5.18, A) or 1-PrOH (Figure 5.18, B). In the periods
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of different fractional distillation strategies, drastically increased temperatures were detected. In the
case of performing KR with EtBu, the temperature increased up to Trop = 53 °C. This temperature
almost referred to the pure boiling temperature of EtBu, as it was the dominating compound at the
top of the column after stripping low boiling EtOH (appendix section D, Figure D.1, A). Moreover,
decreased temperatures were observed after applied fractional distillation X > 53.3 + 4.5 %, which was
indicating further reaction and accumulation of EtOH (appendix section D, Figure D.1, A). The course
of temperature at the top of the column for PrBu showed a constant temperature increase from
Trop = 42 °C to Trop = 65 °C due to stepwise performed fractional distillation (Figure 5.18, B).

Finally, the obtained temperature profiles within the two KR reactions operated in RD and its
interpretation clearly visualize the dependency of column operation on the applied boiling point order
of the starting materials. Independent from the applied fractional distillation strategy, in situ
separation of the formed low boiling product (EtOH or 1-PrOH) lead to increased temperatures at the
top of the column. Due to an excess of the varied starting ester, the temperature at the top of the
column after in situ separation was similar to the pure boiling points of the corresponding starting
esters. Therefore, the temperature profiles support the results of molar fraction analysis discussed in
Figure 5.16, B and allow evaluation of the reaction performance. Moreover, the column temperatures
did not exceed T =64 °C (EtBu) and T =74 °C (PrBu) for both experiments. With respect to thermal
deactivation of NZ435 (section 5.2.2), the results confirm feasible operation with NZ435 for both

selected KR reactions with initial starting molar fractions of X(r/s)-2-peon,0 = 0.1 mol-mol™.

Concise summary of section 5.3.2:

e Changing the boiling point order of the starting materials has major impact on RD column
experiments and allows in situ isolation of the target compound (5)-2-PeOH with
X(s)-2-peot,top = 0.65 mol-mol™ at ee(s)-o-peon = 90.3 £ 0.3 % (X =59.2 + 3.2 %) during operation of KR
by (R/S)-2-PeOH with PrBu

o Applicability of NZ435 is proven by monitored temperatures staying constantly below T =80 °C
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5.3.3. Interim Summary: Implementation of Selected Reactions

e Experimental results for the chiral starting alcohol (R/S)-2-PeOH are successfully transferred from
stirred tank reactors at reduced pressures to batch reactive distillation at starting molar fractions
of X(r/s)-2-peon,0 = 0.1 mol-mol™

e Predicted changes in the boiling point order within the preselection phase lead to 13 times
increased chiral target compound molar fractions of X(s-2-reortop = 0.65 mol-mol™? for KR of
(R/S)-2-PeOH with PrBu compared to (R/S)-2-PeOH with EtBu

e The KR of (R/S)-2-PeOH with PrBu is selected for further work
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5.4.Chiral Target Compound Isolation in Biocatalytic Reactive Distillation

Previously described and discussed results revealed the feasibility of kinetic resolution (KR) in
biocatalytic reactive distillation (RD) with a solvent-free mixture of (R/S)-2-PeOH with PrBu. Successful
in situ isolation of the target compound (S)-2-PeOH in consequence of adjusting the boiling point order
and availability of starting materials in the reactive section was achieved in the batch RD column setup.
However, in this subchapter improved reaction performance in batch RD column operation was
addressed and further investigations were made to obtain isolated target compound with increased
purity. Therefore, the following influencing parameters were investigated to achieve a better reaction

performance in biocatalytic batch RD:

Influence of catalyst distribution (section 5.4.1)
Influence of temperature controlled fractional distillation (section 5.4.2)

Influence of initial molar fractions of the starting materials (section 5.4.3)

P W bR

Economic evaluation of chiral target compound isolation (section 5.4.4)

5.4.1. Influence of Catalyst Distribution

Distribution of NZ435 in the batch RD setup was investigated by two different strategies for the
arrangements of Katapak-SP-like catalytic packing elements over the column height. The catalytic
packings were either placed alternately with two non-catalytic Montz A3-500 wire gauze elements
(NZ435 in H1 - H4) or by applying a larger reactive section only in the bottommost positions of the RD
setup (NZ435 in H1 - H2) (Figure 5.19, A). Residual sections in RD with the catalyst only in bottommost
column positions were also equipped with non-catalytic Montz A3-500 wire gauze elements.
Independent from the two different catalyst arrangements, similar catalyst amounts (mnzss = 30.36 g)
as well as initial starting molar fractions of X(r/s)-2-peon,0 = 0.6 mol-mol™ and Xpreu,0 = 0.4 mol-mol™* were
applied. Detailed information on the number of catalytic and non-catalytic column internals and the
corresponding amounts of NZ435 per packing element in the experiments are given in section 3.4
(Table 3.6 and Table 3.7). Stepwise fractional distillation was performed to strip low boiling 1-PrOH at
T<46°C in a first step and in a second step the higher boiling target compound (S)-2-PeOH by
switching to T< 60°C at high values for enantiomeric excess of (S)-2-PeOH. The temperature
controlled reflux ratio was adjusted to rr =9 (18 : 2) for stripping 1-PrOH and changed to rr =3 (15 : 5)
in the end of the experiment for faster stripping of (S)-2-PeOH in the case of alternately distribution of
catalytic packing elements (NZ435 in H1 - H4). In the experiment with NZ435 in H1 - H2, a constant
reflux ratio of rr =9 (18 : 2) was applied over the whole reaction time.

Figure 5.19, B demonstrates the behavior of enantiomeric excess (ee(s)-2-reon, diamonds) and purity

(X(s)-2-peon, triangles) with respect to the target compound (S)-2-PeOH over the course of conversion (X),
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whereas ee(s)2-peon represents the arithmetic mean over the whole RD column height and Xs)-2-peon the
molar fraction only in the uppermost sampling position at the top of batch RD. Filled data points
correspond to the first experiment with NZ435 placed in H1 - H4 and open data points represent the
second experiment with NZ435 placed in H1 - H2. Additionally, the theoretical calculated course of
ee(s)-2-peon fOr an enantioselective reaction (E = 100) is depicted by a dashed line. Presented standard
deviations (SD) for ee(s)->-peoH, X(s)-2-peon and X were calculated by maximum error estimation according
to the procedure in section 3.4. An overview on those determined maximum errors is summarized in
Table 3.9 (section 3.4). For the discussion, SD between both experiments are given. Similar fractional
distillation at the corresponding temperature constraint (T<46 °C, T<60 °C) is depicted by filled
vertical lines and arrows for NZ435 placed in H1 - H4 as well as dashed vertical lines and arrows for

NZ435 placed in H1 - H2 (Figure 5.19, B).
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Figure 5.19: Catalyst distribution of NZ435 in batch reactive distillation (RD). A: Scheme of two distribution
strategies. B: Influence of the distribution strategies on the enantiomeric excess (ee(s)-2-peoH) over the whole
column and the purity (Xs)-2-reontop) at the top of RD. Operation conditions: xprsu0= 0.4 mol-mol?,
X(r/s)-2-peon,0 = 0.6 mol-mol™, p = 80 mbar, Meottom,0 = 800 g, Mnzass = 30.36 g (Cnzazs = 75 mg-gr/s)-2-peon,0~), dashed
line: calculated behavior of ee(s)2-peon, temperature induced fractional distillation at T<46 °C and T <60 °C:
vertical lines and horizontal arrows (filled: NZ435 in H1 - H4, dashed: NZ435 in H1 - H2), SD: maximum error
according to section 3.4.

In the beginning of both experiments, an increase of X(s)-2-peon,top Was observed at the top of the column
setup followed by a strong decrease up to a conversion of X=14+1% and

X(s)-2-peoh,top < 0.05 = 0.01 mol-mol™. This behavior can be explained by initially low concentrations of
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the lowest boiling reaction product 1-PrOH, which was increasing afterwards due to constantly
proceeding reaction and accumulation at the top of the column. Present differences in Xs)-2-peon,top
between both experiments in the beginning of the reaction were related to evaporation of residual
reaction compounds in the catalytic packing elements as they are reused for the second experiment.
As the dominant compound in the column at the end of the experiments was (5)-2-PeOH, an increase
from X(s)-2-peot,top = 0.2 Mol'mol™ to Xs)-2-reottop = 0.7 mol-mol™ occurred at the top of the column after
starting a new experiment. Within the range of fractional distillation at T<46°C in between
14 +1 <X <55 %2 %, acontinuous increase in ees).2-peon Up t0 97 + 2 % at slightly increasing X(s)-2-peot,top
up to 0.13 + 0.01 mol-mol™? can be noted. In this part of the reaction, faster conversion of (R)-2-PeOH
resulted in increased ee(sy-2-reon While X(s)-2-reom,top Was constantly low with respect to continuous
formation and accumulation of low boiling 1-PrOH. In the last part of the experiment (X >55 2 %,
eers)2-peon > 99 %), temperature induced fractional distillation was set to T <60 °C to gain the target
compound (S)-2-PeOH with increased purity at the top of the column. Immediately after changing the
temperature for fractional distillation, strongly increased xs)2-peon Can be observed. Finally, similar
purities of at maximum Xs)-2-reortop = 0.8 mol-mol™? with ees)2peon>99% and X=6114% were
reached within the top samples independent from the catalyst distribution. Those samples additionally
contained molar fractions of Xi-pron,top = 0.11 £ 0.01 mol'mol™ and Xprsytop = 0.09 £ 0.01 mol-mol™. A
comparison between the theoretical and experimental process of ee(s)2-peon With conversion in
Figure 5.19, B revealed good agreement for NZ435 distributed in H1 - H4 as well as NZ435 in H1 - H2.

This indicates reproducibility of RD column operation even though NZ435 distribution is varied.

Hence, flexible arrangements of catalytic and non-catalytic packing elements seem to have no effect
on the purity of (5)-2-PeOH (xs)-2-reon) and thereby on the separation efficiency. This result stays in
contrast to the literature, in which an increased separation efficiency of Montz A3-500 is obtained
compared to the application of Katapak-SP-like column internals [45]. It is stated to have a height
equivalent to a theoretical plate (HETP) of HETP=0.12-0.15m at F-Factors in a range of
0.39 —1.02 Pa®® for Montz A3-500, while separation efficiency is reduced by HETP = 0.4 —0.47 m for
Katapak-SP-like packings in the same F-Factor range. One reason for similar behavior regarding the
purity of (S)-2-PeOH in the performed experiments with differently distributed NZ435 (Figure 5.19, B)
is the presence of azeotropic behavior at p =80 mbar, T=60.8 °C and X(/s)-2-peon = 0.84 mol-mol?,
which is discussed for a binary mixture of (R/S)-2-PeOH and PrBu in section 5.1.2 (Figure 5.6, D).
Therefore, an increased separation efficiency cannot result in preferable or full separation of
(R/S)-2-PeOH and PrBu. To overcome the binary azeotrope, reduced molar fractions of PrBu should be
addressed at the top of the column by varying the initial molar fraction of PrBu. If the reaction
performance allows a shift to higher molar fractions than azeotropic composition, full separation of

the reactants will be possible or the amount of formed azeotrope can at least be reduced. The second
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reason for similar purities of (S)-2-PeOH in RD operation is the effect of the applied reflux ratio for
temperature induced fractional distillation. Further increased purities might be feasible by stripping
the residual molar fraction of low boiling 1-PrOH, which is still detected in the final top samples
(X1-proH,top = 0.11 £ 0.01 mol-mol™). It has to be mentioned, that this procedure will only work for the
detected binary azeotrope between (R/S)-2-PeOH and PrBu. As long as more complex azeotropic
mixtures (i.e. ternary azeotropes) occur, it will not be possible to significantly increase the purity of
(S)-2-PeOH by changing the starting molar fractions. However, the presence of ternary azeotropes is
not investigated within this study. Both, the influence of varied starting molar fractions and different
temperature controlled fractional distillation approaches is described and discussed in section 5.4.2

and section 5.4.3.

As discussed above for Figure 5.19, B, the mean enantiomeric excess of (S)-2-PeOH over the whole
column with respect to the different sampling positions is not affected by different arrangements of
NZ435 in batch RD experiments. To get a more detailed view on the behavior of ee(s)-2-reon and detect
differences or similarities between the varied catalyst arrangements, it was additionally investigated
space-resolved at various column heights (Figure 5.20, A & B). The evaluation of space-resolved
ee(s)2-peon takes into consideration two comparable conversion points, one in an earlier stage of the
reaction (X=16.7+0.9%, Figure5.20,A) and one in an increased stage of the reaction

(X=42.7 £ 0.1 %, Figure 5.20, B).
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Figure 5.20: Spatially-resolved enantiomeric excess (ee(s)-2-peon) at similar conversion points (A: X =16.7 £ 0.9 %,
B: X =42.7 £ 0.1 %) for NZ435 either distributed in H1 - H4 or in H1 - H2 in batch reactive distillation. Operation
conditions: Xerau,0 = 0.4 mol-mol™?, Xr/s)-2-peor,0 = 0.6 mol-mol™?, p =80 mbar, Meottom,0=800g, mnzass =30.36 ¢
(cnzazs = 75 mg-grss)-2-peon,0t), SD of X is referred to mean values of compared conversions points in both RD
experiments (n = 2).
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For the experiment with NZ435 in H1 - H2 (non-filled bars), the results refer to sampling carried out at
six different column positions (Bottom, H1, H2, H3, H4, Top). In the experiment of NZ435 in H1 - H4
(filled bars), five sampling positions are considered (Bottom, H1, H2, H3, Top).

At both conversion points and investigated distributions of NZ435, similar ees)2-pecon Were detected
showing the highest ees).2-peon in the middle of the RD column at sampling position H3 = 0.84 m. Same
is true for conversions points at X =24.1+0.1 % and X =33.1 £ 0.7 % depicted in appendix section E
(Figure E.1, A & B). For NZ435 in H1 - H4, ees).2-peon Slightly increased stepwise from the bottom of the
column (Bottom =0 m) up to the height position H3 (H3 = 0.84 m) followed by reduced ee(s).2-peon in
the upper part at the top of the column (Top =1.50 m). In contrast, results obtained within the
experiment of placing NZ435 in H1 - H2 showed a more constant column profile.

Therefore, obtained ees).2-peon at all investigated column positions was similar in both tested catalyst
distribution strategies. This supports the possibility of applying flexible catalyst arrangements in batch
RD operation indicated by the similar courses of enantiomeric excess with rising conversion in

Figure 5.19, B.

Beside the behavior of enantiomeric excess and purity of (S)-2-PeOH with rising conversion, the
temperature profile is mandatory to evaluate the different catalyst distribution strategies with respect
to their influence on thermal deactivation of NZ435. Therefore, the temperature profile (T) is
monitored within the course of reaction time (t) over the column height (Bottom, H2 — H4, Top) in
Figure 5.21. It is referred to the same batch RD experiments from Figure 5.19 with distribution of
NZ435 either in H1 - H4 depicted by filled data points or in H1 - H2 illustrated by open data points.
Temperature measurements were realized at similar positions to the sampling ports for all column
heights despite H1. In addition to the temperature in the bottom (filled and open diamonds) and the
top of the column (filled and open circles), mean temperature at the positions H2 — H4 (filled and open
squares) is shown in Figure 5.21. Changes in the applied temperature for controlled reflux from
T<46°C to T<60 °C are visualized by vertical lines and horizontal arrows for the experiment with
NZ435 in H1 - H4 and by dashed lines and arrows for NZ435 in H1 - H2. Given standard deviations in
the discussion (SD) are referred to the mean value of both experiments, respectively.

In Figure 5.21, a similar decrease in the temperature from the bottom of the column to the top took
place within both experiments over the complete reaction time. While only slight differences in the
column temperature AT=5+1°C occurred in the beginning of the experiments (t=0—80 min)
comparing the temperature in the bottom and the investigated positions along the column height
(H2 —H4), a continuous increase to AT=28+2°C is detected at the end of the experiments

(t =855-913 min). Increased temperature differences between those column sections were observed
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due to almost constant temperatures of T=60 £ 4 °C within the column sections of H2 —H4 and

simultaneously rising temperatures fromT=65+1°Cto T =88 + 2 °Cin the bottom of the column.
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Figure 5.21: Temperature profile in batch reactive distillation for differently distributed NZ435 either in H1 — H4
or in H1-H2. Operation conditions: Xprsuo= 0.4 mol-mol?, Xm/s)-2-peon,o0=0.6 mol-mol?, p =80 mbar,
Meottom,0 = 800 g, Mnzass = 30.36 g (Cnzass = 75 mg-grss)-2-peon,0t), SD for temperature in H2-H4 refers to 3 positions
in RD column height, vertical lines and arrows: temperature induced fractional distillation at T <46 °C and
T<60°C.

This trend is referred to the reactant composition within the column bottom and the column height,
which is dominated by the starting materials in the beginning of the reaction with simultaneously low
molar  fractions of the high boiling reaction product (at  t=0-80min:
X(r/s)-2-pesu < 0.10 + 0.01 mol-mol™?). The time dependent trends of the molar fractions with respect to
all reactants within the RD column setup are depicted in appendix section E (Figure E.2, A - E for NZ435
in H1 - H4 and Figure E.3, A — F for NZ435 in H1 - H2). During operation, formation and accumulation
of high boiling (R/S)-2-PeBu up to 0.90 + 0.01 mol-mol? at t =855 —913 min at the bottom of the
column caused an increased temperature compared to the column height and the column top with
mainly (S)-2-PeOH (Xs)-2-peotitop = 0.80 + 0.01 mol-mol™) and PrBu (Xprsytop = 0.09 + 0.01 mol-mol™?). The
effect of increased temperature differences is even enhanced after changing the temperature of
controlled reflux to T <60 °C due to a faster stripping of lower boiling reactants such as 1-PrOH,
(R/S)-2-PeOH and PrBu (vertical lines at t = 646 min and t = 730 min Figure 5.21). In contrast, a strictly
decreased temperature difference of AT=2+1°C is obtained between the mean temperature at
H2-H4 (T=60+4°C) and the top of the column (T=461%1°C) within the time period of a

temperature for controlled reflux of T <60 °C (t > 646 min and t > 730 min). The observed decrease
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can be related to the stripping of low boiling 1-PrOH from Xi-prom,t0p = 0.83 £ 0.01 mol-mol™ at the point
of adjusting T < 60 °C for fractional distillation to Xi-pron,t0p = 0.11 £ 0.01 mol-mol™?, which induced rising
temperatures in the end of the experiment even at the top of the column. Beforehand, the
temperature difference between H2 — H4 and the top of the column is nearly constantat AT =14 + 3 °C
due to a constant temperature for controlled reflux at T < 46 °C and concurrent high molar fractions of
1-PrOH at the column top (X1-prom,top = 0.86 £ 0.04 mol-mol™* between t = 80 min and t = 646 - 730 min).
Based on the described temperature profiles, less effects of deactivation concerning NZ435 can be
guaranteed in the regions H2 - H4 by constant T=60+ 4 °C and in the top of the applied batch RD
setup with T<58 +2 °C (depending on the adjusted temperature for fractional distillation). In the
bottom of the setup, constantly rising temperatures prevent application of the biocatalyst due to
increased thermal deactivation. Although the temperature at H1 was not investigated within the RD
experiments, NZ435 is placed at this position in the column height at which slightly higher
temperatures compared to H2 - H4 can be expected. However, the temperature is definitely reduced
compared to the bottom of the column. With respect to the temperature influence on the reaction
performance with differently distributed NZ435, an increased temperature influence on the reaction
velocity could have been assumed at the column top or bottom because of strong changes in the
temperatures over the course of the experiments. But, according to obtained Arrhenius data discussed
in section 5.2.2 (Figure 5.13, A), a reduced impact of 1.2 times increased reaction speed in the chosen
kinetic resolution reaction of (R/S)-2-PeOH with PrBu for deviations in temperature of AT < 10 °C was
observed. That is why the reaction performance of the RD experiments was not affected by differently
distributed NZ435, which was indicated by reduced effects on the enantiomeric excess and conversion

behavior in Figure 5.19.

Concise summary of section 5.4.1:

e Reproducible batch RD performance is achieved for two varied distributions of NZ435 along the
column height at starting molar fractions of Xr/s)-2-peon,0 = 0.6 mol-mol™

e Full KR for the chiral target compound (5)-2-PeOH with ee(s)2-peon > 99 % (X =61 +4%) and
increased purities up to X(s-2-reortop = 0.80 £0.01 mol-mol™* are obtained

e Monitored temperature profile proves the applicability of NZ435 in the column height with

T =604 °C, while bottom temperature was significantly higher (up to T=88 + 2 °C)
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5.4.2. Influence of Temperature Controlled Fractional Distillation

Previously discussed results in batch reactive distillation experiments with initial starting molar
fractions  of  Xgs)2peono = 0.10 mol-mol?  (section 5.3.2, Figure5.17,B) as well as
X(r/s)-2-peon,0 = 0.60 mol-mol™? (section 5.4.1, Figure 5.19, B) showed the possibility of in situ separation
of the chiral target compound (S)-2-PeOH at the top of the column by fractional distillation with
purities up to Xs)2-reortop,max = 0.8 mol-mol™. The applied fractional distillation was based on an
automated temperature controlled operation to adjust the reflux ratio according to the procedure
described in section 3.4. In order to investigate the influence of this fractional distillation at the top of
the reactive distillation column on the purity of (S)-2-PeOH, identical catalyst amounts as well as
identical distribution of the catalyst were applied at initial starting molar fractions of
X(r/s)-2-peon,0 = 0.65 mol-mol™ and Xr/s)-2-peon,0 = 0.67 mol-mol™ (Figure 5.22, A). While the same reflux
ratio was applied (rr =9 (18:2) at t < 1035 min, rr = 0 at t > 1035 min), time points for changing the top
temperature for fractional distillation is varied during column operation. The fractional distillation
strategy is divided into the following steps. Initially, reflux was adjusted to take place at T<46 °C in
the top of the column. This allows separation of formed low boiling 1-PrOH from RD with a boiling
point of T, =42 °C at the applied operating pressure of p =80 mbar. During the experiment, the
temperature constraint is increased stepwise up to T < 60 °C to obtain the target compound in situ at
the column top.

The sum of fractional distillate samples in mass stripped at the column top (Msym,wop, filled and open
triangles) and the measured temperature at the column top (Twp, filled and open diamonds) are
compared for the two experiments with X/s)-2-peono = 0.65 mol-mol? (open data points) and
X(r/s)-2-peon,0 = 0.67 mol-mol™ (filled data points) over their proceeded reaction time (Figure 5.22, B).
Changing the time intervals of applying the individual temperatures at the top of the column is the
major difference in operation between the two experiments. Stepwise adjustment of the temperature
setting for fractional distillation is visualized by full lines operating the column with
X(r/s)-2-peon,0 = 0.67 mol-mol™ and dashed lines in the case of X/s)-2-peon,0 = 0.65 mol-mol™. Starting with
the sum of stripped sample mass at the column top at Xr/s)-2-peon,0 = 0.67 mol-mol™ (filled diamonds), a
constant temperature controlled reflux at T< 46 °C was applied for the fractional distillation up to
t = 680 min. After an initially observed continuous increase of the sum of stripped sample mass at the
column top up to Meumtp=147.2g, a plateau is detected in between t=440-680 min
(Msumitop = 147.9 £ 0.5 g). In this time period, the distillate was mainly composed of low boiling 1-PrOH
(X1-proH,top = 0.77 £0.03 mol-mol™?) and (S)-2-PeOH  (X(s)-2-peom,top = 0.16 + 0.02 mol-mol?). Residual
compounds in the distillate samples were the faster reacting (R)-2-PeOH
(X(R)-2-PeH,top = 0.04 £ 0.01 mol-mol™) and PrBu (Xpreytop = 0.03 £ 0.01 mol-mol™?). The corresponding

time dependent course of the molar fractions in the top of the column are depicted in appendix
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section E (Figure E.4, A). Immediately after increasing the temperature for controlled reflux to
T <49 °C, stripping of accumulated reactants at the RD column top started again. This effect was even
enhanced by further increased temperature for controlled reflux up to T<60 °C resulting in
Msum,top = 367.2 g at the end of the experiment. Within the corresponding time interval between
t =680 - 1050 min at adjusted temperatures for controlled reflux of T<46-60°C, a significant
increase in the molar fraction of (5)-2-PeOH was observed from X(s)-2-peon,top = 0.19 mol-mol™ to
X(s)-2-peom,top = 0.93 mol-mol™. Simultaneously, considerable decreasing molar fraction of low boiling
1-PrOH were detected from Xi-pron top = 0.72 mol-mol™? to X1-pron,t0p = 0.01 mol-mol™? (appendix section
E, Figure E.4, A). A similar trend over the course of the experiment can be observed in the measured
temperature at the column top (Tiwyp, filled triangles). Before and during the plateau of the sum of
fractional distillate samples, temperature stays nearly constant at a level of T =46 °C. After changing
the temperature for controlled reflux, the column temperature increased stepwise to the set

temperature values.
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Figure 5.22: Automated temperature controlled fractional distillation in reactive distillation experiments
A:Scheme of reactive distillation equipment for experiments with Xg@/s-2-peon,0 = 0.67 mol-mol? and
0.65 mol-mol™. B: Influence of changed time intervals of adjusted temperature constraints for fractional
distillation on the sum of fractional distillate samples in mass (msumtop) and the temperature at the top of the
column (Ttop). Operation conditions: p = 80 mbar, Maottom,0 = 800 g, Mnzass =45.3 g
(cnzazs = 98 - 104 mg-gr/s)-2-peon,0l), rr=9 (18:2) at t<1035min, rr=0 at t>1035min, T constrains:
X(r/s)-2-peor,0 = 0.67 mol-mol? (= filled vertical lines): 46°C (40-680 min), 49°C (680 - 830 min), 52°C
(830 =900 min), 55°C (900 —920 min), 60°C (920 — 1050 min); X(r/s)-2-peon,0 = 0.65 mol-mol? (= dashed vertical
lines): 46°C (80—-380 min), 48°C (380-560 min), 50°C (560—-830 min), 52°C (830-900 min), 54°C
(900 — 980 min), 60°C (980 — 1074 min).
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For the sum of stripped sample mass at the column top in the second experiment with
X(r/s)-2-peon,0 = 0.65 mol-mol™ (open diamonds), reduced time intervals between the changes in
temperature for controlled reflux in the range of T<46 °C up to T £ 54 °C resulted in almost constant
amounts fractionated at the column top up to Msmtop =215.7 g at t =980 min. The corresponding
molar fraction of the target compound (S)-2-PeOH at t = 980 min was X(s)-2-peoH,top = 0.50 mol-mol~,
including  Xi-pro,top = 0.45 mol-mol™,  X(p)-2-peon,top = 0.02 mol-mol?  and  Xprsu,top = 0.03 mol-mol™
(appendix section E, Figure E.4, B). Afterwards, further increase in the temperature constraint to
T <60 °C allowed a fast removal of reactants from RD with a final msym,tp = 357.3 g. This can be noted
in the composition of the final fractionated top sample at t = 1074 min, wherein the target compound
molar fraction is X(s)-2-reot,top = 0.95 Mol-mol™ (X1-pron,top = 0.01 Mol-mol™, Xprautop = 0.04 mol-mol™?). With
respect to the monitored temperature at the top of the column, stepwise increase in the column
temperature in consequence of adjusting the temperature for fractional distillation is clearly visible in
Figure 5.22, B in the course of open triangles.

In fact, the results of both experiments in Figure 5.22, B demonstrated the effect of automated
temperature controlled fractional distillation during RD operation. As long as the temperature
constraint for temperature controlled fractional distillation is below the boiling point of the desired
target compound (5)-2-PeOH (T < 46 - 55 °C), mainly low boiling 1-PrOH was withdrawn at the top of
the column at rr =9 (18 : 2). Simultaneously, this supports the KR reaction by constant removal of
1-PrOH and less removal of higher boiling compounds (i.e. (S)-2-PeOH). Generally, in a first step high
enantiomeric excess of the target compound (S)-2-PeOH should be obtained by either constant or
stepwise increasing the temperature for controlled fractional distillation prior to the adjustment of the
temperature constraint to the boiling temperature of the target compound in the presented reaction
case of kinetic resolution. Moreover, an observed plateau within the data points of initial molar
fractions of Xr/s)-2-peon,0 = 0.67 mol-mol? (filled diamonds in Figure 5.22, B) indicated the point of
changing the temperature constraint. At an observed constant temperature at the top of the column,
which is similar to the adjusted temperature constraint, an increased temperature constraint should
be adjusted to prevent the formation of a plateau. This is successfully demonstrated for initial molar
fractions of X(r/s)-2-peon,0 = 0.65 mol-mol™ by constantly increasing msmtop. IN @ second step, adjusting
the temperature constraint near to the boiling point of the target compound (S)-2-PeOH (T < 60 °C)
generated fast stripping of reactant mixtures containing (S)-2-PeOH. This fast stripping procedure was
applied for both experiments only in the end of the reaction for t > 1035 min to enhance reactant
removal and to withdraw nearly pure (5)-2-PeOH in situ at the column top by operating without any

reflux back into the column at rr = O (Figure 5.22, B).
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Additionally, the discussed influence of the automated temperature controlled fractional distillation
on the reaction performance (ee(s)-2-peon,top, X(s)-2-Peon,top) at the top of the column was investigated for
the initial starting molar fractions of Xr/s)-2-peon0 = 0.65 mol-mol* (Figure 5.23, A) and
X(r/s)-2-peon,0 = 0.67 mol-mol™ (Figure 5.23, B). Chosen parameters were the enantiomeric excess of the
target compound (5)-2-PeOH (ee(s)-2-peon,top, Open and filled diamonds) and the corresponding purity
(X(s)-2-peon,top, OPeN and filled triangles) in dependency of the isolated yield (Y(s)-2-peon;isolated,top). All three
parameters were investigated in withdrawn sample fractions at the column top. For the calculation of
the isolated yield, the moles of (5)-2-PeOH in the withdrawn top samples are referred to the moles of
(R/S)-2-PeOH in the beginning of the experiment. During the experiments, withdrawn samples at the
top of the column were directly analyzed in gas chromatography to allow a fast response on conditions
in the temperature constraint at different levels of ees).2-peontop. Hence, the shown isolated yield

represents the analyzed samples at the top of the column without further purification steps.
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Figure 5.23: Influence of varied temperature constraints for automated temperature controlled fractional
distillation on the reaction performance in biocatalytic reactive distillation with A: X(g/s)-2-peor,0 = 0.65 mol-mol™
and B: x(r/s)-2-peon,0 = 0.67 mol-mol™. Vertical lines: adjustment of temperature constraint to T < 60 °C. Operation
conditions: similar to Figure 5.22. SD refers to maximum error estimation according to section 3.4.

In the first part of the reaction, ees)-2-peon,t0p Was the decisive parameter for changing the temperature
constraint in view of chiral compound synthesis. The reason for being the decisive parameter is, that a
high ees)-2-peon,t0p indicates full kinetic resolution reaction, respectively. During this time period, the
temperature  constraint for fractional distillation was adjusted to T<46-54°C
(X(r/s)-2-peon,0 = 0.65 mol-mol™) and T<46-55°C (Xp/s)-2peono=0.67 mol-mol?). At an adjusted

temperature constraint of T <60 °C, the corresponding purity becomes the essential parameter.
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Thereby, increased purities of (5)-2-PeOH (x(s)-2-reon,10p) Were focused by changed composition of the
reactant mixture at the column top. This change is caused by fractional distillation, which results in
reduced molar fractions of PrBu and 1-PrOH besides the desired target compound (S)-2-PeOH. The
point of changing the decisive parameter is indicated by a vertical line for both experiments
(X(r/s)-2-peom,0 = 0.65 mol-mol™?, Figure 5.23, A and Xg/s)-2-reor,0 = 0.67 mol-mol™, Figure 5.23, B). In both
cases, high values for ee(s).2-peon,top Were reached at this specific point, although full kinetic resolution
was only achieved for the experiment with starting molar fractions of Xr/s)-2-reon,0 = 0.65 mol-mol™.
However, this effect can be related to the varied initial starting molar fraction and it is addressed and
discussed in section 5.4.3. With respect to the isolated yield of the target compound, the applied
fractional distillation strategy was able to increase the target compound fractions with high
ee(s)-2-reot.top (= 90 %) and high purity (X(s)-2-peon top = 0.93 mol-mol?). In the presented data, the isolated
yield in the period of the process with reduced enantiomeric excess was Yisolated,top = 12.1 % for
X(r/s)-2-peon,0 = 0.65 mol-mol™ and Yisolated top = 8.2 % fOr X(r/s)-2-peon,0 = 0.67 mol-mol™?.

Hence, application of automated temperature controlled fractional distillation allowed successful
column operation with respect to a well-timed change in the temperature constraint to withdraw
nearly pure (5)-2-PeOH in situ at the column top. Similarly, previously discussed RD experiments in
Figure 5.19, B with differently distributed NZ435 were performed with this fractional distillation

strategy.

Concise summary of section 5.4.2:

e Stepwise fractional distillation by given temperature constraints at the top of the column results
in further increased purities up to Xs)-2-peor top = 0.93 — 0.95 mol-mol™ at starting molar fractions of
X(r/s)-2-peon,0 = 0.65 — 0.67 mol-mol™

e Two-step approach for fractional distillation allows in situ isolation of (5)-2-PeOH:

1% part: enantiomeric excess is decisive parameter until high ee(s).2-peon > 90 % is reached

2" part: purity is decisive parameter as long as high ee(s2-peon > 90 % is present

5.4.3. Influence of Initial Molar Fractions of the Starting Materials

For a possible future application of the studied batch biocatalytic reactive distillation (RD) in chiral
synthesis, an efficient in situ isolation of the desired target compound (5)-2-PeOH at the top of the
column is required with high purity and excellent enantiomeric excess. Therefore, column experiments

with varied initial molar fractions of the racemic starting material (R/S)-2-PeOH (X(r/s)-2-reon,0 = 0.1, 0.6,
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0.65, 0.67 mol-mol™t) and PrBu (xprsu0 = 0.9, 0.4, 0.35, 0.33 mol-mol?) were performed to evaluate the
influence on the purity of (5)-2-PeOH in the RD column top (X(s)-2-peoH,top,max) @and the corresponding
€€(5)-2-PeOH, top,max-

The applied catalyst distribution in RD at the corresponding initial molar fraction of (R/S)-2-PeOH is
depicted in Figure 5.24, A. According to previously discussed results on the catalyst distribution in RD
(section 5.4.1), NZ435 is at least placed in the bottommost position of the column height (H1).
Moreover, the catalyst amount of NZ435 per initially applied amount of the starting materials was in
the range of cnzass =75 - 110 mg-grssi2-peono’. Further details on the equipment for the column
experiments are summarized in section 3.4 (Table 3.6 — Table 3.8).

Resulting purities (X;s)-2-reontop,max) at different initial molar fractions of the starting materials are
presented in Figure 5.24, B, wherein a strong increase in purity (triangles) was obtained for an increase

in the starting molar fraction up to X(/s)-2-peon,0 = 0.65 mol-mol™.
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Figure 5.24: Operating range of batch biocatalytic reactive distillation at varied initial molar fractions of
(R/S)-2-PeOH. A: Distribution of NZ435, B: Operating window in dependency of the enantiomeric excess
(e€(s)-2-peoH,top,max) and purity (X(s)-2-peoH,top,max). Grey box: optimal operation window for kinetic resolution.
Operation conditions: p = 80 mbar, Msubstrates,0 = 800 g, Cnzass = 75 - 110 mg-g(r/s)-2-peor,ol, SD in ee(s)2-peon and
X(s)}-2-peon refers to maximum error estimation (section 3.4)

While starting with low molar fractions of Xpg/s)-2-peor0 = 0.1 mol-mol? resulted in a purity of
X(s)-2-PeOH,top,max = 0.65 mol-mol™?, up to Xs)-2-peor topmax = 0.95 mol-mol™? was achieved by starting with
increased molar fractions of Xg/s)-2-peon,0 = 0.65 mol-mol™. Furthermore, enantiopure (S)-2-PeOH
(e€(s)-2-peontop,max > 99 %) was reached by operating the column within the range of

0.6 mol-mol™ < X(/s)-2-peon,0 < 0.65 mol-mol™. At significantly lower (X/s)-2-peon0 = 0.1 mol-mol™?) and

102



Chapter 5 Results & Discussion

slightly higher initial molar fractions (X(/s)-2-peon,0 = 0.67 mol-mol?), a maximum enantiomeric excess of
€€(s)-2-pe0H,top,max = 90 % was present for the target compound (diamonds, Figure 5.24, B). Although a
reduced €e(s)-2-reoH,top,max Was detected at X(/s)-2-peon,0 = 0.67 mol-mol™?, similar purity at the top of the
column  of  X(s)-2-peottop,max = 0.93 mol-mol?  was realized compared to the results of
X(r/s)-2-peon0 = 0.65 mol-mol®.  The main difference of both RD experiments with
X(s)-2-Pe0H,top,max > 0.93 mol-mol™ was the composition of present residual starting ester PrBu and formed
low boiling 1-PrOH. Starting with X(r/s)-2-peon,0 = 0.65 mol-mol™? of the racemic mixture, the additional
compounds beside (S)-2-PeOH (x = 0.05 mol-mol™?) could be identified as Xprau,top,max = 0.04 mol-mol™
and X1-prom top,max = 0.01 mol-mol™ (appendix section E, Figure E.4, B). On the contrary, residual reactant
composition beside (S)-2-PeOH for starting with Xr/s)-2-peon,0 = 0.67 mol-mol™ (x = 0.07 mol-mol™*) was
Xpreutop,max = 0.01 mol-mol™?,  Xiprontopmax = 0.01 mol-mol?  and  Xg)-2-peoH,top,max = 0.05 mol-mol?
(appendix section E, Figure E.4, A). Within the presented data it became visible, that reduced molar
fractions of PrBu  (xpsuo=0.33mol'mol?) at initial starting molar fractions of
X(r/s)-2-peon,0 = 0.67 mol-mol™ prevented full kinetic resolution reaction. On the other hand, RD operation
with an excess of PrBu (xpru0 = 0.4 mol-mol?) compared to the preferentially converted enantiomer
(R)-2-PeOH (X(r)-2-peor,0 = 0.3 mol-mol™) ended up in reduced purities of X(s)-2-peoH,top,max = 0.8 mol-mol?
while full kinetic resolution was performed successfully (e€e(s)-2-peon,top,max > 99 %). The major reason for
a maximum purity of X(s)-2-reottop,max = 0.8 mol-mol™ in those experiments was the presence of an
azeotrope between the starting materials (R/S)-2-PeOH and PrBu (section 5.1.2). According to this
azeotropic behavior, no further separation was possible at initial molar fractions of
X(r/s)-2-peon0 = 0.6 mol'mol. To overcome the azeotrope by reaction was not feasible at
X(r/s)-2-peon,0 = 0.6 mol-mol™ due to observed slow reaction rates for the residual enantiomer (S)-2-PeOH
with PrBu. Surprisingly, at Xg/s):-2-peor,0 = 0.1 mol-mol™ an ee(s)-2-peon,topmax = 90 % was not exceeded
although in principle full KR performance should be feasible at the selected starting molar fraction of
(R/S)-2-PeOH. This phenomenon is expected to be referred to an accumulation of unreacted molar
fractions of (R)-2-PeOH at the top of the column, which did not get into contact with the biocatalyst at
position H1 and thereby reduced the final ee(s)-2-peot,top,max (S€Ction 5.3.2, Figure 5.17, B).

Comparing the performed column experiments, beneficial operation conditions with respect to the
initial molar fractions of (R/S)-2-PeOH and PrBu need to be adjusted to allow a reasonable tradeoff
between high enantiomeric excess (e€(s)-2-peoH,top,max > 99 %) and high purity
(X(s)-2-peoH,top,max = 0.95 mol-mol?), which is shown within the results of Figure5.24,B for
X(r/s)-2-peon,0 = 0.65 mol-mol™. On the one hand, high enantiomeric excess values have been reached due
to the presence of the starting ester PrBu until the faster reacting enantiomer of the racemic starting
alcohol ((R)-2-PeOH) was fully converted. On the other hand, low molar fractions of PrBu

(XprBu,top,max = 0.04 mol-mol™) were left after full conversion of (R)-2-PeOH, which allowed further
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separation in the column. Therefore, high purities were feasible containing small amounts of the
azeotrope in the column top if the initial molar fractions were carefully adjusted to
X(r/s)-2-peon,0 = 0.65 mol-mol™ and Xprsu,0 = 0.35 mol-mol™. Consequently, an optimal operation window
of a starting molar fraction in the range of 0.6 mol-mol™ < X(r/s-2-peon,0 < 0.67 mol-mol™ was obtained

for the kinetic resolution of (R/S)-2-PeOH with PrBu (grey box: Figure 5.24, B).

Concise summary of section 5.4.3:

e An experimental operating window for full KR in biocatalytic batch reactive distillation is derived:
it ranges from starting molar fractions of 0.6 mol-mol™ < X/s)-2-peon,0 < 0.67 mol-mol?

e At X(r/s)-2-peon,0 < 0.6 mol-mol™: azeotrope formation prevents high purity

® At X(r/s)-2-peon,0 = 0.67 mol-mol™: full KR is not feasible and decreased ee(s).».reon are obtained

5.4.4. Economic Evaluation of Chiral Target Compound Isolation

As stated in section 5.4.3, the highest purities of X(s)-2-peot,top,max = 0.93 - 0.95 mol-mol™* were realized
within batch biocatalytic RD experiments for the kinetic resolution of (R/S)-2-PeOH with PrBu at initial
molar fractions of X(r/s)-2-peon,0 = 0.65 mol-mol™* and 0.67 mol-mol?. Therefore, economic evaluation for
those two experiments was performed. Within the experimental results, total masses of
Ms)-2-peon = 55.1g and 76.0g were achieved with corresponding isolated vyields of
Y(s)-2-peoH,isolated = 11.6 % and 15.3 % at the maximum reached purities and enantiomeric excess values
of the target compound (S)-2-PeOH (Table 5.2). The isolated yields in the batch RD experiments were
determined by the percentage of the total moles of (S)-2-PeOH in the fractionated top sample with
highest purity of X(s)-2-peoH,top,max = 0.95 mol-mol™ and 0.93 mol-mol™® referred to the initially applied
total moles of (R/S)-2-PeOH. Reduced isolated vyields to theoretically feasible values of
Y(s)-2-peoH,isolated = 50 % were obtained due to fractionated samples at the top of the column with
€€(s)-2-peoH,top,max < 99 % in the first part of the reaction. For both experiments, the batch RD was
identically equipped with NZ435 over the complete column height (section 5.4.2, Figure 5.22, A).
Final economic evaluation was performed by calculating the productivity of (S)-2-PeOH per the applied
mass of NZ435 within the batch RD experiments. In addition, the profit based on the prices for the
starting materials and desired target compounds at the chemical supplier Sigma-Aldrich (Merck,
Darmstadt, Germany) was calculated.

The resulting productivity per batch RD experiment ranged from 1.2 -1.7 Kg(s)-2-peon-Kgnzaszs™.
Considering obtained half-life times of 105 = 87 d for NZ435 at T = 60 °C (section 5.2.2, Figure 5.12) and

assuming one batch per day (tbawch=17.5—-17.9 h referring to Xgss)-2-reon,0 = 0.65 mol-mol? and
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0.67 mol-mol?), the estimated overall productivity can be increased to 104.4 — 147.9 kg(s)-2-peon-kgnzazs™
in biocatalytic batch RD. According to literature, a productivity range of 50 - 100 Kgproduct'K8giocatalyst - fOr
product costs > 100 €-kg? is at least required for the application of an immobilized biocatalyst [31].
Hence, repetitive batch operation in RD theoretically allows to fulfill this required range of productivity.
However, the calculated productivity value will be affected by having only 50% retained activity in the
case of operating the RD column for t =87 d. But simultaneously, the selected column equipment
involves two different design opportunities having an impact on the retained activity of NZ435. On the
one hand, an increased mass of catalyst can be applied in the column by increasing the number of
Katapak-SP-like catalytic packing elements. While in the experiments 45.3 g of NZ435 distributed in six
catalytic packing elements were applied (71 % of the maximum capacity of 64 g), there is room for
18.7 g (29 %) of additional catalyst amounts. This would be possible by incorporating the whole column
height only with Katapak-SP-like packing elements. Within the same strategy, reduced batch run times
can be achieved to allow an increased number of batches in a similar time period (e.g. 87 d). On the
other hand, reduced productivities of the process of 50 kgproguct'K8giocatalyst * Still fulfill the requirements
according to Tufvesson et al. (2011) [31]. This minimum productivity of 50 kgproduct'Kggiocatayst* €an
theoretically be reached with the applied mass of NZ435 (45.3 g), after operation times of t =42 d at
retained activities of 71 % for Xr/s)-2-peor,0 = 0.65 mol-mol™ and t = 29 d at retained activities of 79% for
X(r/s)-2-peon,0 = 0.67 mol-mol™. Calculation of the percentages were done on the basis of the results
regarding thermal stability of NZ435 in section 5.2.2 (Figure 5.12) as well as the determined
productivities (1.2 - 1.7 kgs)-2-peon-kgnzazs *) for the batch runs in RD from Table 5.2. Thereby, operation
in batch RD even gives room for reacting on fluctuations in the deactivation rate of NZ435 and achieve

required productivities.

Table 5.2: Obtained product specifications for (S)-2-PeOH and (R)-2-PeBu in batch biocatalytic reactive distillation
experiments with initial starting molar fractions of X(r/s)-2-peon,0 = 0.65 mol-mol™? and x/s)-2-peor,0 = 0.67 mol-mol?

(S)-2-PeOH? (R)-2-PeBu®

X(r/s)-2-peon,0 [Mol-mol™] 0.65 0.67 0.65 0.67
xi [mol-mol?] 0.95 0.93 0.91 0.93
ee; [%] >99 90 83.6 86.4
X [%] 54.6 51.5 54.6 51.5
Mnza3s [g] 45.3 45.3 45.3 45.3
m; [g] 55.1 76.0 393.8 331.1
Yijsolated [%] 11.6 15.3 47.2 36.5
Productivity per RD [kgi-kgnzass™] 1.2 1.7 8.7 7.3

Productivity [kgi-kgnzass ] 104.4 147.9 756.9 635.1

2referred to the top sample of the batch reactive distillation column with highest product specifications
b referred to the bottom of the batch reactive distillation column with highest product specifications
€at t =87 d due to stability tests performed with NZ435 at T = 60 °C (105 = 87 + 11 d, section 5.2.2)
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Calculation of the profit is performed based on available prices for the applied starting materials at the
chemical supplier Sigma-Aldrich (Merck, Darmstadt, Germany) of 70 €-kg* for (R/S)-2-PeOH (> 98 %)
and 205.50 € for 500 mg of (5)-2-PeOH (> 98 %) (= 411 k€-kg™) [158]. This results in a value increasing
factor of 5.87-10° for the enantiomerically pure target compound (S5)-2-PeOH after full kinetic
resolution. Assuming the same price for purities of X(s-2-peon = 0.93 mol-mol™* and 0.95 mol-mol?,
22.6 —31.2 k€ of profit was achieved within the performed batch RD experiments with respect to
obtained isolated masses of (S)-2-PeOH in Table 5.2. This profit is slightly reduced by the catalyst costs,
which account for 1.2 k€ with respect to the applied amounts of NZ435 in the discussed experiments
(calculated by the price of 77 € per 3 gnza3s [158]). At an expected catalyst half-life times of 105 =87 d
for NZ435, 1966.2 —2714.4 k€ of profit is theoretically possible for one set of catalytic packing
elements. In fact, those numbers for economic evaluation of the process already indicate the potential
of biocatalytic batch RD for valuable compounds in chiral synthesis, although the corresponding

isolated yields (Y(s)-2-peom,isolated = 11.6 % and 15.3 %) can substantially be improved in future times.

Furthermore, productivity and profit of the biocatalytic batch RD process is enhanced, if the chiral ester
compound formed during the kinetic resolution reaction is considered in the evaluation as a second
valuable product. In the specific case of the kinetic resolution of (R/S)-2-PeOH with PrBu, the chiral
ester (R)-2-PeBu accumulates in the bottom of the column, while the target compound (S)-2-PeOH is
separated at the top of the column via fractional distillation. Therefore, evaluation of (R)-2-PeBu takes
place in the bottom of RD similar to previously presented data for (S)-2-PeOH at the top of the column.
In contrast to the target compound, high isolated vyields of Yg)2-pepu,isolated =47.2% for
X(r/s)-2-peon,0 = 0.65 mol-mol™? and Y(r)-2-pesu,isolated = 36.5 % fOr X(r/s)-2-peon,0 = 0.67 mol-mol™* were obtained
at the end of the experiments. The corresponding purity was Xg)-2-pesubottommax = 0.91 mol-mol?
(X(r/s)-2-peon,0 = 0.65 mol-mol™?) and 0.93 mol:‘mol™? (Xg/s)-2-peon,0 = 0.67 mol-mol?). The substantially
increased isolated yield compared to (S5)-2-PeOH is referred to neglectable removal of (R)-2-PeBu
during operation due to its high boiling point. In contrast, the target compound (S)-2-PeOH was
removed at the top of the column during the applied fractional distillation strategy. Thus, only the
withdrawn sample amounts and residual amounts in catalytic packing elements in lower column
sections reduced the isolated yield of (R)-2-PeBu. Observed differences in isolated yields for both
experiments are referred to unequal overall sampling amounts and additional amounts of residual
reactants from previous column operation due to the reuse of the same catalytic packing elements.
The corresponding enantiomeric excess of (R)-2-PeBu was 83.6 % (X(r/s)-2-peor,0 = 0.65 mol-mol?) and
86.4 % (X(r/s)-2-peon,0 = 0.67 mol-mol™?). In fact, in industry only the racemic pentyl ester ((R/S)-2-PeBu) is
used as a flavoring additive and does therefore not have to be enantiopure in contrast to the desired

target compound (S)-2-PeOH in the discussed example. However, it is pointed out for the presented
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case to have the possibility of gaining two chiral compounds with high purity in batch RD by performing
kinetic resolution with excellent enantioselectivity.
The obtained ‘bottle on the table’-amounts of the target compound (S)-2-PeOH and the reaction

product (R)-2-PeBu are depicted in Figure 5.25.

A (S)-2-PeOH B (R)-2-PeBu
X(g/5)2-peon,0 [MOl-mMol™] X(g/s)-2-peon,0 [Mol-mol]
0.65 0.67 0.67 0.65

Figure 5.25: “Bottle on the table” obtained in biocatalytic batch reactive distillation experiments with initial
starting molar fractions of X(/s)-2-peon,0 = 0.65 mol-mol™ and xr/s)-2-peon,0 = 0.67 mol-mol™? and the reactant
specifications summarized in Table 5.2. A: (5)-2-PeOH, B: (R)-2-PeBu.

All in all, performed economic evaluation clearly demonstrates feasibility of kinetic resolution in
biocatalytic batch RD at carefully chosen reaction conditions. In situ separation of the target compound
(S)-2-PeOH with high purity of X(s)-2-peon top,max = 0.93 - 0.95 mol-mol™* was obtained for the first time for
a chiral target compound in a biocatalytic RD setup to the best of our knowledge. However, it has to
be mentioned, that the carried out experiments were mainly focusing feasible application of NZ435 in
biocatalytic batch RD to provide the opportunity of an additional concept to produce chiral compounds
biocatalytically in an integrated process. Further studies are needed to investigate competitive reactor
concepts (i.e. sequential setup with batch vessels and subsequent distillation) and their efficiency in

the performance of the chosen kinetic resolution reaction.
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Concise summary of section 5.4.4:

‘Bottle on the table’ of the chiral target compound (5)-2-PeOH is generated (Ms)-2-peo,top = 55.1 &,
€€(5)-2-PeoH top,max > 99 %, X = 54.6 %, X(s)-2-PeoH top,max = 0.95 mol-mol?)

Productivity of a single batch RD run with 1.2 kgs)-2-peon-kgnzass* is below industrial value, but
considering the half-life time of NZzZ435 theoretically allows high productivities

104.4 Kg(s)-2-peon-kgnzass * within the industrial range

5.4.5. Interim Summary: Chiral Target Compound Isolation

High purity and high enantiomeric excess are achieved in KR of (R/S)-2-PeOH with PrBu in a batch
biocatalytic RD column
The following rules can be derived by the investigated influencing parameters on the operation

of a batch biocatalytic reactive distillation setup:

a. Distribution of NZ435 is flexible in the column height despite the bottom position to enable

KR performance within the thermal stability range of the biocatalyst preparation
b. Predominant position of NZ435 should be the lowest section of the column height

c. Stepwise fractional distillation is necessary to achieve in situ isolation of the second lowest
boiling target compound (S)-2-PeOH (1. Stripping of lowest boiling compound to shift

equilibrium, 2. Stripping of target compound with high ee)

d. Increasing the starting molar fraction of (R/S)-2-PeOH allows higher purity of (5)-2-PeOH at

the top of the column at starting molar fractions X/s)-2-reor,0 < 0.67 mol-mol™

e. High potential for biocatalytic RD is given for the investigated KR reaction of (R/S)-2-PeOH

with PrBu
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5.5.Combination of Chemo- and Biocatalysts by Dynamic Kinetic Resolution?

The performance of a kinetic resolution (KR) and the main influencing factors on this operation in a
biocatalytic batch reactive distillation (RD) were successfully investigated and demonstrated in the
previous section of this work. In the following part, the main focus is to broaden the reaction spectrum
of the biocatalytic RD approach by evaluating a combination of a biocatalytic reaction with a chemically
catalyzed reaction to overcome the main performance limitation of KR. This limitation of KR is its
maximum theoretical yield of 50 %. Increased yields are not feasible, because full conversion of one
enantiomer of the racemic starting material to the corresponding product enantiomer is reached at
50 % overall conversion assuming ideal enantioselectivity. Therefore, it is tried to enhance the
theoretical yields to 100 % by performing a chemo-enzymatic dynamic kinetic resolution (DKR)
including a KR and an additional racemization step in a Soxhlet reactor setup (section 3.5). A similar
approach was applied by Mavrynsky et al. (2014) for chemo-enzymatic DKR of chiral amines [159].
Especially, the proof of concept study for the feasibility within this developed integrated setup will be

addressed by focusing the following aspects:

1. Selection of a suitable model reaction for chemo-enzymatic DKR (section 5.5.1)
2. Influence of spatial catalyst separation on chemo-enzymatic DKR (section 5.5.2)

3. Reaction performance of chemo-enzymatic DKR (section 5.5.3)

5.5.1. Selection of a Suitable Model Reaction

For the chemo-enzymatic approach, DKR is divided into two simultaneously performed reactions
(Figure 5.26). The biocatalytic part of the reaction is a highly selective KR of the starting materials
(R/S)-2-pentanol ((R/S)-2-PeOH) with ethyl butyrate (EtBu) to the favored reaction products
(R)-2-pentyl butyrate ((R)-2-PeBu) and ethanol (EtOH). In an additional reaction step, chemo-catalyzed
racemization of residual (5)-2-PeOH takes place. So, in contrast to KR, the desired target compound is
the high boiling reaction product (R)-2-PeBu. In detail, NZ435 is applied to catalyze the KR step
efficiently. As already described in section 5.2.1, it shows high enantioselectivity towards (R)-2-PeOH.
The racemization step is catalyzed by Shvo catalyst, which is a metal catalyst consisting of an alcoholic-
and keto-subunit with a coordinated ruthenium (section 2.2.5) [123]. Only in absence of molecular
oxygen and water, the residual (S)-2-PeOH of KR is unspecifically converted to 2-pentanone in a
transition step to yield (S)- or (R)-2-PeOH in a final step. As long as the racemization step is performed

at least 10 times faster than KR, residual (S)-2-PeOH becomes racemized [122].

1 The results in this chapter were obtained in cooperation with the working group of Prof. J.-E. Béckvall,
Stockholm University, Sweden

109



Results & Discussion Chapter 5

Racemization step Kinetic resolution
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Figure 5.26: Scheme of chemo-enzymatic dynamic kinetic resolution (DKR). Enzymatic reaction step: CalB
(NZ435) catalyzed kinetic resolution (KR) of (R/S)-2-PeOH with EtBu (k) >> k(s)). Chemocatalytic reaction step:
racemization of residual (S)-2-PeOH by Shvo catalyst (kracz and krac2 = 10 - k(r)). The corresponding intermediate
product of the racemization step is 2-pentanone.

The choice on the starting materials (R/S)-2-PeOH and EtBu was done based on the application of the
preselection tool discussed in section 5.1.1 - 5.1.2. Figure 5.27 presents literature data (data points)
on boiling point measurements (T) in dependency of the pressure (p) for the pure compounds. Those
data points are compared to calculated Antoine parameters (lines) taken from the National Institute
of Standards and Technology (NIST) database [140]. By means of estimated parameters for all
reactants, determination of a theoretical operating window for DKR application in the Soxhlet reactor
setup can be evaluated. With respect to required evaporation of the starting materials, similar boiling
points (T,) at ambient conditions allow availability of (R/S)-2-PeOH (Tu r/s)-2-peon = 119 °C) and EtBu
(Toeteu = 121 °C) at the position of the biocatalyst ((R/S)-2-PeOH = diamonds, EtBu = triangles in
Figure 5.27). Moreover, increased boiling point differences of AT =18 — 53 °C between the starting
materials and the formed reaction product (R)-2-PeBu (Tp,)-2-pesu = 174 °C, dashed line in Figure 5.27)
as well as the formed side products 2-pentanone (Tp,2-pentanone = 101°C, crosses in Figure 5.27) and EtOH
(Tb,eron = 78 °C, squares in Figure 5.27) are present at ambient conditions to theoretically allow
separation in the Soxhlet reactor setup. Additionally, a solvent material is required to homogeneously

dissolve the Shvo catalyst. This solvent material should not evaporate in higher amounts than the
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starting materials. Therefore, p-xylene with a boiling point of Ty -xyiene = 138 °C at ambient pressure

was chosen (circles in Figure 5.27).

& (R/S)-2-PeOH A EtBu
= == (R/S)-2-PeBu [ EtOH
O p-xylene X 2-pentanone

1000

750
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Figure 5.27: Boiling points of pure reactants (T) at varied column pressures (p) for chemo-enzymatic dynamic
kinetic resolution (DKR). Grey box indicates the operating range of the enzymatic preparation NZ435. The whole
temperature range is feasible for Shvo catalyst. Lines: calculated Antoine parameters, data points: experimental
data taken from literature: (R/S)-2-PeOH [144], EtBu [145], EtOH [146] [147], 2-pentanone [160], p-xylene [161],
(R/S)-2-PeBu is estimated based on linear extrapolation of methyl, ethyl, propyl & butyl butyrate

The resulting theoretical operation window is mainly restricted by limited thermal stability of the
biocatalyst at T > 80 °C. Therefore, feasible operation of chemo-enzymatic DKR with NZ435 can only
be guaranteed in the range of T = 30 - 80 °Cindicated by the grey box in Figure 5.27. In principle, NZ435
will perform at T < 30 °C as well, but at substantially reduced activities. Thus, reaction temperatures
below T = 30 °C are not taken into consideration for DKR performance with NZ435. On the other hand,
the application of the chemocatalyst is suitable at least up to T=180"°C. To overcome thermal
restrictions of NZ435, two different strategies are taken into account to allow operation of chemo-
enzymatic DKR. On the one hand, reduced pressure (i.e. 100 mbar) is feasible to operate the Soxhlet
reactor setup at decreased boiling temperatures of the reactants (T < 80 °C). Thereby, the lifetime of
NZ435 is increased by a decreased deactivation rate. This procedure was addressed in previously
discussed KR performance in biocatalytic batch reactive distillation. Alternatively, spatial separation of
the catalysts can be addressed by generating two temperature zones. While the biocatalyst is placed
in a temperature zone of T < 80 °Cin upper parts of the Soxhlet reactor setup to perform KR, the more
robust chemocatalyst can be applied in the zone of increased temperature T >> 80 °C in the batch

vessel at the bottom of the setup to catalyze the racemization step. In contrast to simultaneous
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application of both catalysts in a batch vessel, which is the state of the art procedure for DKR
performance [117] [122] [129], the application of a Soxhlet reactor setup allows the spatial separation

of the chemocatalyst and the biocatalyst in different temperature zones.

Concise summary of section 5.5.1:
e A model reaction for chemo-enzymatic DKR is selected:
Enzymatic part: NZ435 catalyzed KR of (R/S)-2-PeOH with EtBu, reaction product: (R)-2-PeBu

Chemocatalytic part: Shvo catalyst dissolved in p-xylene for racemization of (R/S)-2-PeOH

5.5.2. Influence of Spatial Catalyst Separation

For the proof of concept study (Figure 5.28), the integrated Soxhlet reactor setup (section 3.5) was
equipped with spatially separated catalysts involving 0.5 mol% Shvo catalyst (mswo=0.16g,
Mshvo = 1085 g-mol?) in the bottom.

<& Shvo O Nz435
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:: 90 | T-difference
S
[
60 -+
30 ¢EPPcEDEPCEEEREREEREEERRy®
0 I ' ' '

0 80 160 240 320 400
t [min]

Figure 5.28: Chemo-enzymatic DKR in an integrated Soxhlet reactor setup with spatially separated catalysts.
Temperatures refer to the position of the chemocatalyst (Shvo) and the biocatalyst (NZ435). Operation
conditions: p =1013 mbar, xewu=0.54 (64 mmol), Xr/s)-2-peon =0.23 (28 mmol), Xpxylene =0.23 (28 mmol),
mMnzass = 0.25 g, Mshvo =0.16 g, mo=13.0 g (n = 2), position of Shvo catalyst: bottom of the setup, position of
NZ435: lower part of liquid line in the setup.

By evaporation of the reactants in the reboiler region, a vapor flow is generated passing through the
vapor line. This vapor flow is cooled down at the condenser and the reactants flush back through the

liquid line. In the liquid line, NZ435 (mnzss=0.25g) was incorporated to ensure moderate
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temperatures at the position of the biocatalyst. For the selected reaction conditions, 3-fold increased
moles of the racemic starting material (n(r/s)-2-peon = 28 mmol) and up to 50 % reduced concentrations
of both catalysts (0.5 mol% Shvo catalyst, 8.9 mg-mmol™? NZ435) were adjusted compared to the study
of Mavrynsky et al. (2014) (n(/s)-amine = 10 mmol, 1 mol% Shvo catalyst, 20 mg-mmol™ Nz435) [159].
Over the course of reaction, temperature at the position of both catalysts was monitored. While
temperatures of Tshwo=18315°C were obtained in the bottom of the setup containing
homogeneously dissolved Shvo catalyst (diamonds in Figure 5.28), reduced temperatures of
Tnzass = 31 + 2 °C were observed in the liquid line at the position of NZ435 (circles in Figure 5.28).
Finally, a temperature difference of AT =152 14 °C between the spatially separated catalysts is
achieved.

This demonstrated temperature difference for the chemo-enzymatic DKR with the racemic starting
alcohol (R/S)-2-PeOH and EtBu behaves as a design opportunity, because reached operation conditions
are feasible for both catalysts. Thereby, the thermal induced deactivation rate of the biocatalyst can
be reduced according to lowered temperatures in the liquid line. At the same time, increased
temperature at the position of the chemocatalyst results in accelerated reaction rates due to Arrhenius
dependency [94]. Moreover, spatial separation prevents interference of the chemo- and the
biocatalyst. Hence, the successfully applied temperature difference in chemo-enzymatic DKR enables
operation of both catalysts at preferred temperature conditions. In comparison to the study operating
a similar Soxhlet apparatus for chemo-enzymatic DKR of chiral amines by Mavrynsky et al. (2014),
spatial separation of CalB and Shvo’s catalyst resulted in temperature differences of AT =50 — 65 °C at
reduced pressures in the range of p =0.5 mbar to p =130 mbar [159]. The feasibility in this study
shows operation of the chiral secondary alcohol (R/S)-2-PeOH at ambient pressure with a 3-fold

increased temperature difference.

Concise summary of section 5.5.2:
e Spatial catalyst separation enables a temperature differences between NZ435 and Shvo catalyst

of AT =152 + 4 °C in the Soxhlet-approach for chemo-enzymatic DKR

5.5.3. Reaction Performance in a Soxhlet Reactor Setup

For evaluation of the reaction performance with spatially separated catalysts in the Soxhlet reactor
setup, the enantiomeric excess of the residual starting material (R/S)-2-PeOH and the formed reaction
product (R)-2-PeBu is plotted against the proceeding analytical yield (Yanaytical) in Figure 5.29, A. Two

experiments were performed with a temperature difference of AT =152 +4 °C (filled and open
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diamonds) and one experiment with AT = 135 °C (filled and open squares). At AT =152 + 4 °C, NZ435
was placed in the lower part of the liquid line in the Soxhlet reactor setup, while it was placed in the
upper part of the liquid line for AT =135 °C. Changes within the resulting temperature difference
originate from the position of NZ435. According to the hot rising vapor passing through the upper part
of the liquid line on the way to the condenser, an increased temperature is present at this position.
This results in a decrease in the temperature difference of both catalysts compared to less affected
zones in the lower part of the liquid line. In the ideal case, Yanayticat = 100 % can be achieved for
(R)-2-PeBu, respectively. DKR becomes beneficial compared to KR, if Yanaiyticat > 50 % is reached towards
(R)-2-PeBu for the chosen reaction systems. In the presented results, Yanaiytical is referred to the sum of
formed moles of the reaction product (R)-2-PeBu and the formed intermediate product 2-pentanone
in the bottom of the setup. An indicator for efficient operation of the KR reaction step catalyzed by
NZ435 is a constantly high enantiomeric excess of the reaction product (R)-2-PeBu, which is ideally
constant at ee(g)-2-reu = 100 %. This behavior was observed in the two performed reactions with an
ee(r)-2-prebu > 99 % up to overall analytical yields of Yanaytical = 43.4 £ 0.1 % at an applied temperature
difference of AT = 152 £ 4 °C depicted by open diamonds and Yanaiytical = 64.5 % at AT = 135 °C depicted

by open squares in Figure 5.29, A.

A (S)-2-PeOH (R)-2-PeBu B (S)-2-PeOH (R)-2-PeBu
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Figure 5.29: Reaction performance of chemo-enzymatic DKR monitored by enantiomeric excess (ee) of
(R)-2-PeBu and (S)-2-PeOH with increasing analytical yields (Yanalytica). A: In Soxhlet reactor setup with spatially
separated catalysts, operation conditions: p =1013 mbar, Xewu=0.54, Xr/s)-2-peod =0.23, Xp-xylene = 0.23,
mnzass = 0.25 g, Mshvo = 0.16 g, mo = 13.0 g, AT = 152 + 4 °C (n = 2): position of Shvo catalyst: bottom of the setup,
position of NZ435: lower part of liquid line in the setup. AT = 135 °C (n = 1): position of Shvo catalyst: bottom of
the setup, position of NZ435: upper part of liquid line in the setup. B: In batch vessel with both catalysts operated
at the same temperature, operation conditions: p = 1013 mbar, mnzsss = 0.035 g, msho =0.022 g, T=32 °C:
XetBu = 0.56, X(r/s)-2-peoH = 0.24, Xp-xylene = 0.20, mo=2.2 g, T=65 °C: Xetu = 0.82, X(r/s)-2-peoH = 0.11, Xp-xylene = 0.07,
mo=15g
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Hence, selective formation of (R)-2-PeBu with respect to high enantioselectivity of NZ435 was
successfully established in the chemo-enzymatic DKR reaction with spatial separation of the catalysts.
Simultaneously, low ees)-2-peon <13 £0.05 % were detected (filled diamonds and filled squares,
Figure 5.29, A). A low enantiomeric excess of the chiral starting material proves sufficient activity of
the chemocatalyst, which performs the racemization of residual (S)-2-PeOH of chemo-enzymatic DKR.
Discrepancies to the ideal case with a constant ee(s)-2-peon =0 % in this racemization step can be
explained by the applied concentration of the Shvo catalyst (0.5 mol%), which is half of the
concentration in the similar approach by Mavrynsky et al. (2014) [159]. In fact, determined
enantiomeric excess values for (5)-2-PeOH and (R)-2-PeBu at the two investigated temperature
differences (AT = 152 + 4 °Cand AT = 135 °C) verified the simultaneous operation of spatially separated
catalysts in the Soxhlet reactor setup. The main difference between the presented results is the
observed increase in the analytical yield at AT = 135 °C, which can be referred to a two-fold increase
of the temperature at the position of NZ435 in the liquid line. With respect to the monitored
temperatures at the position of NZ435, Tnzss = 57 °Cwas present at AT = 135 °Cand for AT =152+ 4 °C
it was Tnzazs = 31 + 2 °C. The temperature at the position of Shvo catalyst was almost the same in both
cases (Tshvomean = 178 — 193 °C). Although higher analytical yields might be explained by increased
reaction velocity at increased temperatures according to Arrhenius law, further investigation is
necessary to proof this observation at a reduced temperature differences (AT = 135 °C).

Additionally, the chemo-enzymatic DKR was performed in two batch vessel experiments operating
both catalysts at the same temperature without spatial separation (Figure 5.29, B). This corresponds
to the state of the art procedure for chemo-enzymatic DKR [117] [122] [129]. Two different
temperatures of T=32 °Cand T = 65 °C were selected to investigate the behavior of the enantiomeric
excess of the starting material (ee(s)-2-peon) and the formed product (ee)-2-resu) against the yield (Y). The
selected temperatures were similar to the temperatures at the position of NZ435 in the experiments
with a temperature difference. At both selected temperatures, the enantiomeric excess of the reaction
product (R)-2-PeBu revealed efficient performance of the KR step catalyzed by NZ435 due to constantly
high values for eewr)-2resu>96% UP tO Yanaytica =43.5% at T=32°C (open diamonds) and
Yanalytical = 58.5 % at T = 65 °C (open squares). For the experiment with T = 65 °C, further increased yields
up to Yanaiyical = 60.1 % showed a decrease in ee()2-resu to 86 %, which follows typical behavior of KR
after total consumption of the faster reacting enantiomer. Similar behavior to KR is supported by an
increase in the enantiomeric excess of residual (S)-2-PeOH up to ee(s)-2-peon = 50 % at T=32 °C and an
analytical yield of 43.5 % (filled diamonds) as well as ee(s)-2-peon = 72 % at T = 65 °C and Yanaiytica = 60.1 %
(filled squares).

According to the behavior of the enantiomeric excess, reduced reaction performance of the

racemization step catalyzed by Shvo catalyst was present in both batch vessel experiments without a
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temperature difference (Figure 5.29, B) compared to previously discussed results with a temperature
difference between the catalysts (Figure 5.29, A). This observed reduction in the racemization step in
batch vessel experiments can be explained by the drastically decreased operating temperature at the
position of Shvo catalyst from Tsho =183 £ 5 °C to Tsho = 32 °C as well as T=65 °C. In fact, at least
T =80 °C are required to induce efficient racemization by Shvo catalyst [162].

With respect to the analytical yield, it is reduced to Yanayticai =24.3£0.2 % at AT=152+4°C and
Yanalytical = 41.5 % at AT = 135 °C in the experiments for the proof of principle of the chemo-enzymatic
DKR with spatially separated catalysts (Figure 5.29, A) by considering only the desired reaction product
(R)-2-PeBu. In contrast, no differences between the overall analytical yield and the analytical yield of
(R)-2-PeBu occur in the batch vessel experiments with both catalysts operated at T =32 °C as well as
T=65°C (Figure 5.29, B). Therefore, this detection of low analytical yields for spatially separated
catalysts was studied in detail for the two experiments with a temperature difference of
AT =152 + 4 °C by taking a deeper look on the molar fractions (xi) in the bottom of the Soxhlet reactor

setup over the course of Yanaytical.

In Figure 5.30, A, the molar fractions (x;) of the starting materials EtBu (triangles), (R)-2-PeOH (open

diamonds) and (S)-2-PeOH (filled diamonds) as well as the solvent material p-xylene (crosses) are

depicted.
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Figure 5.30: Profile of molar fractions (xi) over yield (Y) in chemo-enzymatic DKR with spatially separated catalysts
and a temperature difference of AT =152 + 4 °C in the Soxhlet reactor setup. A: starting materials, B: formed
products and intermediates. p-xylene is present in both profiles. Operation conditions: p =1013 mbar,
Xetgu = 0.54, X(r/s)-2-peon = 0.23, Xp-xylene = 0.23, Mnzass = 0.25 g, Mshvo = 0.16 g, mo=13.0 g (n = 2), position of Shvo
catalyst: bottom of the setup, position of NZ435: lower part of liquid line in the setup
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In Figure 5.30, B, formation of the reaction products (R)-2-PeBu (open squares), (S)-2-PeBu (filled
squares) and EtOH (open circles), the intermediate product 2-pentanone (filled circles) and the solvent
material p-xylene (crosses) is shown.

The expected behavior for (R)-2-PeOH and (5)-2-PeOH is observed by decreasing molar fractions from
X(r)-(s)-2-peon = 0.14 = 0.01 mol-mol™ to 0.04 + 0.01 mol-mol™ over increased analytical yields of the
successfully performed KR. Simultaneously, a selective formation of (R)-2-PeBu took place indicated
by increased molar fractions from Xy-2-pesu = 0 mol-mol™? to 0.08 + 0.01 mol-mol™?. The absence of
(S)-2-PeBu shows once more the enantioselective KR reaction of NZ435. In the data points of the molar
fraction of EtBu in Figure 5.30, A, an initial step-like increase occurred followed by a slight decrease
over the course of experiment. While this decrease corresponds to the consumption of EtBu during
the enzymatic KR reaction, the initial step-like increased molar fraction can be explained by the initial
evaporation of low boiling materials changing the composition of reactants in the bottom. In particular,
the formed low boiling EtOH and residual (R)- as well as (S)-2-PeOH are causing this increase in the
molar fraction of EtBu at the bottom due to high fractions in the vapor phase of these compounds.
Lower molar fractions of EtOH were observed compared to the high boiling reaction product
(R)-2-PeBu, which indicated that EtOH was mainly present in the vapor phase. Furthermore, the higher
boiling solvent p-xylene stayed in the bottom and (R)-2-PeBu accumulated more and more over the
course of the reaction. Additionally, a similar increase in the molar fraction of 2-pentanone was
observed compared to the desired reaction product (R)-2-PeBu. Moreover, this determined molar
fraction of 2-pentanone in the bottom might be further increased due to a part of it being present in
the vapor phase of the setup according to its lower boiling point in comparison to the starting materials
(Figure 5.27).

Therefore, reduced yields in the Soxhlet reactor setup occurred with respect to accumulation of the
intermediate product 2-pentanone in the chemocatalyzed racemization step. With respect to the
mechanism of Shvo catalyst described in literature, only the alcohol subunit is affected by
oxidation [123]. In consequence, the enantiomeric excess of (5)-2-PeOH and the chiral reaction
product (R)-2-PeBu was not affected by insufficient racemization. Only the yield of the desired product
(R)-2-PeBu is reduced by the accumulation of 2-pentanone. In contrast, no formation of 2-pentanone
was observed for the batch vessel experiments without a temperature difference (Figure 5.30, B) due
to reaction temperatures below the activation temperature of Shvo’s catalyst.

As a conclusion for the proof of concept study, desired constant low ee(s)-2-peon Were successfully
reached in the Soxhlet reactor setup, but low yields for (R)-2-PeBu compared to KR operation have to
be optimized in future studies. In those investigations, further improved evacuation conditions of the
Soxhlet reactor setup should be addressed to achieve more efficient racemization (i.e. operating under

Argon atmosphere instead of N,-atmospere). With respect to the achieved temperature difference up
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to AT = 152 + 4 °C, two different temperature zones allowed simultaneous performance of the chemo-
and biocatalyst in the Soxhlet reactor setup, which even allows the operation of more sensitive

biocatalysts with operating temperatures of T = 32 °C in the provided approach.

Concise summary of section 5.5.3:
e Simultaneous performance at spatially separated catalysts results in ee)-2-resu > 98 %,
ee(s)-2-reon < 13 % and Y £ 65 %

e Intermediate product 2-pentanone accumulates during the reaction

5.5.4. Interim Summary: Combination of Chemo- and Biocatalysts

e The performed proof of concept study shows the possibility to operate a chemo-enzymatic DKR
with spatially separated catalysts in a Soxhlet reactor setup for a theoretically feasible starting
material combination in RD ((R/S)-2-PeOH with EtBu)

e Temperatures of T =32 °C for thermosensitive biocatalysts are feasible at simultaneously high
temperatures of T = 183 - 193 °C for the chemocatalyst

e Intermediate product formation occurred, which should be prevented in an optimization process
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6. OVERALL DISCUSSION & PERSPECTIVE

In the following section, all discussed results of this study are used to identify and discuss challenges
and opportunities regarding the provided approach for in situ isolation of chiral molecules in an
integrated biocatalytic batch reactive distillation setup (RD) as well as the applied combination of a

bio- and a chemocatalyst in dynamic kinetic resolution (DKR).

6.1.Scope of Feasible Chiral Starting Materials and Biocatalysts for Biocatalytic

Batch Reactive Distillation

Within the stage of selecting applicable reactions for biocatalytic RD (section 5.1), a preselection tool
was developed and evaluated to identify feasible candidates for the synthesis of chiral molecules in RD
with respect to available property data (Antoine parameters). This procedure mainly offers the
opportunity to compare several starting material combinations on the basis of three implemented
preselection criteria and to discard inacceptable combinations before experimental study. Thereby,
biocatalytic RD can be taken into consideration for a known starting material as an alternative process
strategy in the beginning of the process development phase. In contrast, recent literature on the
application of biocatalysts in RD focuses on specific candidates without an option to compare different
reactants [41] [45] [47]. However, as long as a starting material combination is theoretically feasible
for biocatalytic RD, the generated theoretical operating windows should be verified by a detailed study
on the phase change behavior and experimental data in any case. So far, the preselection tool
comprises 120 kinetic resolution (KR) reactions with chiral secondary alcohols and non-chiral ester
compounds catalyzed by CalB. But, changing the operating conditions in the column by variation of the
column pressure (pro) could allow the identification of further reaction systems. Especially, reduced
pro Were promising due to simultaneously affected boiling points of the reactants (Tpoi) to result in
decreased Tgrp. Within the discussed comparison between the feasible number of reactions (ngeac) at
p = 100 mbar (nreac = 7 at T =60 °C) and p = 10 mbar (ngeac = 44, T = 60 °C), 6.3 fold increased reactions
were theoretically feasible concerning the implemented number of reactants to perform KR (section
5.1). Operating the column at reduced pgp is the common strategy in this work as well as in the
literature to be able to reduce the operating column temperature (Tgrp) [42] [43] [45] [48]. By this
design opportunity of reduced pro, lowered operating Trp within the stability range of the biocatalyst
become feasible due to decreased boiling temperatures and reduced biocatalyst deactivation.

Particularly, for the flexibility of selecting the biocatalyst, there are currently no competing candidates
to lipases and especially CalB for the application in biocatalytic RD. In fact, thermal stability up to
T =80 °C (section 5.2) [37] [109] combined with a broad acceptance of starting materials [106] [107]

underlines the outstanding position of this specific biocatalyst. The choice on CalB is confirmed by
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previously published studies comprising the implementation of a biocatalyst in RD, which are all
addressing CalB [42] [43] [45] [47] [48]. To ensure a feasible temperature range for CalB, a
temperature criterion for the RD column between Tgrp = 30 — 80 °C is predefined. Hence, the boiling
points of the reactants are required to be in this temperature range, while they can be shifted by
reduced operating pressures. For other candidates, either the accepted starting materials cannot be
evaporated in the thermal stability range of the biocatalyst or thermal sensitive as well as expensive
cofactors are required for catalyzing the reaction. A detailed overview on the classes of biocatalysts
and their challenges towards biocatalytic RD is provided in section 2.2.3.

An additional challenge emerges regarding the feasibility of reactants with respect to required
simultaneous evaporation of the starting materials and thermal separation of the reactants along the
RD column. Based on section 5.1, a large temperature difference between the boiling points of the
starting materials needs to be avoided. The resulting effects of an increased temperature difference
between the starting materials of ATevaporation = 24 - 31 °C (at p = 10 — 100 mbar) were in this work
experimentally discussed on the applied KR of (R/S)-3-HEB with 1-PeOH, which demonstrated less
availability of both starting materials in the packing height of the column setup (section 5.2). On the
other hand, preselected candidates with a reduced temperature difference of ATevaporation = 9 - 11 °C (at
p = 80— 100 mbar) comprising the two selected KR reactions of (R/S)-2-PeOH with PrBu and
(R/S)-2-PeOH with EtBu showed feasible column performance in experiments (section 5.3). Obtained
feasibility for (R/S)-2-PeOH with EtBu can be supported by previously published data on its application
in batch RD by Heils et al. (2015) [45]. Hence, the predefined criteria within the preselection phase
comprising simultaneous evaporation of the starting materials (at ATevaporation < 11 °C) and thermal
separation between the highest as well as lowest boiling components (ATseparation = 18 °C, discussed in
section 5.1), were successfully proven in experimental investigations to allow operation in batch
biocatalytic RD. In fact, the proposed temperature differences serve as guiding values for the applied
equipment in this work and will change with the column configuration as well as the applied column
internals. Operating the column with additional feed streams for higher as well as lower boiling
compounds will for example prevent the need for a temperature differences between the starting
materials. This improved strategy for column operation is further discussed in section 6.3. On the other
hand, an increase in the RD column height will offer an increase in the separation efficiency due to a
substantially increased number of stages for the separation.

Although the application of biocatalytic RD clearly sticks to lipases, the application of an additional
catalyst may become feasible by providing different temperature zones for an increase in flexibility of
biocatalytic RD. Due to a detected temperature gradient, which decreases along the column height
(ATmax = 30 °C comparing the temperature at the bottom and the top of RD in section 5.3 and section

5.4), a catalyst requiring high temperatures can be placed in the bottom of the column setup. This
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approach is proven by a proof of concept study on chemo-enzymatic DKR using CalB and Shvo catalyst,
in which an additional chemocatalyzed racemization step is performed with spatially separated
catalysts to achieve the enantiopure target compound (R)-2-PeBu (section 5.5). According to literature,
the applied Shvo catalyst is activated at increased temperature, while for the biocatalyst lower
temperatures are required to reduce the deactivation rate [124] [162]. At least, the experimentally
implemented temperature difference of AT=152+4°C for the selected starting materials
(R/S)-2-PeOH and EtBu in the solvent p-xylene revealed theoretical feasible co-performance of both
catalysts in a Soxhlet reactor setup with expected rather constant optical purities for the starting
material as well as the formed product (section 5.5). However, the applied racemization catalyst
currently shows side product formation due to inactivation by oxidizing species. Hence, spatial
separation of catalysts in dynamic kinetic resolution is only efficiently feasible in future times, if side
product formation is prevented or at least reduced to increase the yield of the desired target
compound. Starting points for an improved performance are more efficient evacuation concepts or
the substitution of the applied chemical catalyst by a more stable candidate. Experiments in a similar
reactor setup by Mavrynsky et al. (2014) already demonstrated the feasibility of the application with
chiral amines yielding high purities of the reaction product as well as excellent enantiomerix excess

values [159]. Therefore, a combination of different catalysts in RD is in principle feasible.

6.2.Required Operation Conditions for in situ Isolation of a Chiral Target Compound

in Batch Biocatalytic Reactive Distillation

Beside the provided scope of chiral target compounds in biocatalytic RD with one biocatalyst or a
combination with an additional catalyst, the adjusted operation conditions should allow the in situ
isolation of a chiral target compound at the top of the RD setup. Indeed, the in situ isolation by
fractional distillation will be one big advantage of an integrated RD process compared to other reactor
concepts like in STRs, which do not offer this possibility. However, in recent literature, only the reaction
performance without isolation of the product in different RD concepts is available [39] [45] [48].
Therefore, the major aim of this study was to achieve in situ isolation at the top of the applied batch
RD column and to identify influencing parameters to reach this aim.

On the basis of promising results by Heils et al. (2015) for KR of (R/S)-2-PeOH with EtBu implemented
in a batch RD setup [45], an experimental comparison of two different non-chiral starting esters is done
in batch RD to evaluate the possibility of in situ isolation of the chiral target compound (S)-2-PeOH.
Basically, the results from section 5.3 demonstrate the successful transfer of the previously selected
chiral starting material (R/S)-2-PeOH with either EtBu or PrBu to the batch RD setup. In an initially

performed experimental characterization phase (section 5.2), proper operation of CalB is confirmed
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by determination of the initial activity, enantioselectivity and thermal stability at varied molar fractions
of the starting materials. However, substitution of the ester compound from ethyl to propyl moiety
resulted in a different boiling point order of the reactants, which substantially changes the behavior
during column operation (section 5.3). While in the case of PrBu a higher boiling ester compared to
the racemic starting alcohol (R/S)-2-PeOH is applied, a lower boiling point is present for starting with
EtBu. In fact, the lower the boiling point of the desired target compound (S)-2-PeOH for the two
investigated KR reactions with either EtBu or PrBu was, the faster it was accumulating at the top of the
column due to thermal separation in the RD process. The desired in situ isolation of (S)-2-PeOH can be
achieved by fractional distillation at the top of the column. Hence, the effect of a changed boiling point
order significantly influences the isolation process in batch RD experiments. Using the previously
discussed property data within the preselection tool (section 5.1), the boiling point order can already
be identified at an early stage of the process development and finally predetermines the possibility for
in situ isolation of the chiral target compound.

According to the impact factors of biocatalysts on RD in section 2.2.3, a second advantage will be the
option to handle equilibrium limited reactions by shifting the equilibrium to the product side due to
fractional distillation of low boiling compounds. In obtained results concerning the definition of
equilibrium constants at different operating pressures, the need for an operation at reduced pressures
and thereby a shift in the equilibrium was observed for (R/S)-2-PeOH and EtBu as well as PrBu in
section 5.2. The detected equilibrium limitation was overcome by stripping low boiling product alcohol
EtOH or 1-PrOH, which emphasizes the need for an integrated RD setup.

Within further investigations on parameters in the RD column setup, the composition of the starting
molar fractions, the fractional distillation strategy and the implementation of the biocatalyst revealed
a complex parameter set for achieving in situ isolation of a chiral target compound in batch RD
(section 5.4). In the end, a narrowed operating window was obtained, in which all the parameters
allow a full KR performance with high target compound specifications (ee(s)-2-peom,top > 99 %,
X(s)-2-peoH,top = 0.95 mol-mol™?, ms)2-peontop = 55.1 g). Furthermore, the obtained productivity of a single
batch RD run was 1.2 kgs)-2-peon-kgnzass %, but considering the half-life time of NZ435 theoretically allows
high productivities 104.4 kg(s)-2-reon-kgnzazs * within the industrial range of 50 - 100 kgproduct'Kgsiocatalyst -
(section 5.4) [31]. The major reason for the reduced flexibility in the range of the operation window is
the presence of an azeotropic mixture at the applied operating pressure of p = 80 mbar, T=60.8 °C
and Xr/s)-2-peon = 0.84 mol-mol™regarding the starting materials (R/S)-2-PeOH and PrBu. Thereby, the
reactant separation is restricted as long as both starting materials are present in the RD column and
only after full conversion of the corresponding ester PrBu, high purity of the target compound can be
reached. However, by careful adjustment of the discussed parameters (section 5.4), full KR in

biocatalytic RD is demonstrated even for the case of dealing with an azeotrope. Specifically, as long as
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the biocatalyst is provided along the whole packing height of the column, the presence of azeotropic
mixture at upper column positions can be prevented or at least be reduced by the performed reaction
(section 5.4). In addition to that, economic calculation already shows great potential of the process
setup within the identified narrowed window of operation (section 5.4). Coming back to the second
applied starting ester EtBu in a KR with (R/S)-2-PeOH with the knowledge gained by the KR with PrBu,
high purity and in situ isolation of the target compound should even be possible for EtBu in batch
biocatalytic RD. This will especially be feasible as long as the starting molar fractions of both starting
materials are similar to the reactions performed with PrBu and full conversion of EtBu can be realized.
Hence, the influence of the boiling point order becomes only beneficial for reactions without a formed
azeotrope between the starting materials at the selected operation conditions, because a sufficient
thermal separation along the column height can take place in those cases.

Finally, the following requirements can be derived for in situ isolation of a chiral target compound in

batch biocatalytic RD with respect to the presented results for KR in this study:

e Preselection phase:
1. Pure starting materials should provide a temperature difference of ATevaporation < 11 °C to allow
availability of the starting materials for reaction along the RD column height
2. For CalB, the column temperature should be in the range of Trp = 30 — 80 °C (column pressure
should be reduced to adjust the column temperature)

3. Boiling point order: Ttarget compound < Tand starting material

e Experimental characterization phase in stirred tank reactors:
1. Catalytic activity in the range of X(r/s)-substrate,0 < 0.66 mol-mol*
2. High enantioselectivity E > 100
3. Reasonable catalyst stability at the desired column temperature (here: 705 = 87 + 11 d at 60°C)
4. Equilibrium limited reaction (Keq < 1) to emphasize the need for a reactor concept, which is

able to overcome the limitation

e Experimental batch reactive distillation phase:
1. Flexible NZ435 over the column height despite the bottom position (H=0 m)
2. Stepwise fractional distillation (a. Stripping of lowest boiling compound to shift equilibrium,
b. Stripping of target compound with high e€target compound)

3. Starting molar fraction range between 0.6 mol-mol™ < X(r/s)-2-peon,0 < 0.67 mol-mol™*
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6.3.Evaluation of the Chosen Batch Reactive Distillation Operation Mode

All experimental investigations in this work are carried out in a batch biocatalytic RD setup (section 5.3,
section 5.4). In general, batch RD is the preferred setup compared to continuous RD in the case of
required higher residence times due to low reaction rates [52]. However, the biocatalyst is placed along
the height of the RD column to perform the reaction in the presented experiments, which is the same
procedure in the continuous approach. The benefit of having no biocatalyst in the bottom of the
column setup is given by obtained decreased temperatures in the packing height compared to the
bottom of the column. Although less catalytic activity caused by mass transport limitations will be
present, increased catalyst lifetimes can be achieved by placing the catalyst solely in the packing
height. This is supported by long term activity measurements for the applied NZ435 resulting in a 4.6
fold increase in the half-life time from 7p5=19+ 3 d to 755 =87 + 11 d by reducing the temperature
from T=80"°C to T =60 °C (section 5.2) tested in a STR experiments, in which the shear stress by
stirring also increase the deactivation compared to the use of the biocatalyst in catalytic packings in
RD.

With respect to the position of the biocatalyst in the packing height, the investigated setup will allow
the transfer to semi-continuous or continuous operation modes in future times. Comparing the
different operation modes in RD, the major difference for the batch RD setup is to have a dynamic
operation behavior, while the continuous setup is operated under steady-state conditions.
Additionally, feed stages are not present in the applied batch RD setup. In contrast, continuous
operation provides additional feed streams at different positions to the setup. Based on the
investigated KR reactions without an additional feed to the RD setup, offering a feed strategy would
behave as an important design opportunity. Thus, a constant feed of a higher boiling compound at
increased column positions and simultaneous feeding of a low boiling reactant at lower column
sections can increase the feasible spectra of reactions. Such a strategy will already become interesting
for the characterized KR reaction of the chiral starting ester (R/S)-3-HEB with 1-PeOH (section 5.2). The
major reason for excluding this reaction from successful batch RD column performance was the
substantially higher boiling point of (R/S)-3-HEB compared to 1-PeOH, which may be overcome by
feeding it into the column at a higher column position to increase the concentration in upper column
parts for a sufficient reaction performance. Thereby, the criterion for the temperature difference
between the starting materials implemented in the preselection tool can be avoided, which will allow
a theoretically higher number of feasible reactions for the RD setup. This continuous operation is
already introduced in literature by Heils et al. (2014) [41] as well as Wierschem et al. (2018) [48], which
might be transferable to the investigated operation strategy with in situ isolation of chiral target

compounds from this work.
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Moreover, for the successfully implemented KR reaction of the chiral starting alcohol (R/S)-2-PeOH
with PrBu, a different column setup may be beneficial as well. This is referred to the fact of being
interested in the second lowest boiling compound ((R/S)-2-PeOH) beside the formed low boiling
alcohol 1-PrOH during the reaction. Hence, it might be more efficient to operate this reaction in a
divided wall column, in which a side stream can be generated of the desired target compound
(S)-2-PeOH. A starting point for the application of a divided wall column can be the recently published
study by Egger et al. (2017), as they introduced this concept with the application of CalB, but at the
current stage for non-chiral products [43].

Hence, successful characterization of the biocatalytic RD in the chosen batch RD setup was required to
show the feasibility and discuss influencing parameters for the in situ isolation, while a further
broadened scope of feasible starting materials should be addressed by adding feed or distillate

stripping streams at flexible column stages in the next steps.

6.4.Perspective for Biocatalytic Reactive Distillation

According to the presented and discussed results, the following parameters should be addressed in
future work to improve and broaden the feasibility of biocatalytic reactive distillation.

First of all, the implemented batch RD process can be further improved, especially with respect to the
productivity of the desired chiral target compound obtained at the top of the column (kg target
compound per kg biocatalyst). In detail, the applied amount of the catalyst should be varied and in
best case be reduced to achieve an increase in the productivity of the batch RD process.

Within a second step, the suggested change in the operation mode from batch RD to at least additional
feed or distillate streams (section 6.3) offers the possibility to broaden the scope of applicable starting
material combinations in the integrated process. For example, the investigated chiral starting ester
(R/S)-3-HEB and similar chiral ester candidates should be included within the investigations, because
an experimental characterization of the KR reaction of (R/S)-3-HEB and 1-PeOH is already performed
in this study. Moreover, the provided preselection tool can be extended to the use of feeding starting

materials or an additional side stream in the column.
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7. SUMMARY & CONCLUSION

Within this work, an approach for systematic incorporation of biocatalysts to evaluate the synthesis of
chiral secondary alcohols in a reactive distillation setup is developed (Figure 7.1). The major aim of the
approach is to offer a practicable strategy to achieve in situ isolation of a chiral target compound by
simultaneously broadening the scope of reactive distillation to more valuable chiral products. Basically,
it comprises theoretical preselection of feasible kinetic resolution reactions by available property data
and their experimental characterization with respect to decisive parameters, their integration in a
batch reactive distillation setup and experimental evaluation of generated data at varied operation
conditions. Beside kinetic resolution of secondary alcohols, combined chemo-enzymatic catalysis is
addressed in an integrated setup as an alternative type of reaction for reactive distillation. For this
dynamic kinetic resolution concept involving the same chiral starting materials, spatial separation of
both catalysts allows reaction performance at different temperature conditions and defines its

advantaging and challenging aspects.
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Figure 7.1: Proposed approach for the synthesis of chiral target compounds in biocatalytic reactive distillation
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Finally, successful kinetic resolution performance with in situ separation of the optically pure chiral
target compound (5)-2-PeOH (ee(s)-2-peom,top > 99 %, X(s)-2-peon = 0.95 mol-mol™?, ms)-2-peom,10p = 55.1 g) at
the top of the column setup is realized following the developed strategy. In the case of this CalB
catalyzed kinetic resolution starting from (R/S)-2-PeOH with PrBu (X(r/s-2-peon,0 = 0.65 mol-mol?,
Xprauo0 = 0.35 mol-mol?), the profit per batch reactive distillation run already accounts for
approximately 22.6 k€ within one day of operation (Productivity per batch RD run 1.2 kg-kgnzasst). This
profit can even be substantially increased by feasible increased operation times of the applied catalyst
preparation NZ435 of 7p5 = 87 + 11 d. Hence, the use of biocatalysts reveals great potential to obtain a

‘bottle on the table’ within reactive distillation processes, which is demonstrated for (S)-2-PeOH.

Conclusion 1:
The provided approach offers in situ isolation of chiral target compounds within biocatalytic reactive

distillation with high purity and excellent enantiomeric excess

On the other hand, only a small process window allows efficient biocatalytic reactive distillation
performance. This reduces flexibility of the integrated process compared to sequential connection of
unit operations. In this work, multiple impact factors are detected throughout the different phases of
reaction engineering to reach the finally adjusted operation conditions and to evaluate feasibility of
an integrated operation. All of them should be considered for any biocatalytic reactive distillation
process.

In the phase of preselection, criteria for evaporation and separation in the used column setup are fixed
to temperature differences between the starting materials (R/S)-2-PeOH and PrBu of ATevaporation = 9 °C
and between the highest as well as lowest boiling components of ATseparation 2 18 °C at p =80 mbar.
Combined with a predetermined temperature range of the applied biocatalyst in RD (Trp = 30 — 80 °C),
the theoretical operating window for individual candidates is defined by providing a suitable column
pressure. Practicability of the adjusted temperature differences are confirmed by successful operation
of a second kinetic resolution performance ((R/S)-2-PeOH with EtBu: ATevaporation = 10 °C,
ATseparation 2 26 °C, p = 100 mbar) and a negative control with temperature differences outside the

recommended range ((R/S)-3-HEB with 1-PeOH: ATevaporation = 24 °C, ATseparation = 48 °C, p = 10 mbar).

Conclusion 2:
The preselection tool allows an early stage decision by defining a theoretical operating window and

identifying feasible candidates for kinetic resolution in biocatalytic batch reactive distillation

Experimental results are produced in the characterization phase to set up the fundamental data basis
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for column experiments with respect to efficient catalytic activity of an appropriate catalyst
configuration (vo), long-term thermal catalyst stability (z0.5) and high enantioselectivity (E) toward the
selected candidates from the preselection phase. Furthermore, stationary batch RD column
experiments without the presence of biocatalyst are conducted to define the region for placing the
biocatalyst and to confirm the decisions made in the preselection phase by analyzing the distribution
behavior over the column height. Obtained data involve the comparison of kinetic resolution
performance starting either with a secondary alcohol ((R/S)-2-PeOH) or a chiral hydroxy ester
((R/S)-3-HEB). For the solvent-free kinetic resolution of (R/S)-2-PeOH with PrBu, RD column operation
turns out to be feasible due to high enantioselectivity (E > 100) and the need for overcoming a strong
equilibrium limitation (Keq = 0.24 + 0.04) by the application of reduced pressures (p = 80 mbar). On the
contrary, solvent-free kinetic resolution of (R/S)-3-HEB with 1-PeOH is not recommended for reactive
distillation performance. Although applying reduced pressures allows optically pure (S)-3-HEB for the
less enantioselective reaction (E = 10 - 15), inadequate distribution in stationary column experiments
prevents simultaneous accessibility of both starting materials. Referring to investigations on the
selected biocatalyst preparation (Novozym435), optimal temperature conditions for column
experiments are T = 60°C with displayed half-life times of 705 = 87 + 11 d. At the same time, Arrhenius
dependency shows only a 1.2-fold increase in catalytic activity at AT=10°C in the operating
temperature. Hence, further increase in temperature does not significantly change the reaction
velocity within the column. With respect to thermal deactivation, incorporation of the biocatalyst
should not be realized in the reboiler region of the column but in the column height. Otherwise,
increased temperatures in the bottom of the column caused by accumulation of high boiling product
((R)-2-PeBu) during the reaction and constant heat induction leads to fast deactivation and frequent
replacement of the biocatalyst. However, this procedure is a trade-off providing less thermal
deactivation but simultaneously reduced catalytic activity compared to catalyst placement in the liquid
phase of the bottom of the column (reboiler region) in consequence of mass transfer limitations.
Finally, initial conditions for the transfer to batch reactive distillation are defined by the generated

data.

Conclusion 3:
Experimental characterization of selected starting materials proves the criteria based theoretical

preselection and predefines the starting conditions for reactive distillation experiments

In the phase of performing column experiments with biocatalyst, the main focus is on excellent optical
purity (ideally eewp = 100 %) and high molar fraction of the target compound (ideally xtp = 100 %). The

most influencing parameters on the desired target compound specifications are stepwise fractional
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distillation and the initial molar fraction of the starting material, while changes in catalyst distribution
along the column height does not exhibit high impact on reaction performance. For fractional
distillation, most efficient results are obtained with a temperature-controlled two-step strategy. In the
first step, low boiling 1-PrOH is stripped until full kinetic resolution of (R/S)-2-PeOH with PrBu gives the
residual enantiomer (S)-2-PeOH in high optical purity. A stepwise increased temperature for fractional
distillation of optically pure (5)-2-PeOH results in rising target compound molar fractions (X(s)-2-peo,top)
in the second step. This method is applied at varied initial starting molar fractions (X(r/s)-2-peon,0), Which
leads to considerably rising target compound molar fractions of Xs)-2-reottop = 0.65 mol-mol?
(X(r/s)-2-peon,0 = 0.1 mol-mol™) up to Xs)-2-peortop = 0.95 Mol-mol™ (Xs)-2-peon,0 = 0.65 mol-mol™?). Evaluation
of the target compound molar fraction and the corresponding optical purity is depicted in an
experimental process window for biocatalytic reactive distillation. Due to present azeotropic behavior
within the investigated starting material combination of PrBu and (R/S)-2-PeOH, an excess of PrBu with
respect to the faster reacting starting enantiomer ((R)-2-PeOH) should be prevented. Then, all of the
applied PrBu reacts away and azeotrope formation can considerably be reduced. On the other hand,
an excess of (R)-2-PeOH compared to PrBu in the beginning of the reaction prevents full kinetic
resolution. Therefore, conditions in the range of 0.6 mol-mol™ < Xz/s)-2-peor,0 < 0.67 mol-mol™ should be

applied for high target compound specifications.

Conclusion 4:
An operating window for high purity and enantiomeric excess is presented for biocatalytic batch

reactive distillation experiments with fractional distillation at varied starting conditions

Among applying kinetic resolution in an integrated approach, a proof of concept study on dynamic
kinetic resolution demonstrates simultaneous CalB catalyzed kinetic resolution with an additional
chemocatalyzed racemization in a single apparatus. The special feature of this dynamic kinetic
resolution performance is the operation of both catalysts at completely different temperatures
(135°C < AT £153°C) by spatial separation in a Soxhlet reactor setup. Hence, beneficial conditions can
be adjusted for thermal sensitive biocatalysts operated at T = 32 °C as well as thermally activated Shvo
catalyst operated at T= 183 — 193 °C. In fact, this strategy provides typical behavior of rather constant

optical purities for the reactants (eeg)-2-resu > 98 %, €€(s)-2-peon < 13 % at Y < 65 %).

Conclusion 5:
A proof of concept study demonstrates general application of two spatially separated catalysts

operated at different temperature zones
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Allin all, performed investigations in this study contribute to the rising interest in successful application
of biocatalysts in reactive distillation for the synthesis of chiral target molecules via biocatalytic kinetic
resolution. Although the integrated concept is still in the development phase, several promising
examples are presented comprising this study and current literature. Especially, gaining a valuable
chiral target compound represented by (S)-2-PeOH within biocatalytic reactive distillation
demonstrates the transfer of a classically chemical process setup to a new set of reactions and products

in industry in future times.
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Appendix A: Calculation

APPENDIX

Additional information for extended understanding of presented data or discussed parameters are
given in the following appendix sections. Cross references in the corresponding chapters are used to

give further details on the topic within the appendix section.

A: CALCULATION

Figure A.1 and Table A.1 represent additional information on the F-Factor calculation. The electric
heating device was adjusted to the given values in Figure A.1 (Th.t) and the time dependent
temperature increase in the round bottom flask (AT-t?) of the reactive distillation setup was used to
calculate Q,pq; according to Eq. 30:

. ATbottom
Qheat =My Cp f Eq. 30

In Eq. 30, mo refers to the mass of water filled in the round bottom flask at the beginning of the
experiment, while ¢, represents the heating capacity of water. For calculation of Qheat at a given
temperature difference between the electric heating device and the temperature in the round bottom

flask (AT), the linear regression lines at the adjusted Theo: can be applied.

O Tpopr = 200°C A Thep = 250°C 0 T = 300°C

600
y = 8.0816x- 1364
500 R?=0.91 ™
<
S 400 1 y=7.093x- 964.04
= R?=0.91 ~a AL
§ 300 -
-y A
200 A
A
100 - ;-;.'_' y =4.5613x- 441.27
= R?=0.89
O I I
100 150 200 250
AT[°C]

Figure A.1: Determination of Q.4 for F-factor calculation

The resulting estimated F-factors with respect to the conditions in the stationary column experiments

(section 5.2.4) are summarized in Table A.1.
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Table A.1: F-Factor calculation at varied temperature differences between the electric heating device and the
temperature in the round bottom flask (AT). Theat corresponds to the adjusted value at the heating device, hv is

calculated based on literature data (PrBu: [139], (R/S)-2-PeOH: [138]) and pv is determined by assuming ideal gas
behavior

X(R/5)-2-PeOH : XprBu X(R/5)-2-PeOH : XprBu
60 : 40 mol% 40 : 60 mol%
Theat® AT Qheat® hy Pv Fe hy pv Fe
[°C] [-] (W] [k -kg™] | [kg:m?] [Pa®®] [ki-kg*] | [kgm3] | [Pa®’]
200 | 144+10 216 +44 0.31 1.0+0.2 0.33 0.9+0.2
250 1918 392 £56 251.8 0.30 1.8+0.2 224.6 0.33 1.7+0.2
300 2405 572 £ 36 0.30 26+0.1 0.33 25+0.1

2adjusted temperature at heating device of RD column setup
brefers to AT of the electric heating device and the mean column temperature in stationary RD (section 5.2.4)
‘standard deviation refers to fluctuations in the heating device at the adjusted Theat
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B: SELECTION OF APPLICABLE REACTIONS

Table B.1 represents the implemented starting materials in the preselection tool with their boiling
temperatures at p = 1013 mbar and p = 100 mbar. The boiling temperatures were taken from the NIST

database [140]. Feasible starting material combinations out of the 120 implemented possibilities at

the given preselection criteria are summarized in Table B.2 and Table B.3.

Table B.1: Implemented starting materials in the preselection tool

Chiral starting alcohol

Non-chiral starting ester

Name Thoil [°C] Thoi [°C] Name Tooil [°C] Tooil [°C]
(R/S)- p = 1013 mbar | p = 100 mbar p = 1013 mbar | p =100 mbar
ethyl
2-butanol 99 49 110 47
isobutyrate
propyl
2-pentanol 119 65 133 68
isobutyrate
methyl
3-hexanol 135 75 102 42
butyrate
ethyl
2-hexanol 139 82 121 55
butyrate
3-methyl- propyl
133 76 142 76
2-butanol butyrate
3-methyl- ethyl
133 76 99 39
2-pentanol acrylate
3,3-dimethyl- propyl
119 65 119 56
2-butanol acrylate
2-methyl- methyl
124 69 100 39
3-pentanol methacrylate
4-methyl- ethyl
131 72 117 51
2-pentanol methacrylate
2-methyl- propyl
130 75 140 73
1-butanol methacrylate
methyl
116 53
isovalerate
ethyl
134 69

isovalerate
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10 mbar (Trp = 60 — 80°C, ATseparation > 5 °C and ATevaporation < 15 °C)

Table B.2: Theoretically feasible ngeac (+) at p
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100 mbar (TRD = 80°C, ATseparation > 5 °C and ATevaporation < 15 OC)

Table B.3: Theoretically feasible ngeac (+) at p
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Additional estimated VLE data at p = 80 mbar for the non-ideal binary behavior between 1-PrOH and

(R/S)-2-PeOH (Figure B.1, A), 1-PrOH and (R/S)-2-PeBu (Figure B.1, B), (R/S)-2-PeOH and (R/S)-2-PeBu

(Figure B.1, C) as well as PrBu and (R/S)-2-PeBu (Figure B.1, D) were estimated by the software Aspen

properties V8.0 (Aspen Technology, Bedford, Massachusetts, USA).

A

T[°C]

T[°C]

1-PrOH / (R/S)-2-PeOH: p = 80 mbar B
=== YipoH — X1-proH
65
o
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40 1 1 1 I
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X1.prom Y1-pron [Mol-mol]

(R/S)-2-PeOH [/ (R/S)-2-PeBu: p =80 mbar D

= = = Y(r/s)-2-PeoH = X(R/s)-2-PeOH
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0

Figure B.1: Estimated vapor liquid equilibria (VLE) at p = 80 mbar by the software Aspen properties V8.0. A:
1-PrOH and (R/S)-2-PeOH, B: 1-PrOH and (R/S)-2-PeBu, C: (R/S)-2-PeOH and (R/S)-2-PeBu, D: PrBu and
(R/S)-2-PeBu. Filled lines: liquid molar fraction (xi), dashed lines: vapor molar fraction (yi).
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C: CHARACTERIZATION OF KINETIC RESOLUTION REACTIONS

Detailed numbers on the Arrhenius dependency (temperature T, initial activity vo, activation energy

Ea) are given in Table C.1 ((R/S)-3-HEB with 1-PeOH) and Table C.2 ((R/S)-2-PeOH with PrBu).

Table C.1: Arrhenius parameters for the kinetic resolution of (R/S)-3-HEB with 1-PeOH ((R)- and (S)-3-HPB).
Operation conditions: X(/s)-3-es,0 = 0.5 mol-mol™, xi-peon,0 = 0.5 mol-mol™?, p = 1 bar, 400 rpm, cnzass = 7 mg-mL?,

Ea determined by linear regression, SD refers to n=3.

(R)-3-HPB (5)-3-HPB
T[°C] | 103/T[KY] | vo[U-mg?] In (vo) E.[kJ'-mol™?] | vo [U-mg?] In (vo) Ea[k)-mol?]
30 33 1.02+0.02 | 6.92+0.14 0.05+0.01 | 3.85+0.12
40 3.2 1.70£0.09 | 7.44+0.41 0.09+0.01 | 4.45+0.15
50 3.1 1.99+0.04 | 7.59+0.16 18.1+0.1 | 0.13+0.01 | 4.89+£0.06 37.5+0.1
60 3.0 2.22+0.02 | 7.70+£0.07 0.18+0.01 | 5.18 £ 0.09
70 29 2.44+0.02 | 7.80+0.06 0.26 £0.01 | 5.54 £ 0.05

Table C.2: Arrhenius parameters for the kinetic resolution of (R/S)-2-PeOH with PrBu ((R)-2-PeBu and (S)-2-PeBu).
Operation conditions: X(g/s)-2-peon,0 = 0.5 mol-mol™, xerau0 = 0.5 mol-mol™?, p = 1 bar, 400 rpm, cnzazs = 7 mg-mL7?,

Ea determined by linear regression, SD refers to n=2.

(R)-2-PeBu (S)-2-PeBu
T[°C] | 103/T[KY] | vo[U-mg?] In (vo) E.[kJ-mol™?] | vo [U-mg?] In (vo) Ea[k)-mol™?]
40 3.2 1.91+0.09 | 7.56 £0.35 0 -
60 3.0 197+0.04 | 7.59+0.17| 14.0x0.1 0 - -
80 2.8 3.551+0.18 | 8.18£0.42 0 -

vii
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In Figure C.1, the experimental course of the enantiomeric excess (e€e(s)-2-reor, €€(g)-2-pesu) With rising
conversion (X) is demonstrated for the kinetic resolution reaction by (R/S)-2-PeOH with PrBu at

p = 1 bar. Presented lines refer to calculated behavior by Chen et al. (1982) [115].

A (S)-2-PeOH (R)-2-PeBu

¢ 1bar O 1bar

- - = calc. calc.
100
80
g 60

o
40
20
O 1 1 1 1

0O 20 40 60 80 100
X [%]

Figure C.1: Reaction performance of the kinetic resolution reaction by (R/S)-2-PeOH with PrBu, Operation
conditions: X(r/s)-2-peon,0 = 0.1 mol-mol™, xersu0=0.9 mol-mol?, T=60°C, 400 rpm, cnzass =7 mg:mL?L, lines:
calculated behavior at E = 100. SD refers to n=2.

D: IMPLEMENTATION OF SELECTED REACTIONS IN REACTIVE DISTILLATION

Additional courses of the molar fractions of all reactants (xi) at the top of the batch reactive distillation
column with rising conversions (X) are presented for initial starting molar fractions of
X(r/s)-2-peon,0 = 0.1 mol-mol™? and the starting ester EtBu (Xewsu0 = 0.9 mol-mol?) in Figure D.1, A as well
as the starting ester PrBu (xpreu0=0.9 mol-mol?) in Figure D.1, B. The courses at the bottom
(Figure D.1, C) and at H1 (Figure D.1, D) of RD with PrBu are depicted as well. Manual fractional
distillation in the case of EtBu and automated temperature controlled fractional distillation in the case
of PrBu is indicated by grey boxes. The set temperature values for changes in fractional distillation in

the experiment with PrBu are presented within the figures.
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Figure D.1: Molar fractions (x;) in biocatalytic batch reactive distillation for the kinetic resolution of (R/S)-2-PeOH
(X(g/s)-2-peon,0 = 0.1 mol-mol?) with either EtBu (Xesu,0 = 0.9 mol-mol™t) or PrBu (xerau,0 = 0.9 mol-mol?) at different
column heights. A: EtBu: top, B: PrBu: top, C: PrBu: bottom, D: PrBu, H1. Operation conditions: msottom,0 = 800 g,
SD: refers to maximum error estimation according to section 3.4. EtBu: p = 100 mbar, mgottom,0 = 800 g, grey box:
area of manually adjusted fractional distillation with rr=20, Teottom=58—-64°C, mnz3s=6.5¢g
(cnzazs = 104 mg-gr/s)-2-peon0l), PrBu: p =80 mbar, maottomo=800g, grey areas: automated temperature
controlled fractional distillation (rr = 7.5), set temperature value: T <43 °C (lightest grey), T <46 °C (light grey),
T <60 °C (dark grey), Taottom = 70 - 74°C, mnza3s = 6.15 g (cnzazs = 110 mg-g(r/s)-2-peon,0’l). SD: refers to maximum
error estimation according to section 3.4.

Moreover, the molar fraction profiles of all reactants (x;) at the top of the column with rising

conversions (X) are presented for initial starting molar fractions of X/s)-2-reor,0 = 0.1 mol-mol™ and the
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starting ester EtBu (Xewuo = 0.9 mol-mol?) at the bottom of the column (Figure D.2, A) as well as in

height position H2 (Figure D.2, B), and position H3 (Figure D.2, C).

A (5)-2-PeOH W (R)-2-PeBu A EtBu B @(S-2-PcOH M (R)-2-PeBu A EtBu
<(R)-2-PeOH O (S)-2-PeBu @ EtOH < (R)-2-PeOH O (S)-2-PeBu @EtOH
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C @(S)-2-PeOH M (R)-2-PeBu A FtBu
O(R)-2-PeOH [ (S)-2-PeBu  @EtOH
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Figure D.2: Molar fractions (xi) in biocatalytic batch reactive distillation for the kinetic resolution of (R/S)-2-PeOH
(X(g/s)-2-peon,0 = 0.1 mol-mol?) with EtBu (Xesu,0 = 0.9 mol-mol?) at different column heights. A: bottom, B: H2, C:
H3. Operation conditions: mgottomo=800g, p =100 mbar, grey box: area of manually adjusted fractional
distillation with rr = 20, Taottom = 58 — 64 °C, mnza3s = 6.5 g (Cnzaszs = 104 mg-g(r/s)-2-peor,0 %), SD: refers to maximum

error estimation according to section 3.4.
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E: CHIRAL TARGET COMPOUND ISOLATION IN REACTIVE DISTILLATION

Figure E.1 shows spatially resolved ee(s).2-peon at different column heights for two further conversion
points (X =24.1+ 0.1 %, FigureE.1, A, X =33.1+0.7 %, Figure E.1, B) in the RD experiments with NZ435
in H1 - H4 (filled bars) and NZ435 in H1 - H2 (open bars). The data are add to support the discussed
course in the result section by similar behavior of rather constant ee(s)..-peon at different catalyst

arrangement strategies in batch RD.

A X=241+0.1% B X=331+07%
B NZ435 in H1-H4 0ONZ435 in H1-H2 B NZ435 in H1-H4 CINZ435 in H1-H2
RD RD
15— S 15— S
114 —/—— i3 114 /—— 5
B 0.84 ® B 0.84 — ®
T 0.54 T T 054 o
0.24 = 0.24 =
0 5 0 5
0O 20 40 60 80 100 0O 20 40 60 80 100
€€(s).2.peoH [%] €e(s).2-peon [%]

Figure E.1: Spatially-resolved enantiomeric excess (ee(s)2-reor) at similar conversion points (A: X=24.1+0.1 %,
B: X=33.1+ 0.7 %) for NZ435 either distributed in H1 - H4 or in H1 - H2 in batch reactive distillation. Operation
conditions: Xprau,0 = 0.4 mol-mol™?, X/s)-2-peor,0 = 0.6 mol-mol™?, p =80 mbar, Meottom,0 =800g, mMnzass =30.36 ¢
(cnzass = 75 mg-gr/s)-2-peon0’l), SD of X is referred to mean values of compared conversions points in both RD

experiments (n = 2).

For both batch RD experiments with a varied catalyst distribution strategy, pretty similar profiles were
obtained during operation in Figure E.2, A — E and Figure E.3, A - F.

In Figure E.2, A - E, the obtained time-dependent batch RD profiles of the molar ratios (x;) at the
different column heights are depicted for the experiment with a distribution of NZ435 in H1 - H4. A
refers to the bottom of the column, B to the top of the column and C to E to the sampling position
within H1 - H3 (C = H1, D = H2, E = H3). Sampling at the different column heights was only possible in
the given time-frames, whereas bottom and top samples were realized over the whole course of

column operation (A and B).

Xi
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Appendix D: Implementation of Selected Reactions in Reactive Distillation
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Figure E.2: Height-dependent profiles of molar fractions in batch reactive distillation for distribution of NZ435 in
H1-H4. A: Bottom, B: Top, C: H1, D: H2, E: H3. Operation conditions: xprau,0=0.4 mol-mol?,
X(r/s)-2-peor,0 = 0.6 mol-mol™?, p = 80 mbar, mgottom,0 = 800 g, Mnza3s = 30.36 g (Cnzazs = 75 Mg-g(r/s)-2-peon,o *), dashed
line: calculated behavior of ee(s-2-peon, temperature induced fractional distillation at T<46 °C and T <60 °C:
vertical lines and horizontal arrows (NZ435 in H1 - H4), SD: maximum error according to section 3.4.

In Figure E.3, A-F, the obtained time-dependent batch RD profiles of the molar ratios (x;) at the
different column heights are depicted for the experiment with a distribution of NZ435 in H1 - H2. A
refers to the bottom of the column, B to the top of the column and C to F to the sampling position

within H1 - H4 (C = H1, D = H2, E = H3, F = H4).
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Figure E.3: Height-dependent profiles of molar fractions in batch reactive distillation for distribution of NZ435 in
H1-H2. A: Bottom, B: Top, C: H1, D: H2, E: H3, F: H4. Operation conditions: Xprsu0=0.4 mol-mol?,
X(r/s)-2-peon,0 = 0.6 mol-mol™, p = 80 mbar, Meottom,0 = 800 g, Mnza3s = 30.36 g (Cnzazs = 75 mg-gr/s)-2-peon,0L), dashed
line: calculated behavior of ee(s)2-peon, temperature induced fractional distillation at T<46 °C and T <60 °C:
vertical lines and horizontal arrows (NZ435 in H1 - H2), SD: maximum error according to section 3.4.

In Figure E.4, the molar fractions of all reactants in the top of the column for biocatalytic batch reactive
distillation experiments with initial starting molar fractions of Xz/s)-2-peon,0 = 0.67 mol-mol™ (Figure E.4,

A) and Xg/s)-2-peor,0 = 0.65 mol-mol™ (Figure E.4, B) are shown.
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Figure E.4: Profiles of the molar fractions at the top of biocatalytic batch reactive distillation A:
X(R/5)-2-peoH,0 = 0.67 mol-mol?, B:  X(r/s-2-peor0 = 0.65 mol-moll.  Operation  conditions: p = 80 mbar,
Meottom,0 = 800 g, Mnzass = 45.3 g (cnzass = 98 - 104 mg-gr/s)-2-peoriol), rr=9 (18:2) at t<1035min, rr=0 at
t > 1035 min, temperature induced fractional distillation at T <46 °C and T < 60 °C: vertical lines, SD: maximum
error according to section 3.4.
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CalB

cMC

DKR

EtBu

EtOAC

EtOH

GC
(R/S)-3-HEB
HETP
(R/S)-3-HPB
ISTD

KR

NADH
NADPH
NZ435
1-PeOH
(R/S)-2-PeOH
(R/S)-2-PeBu
PIC

PrBu
1-PrOH

RD

SD

Shvo

STR

TIC

UNIFAC DMD
UNIQUAC
VLE

Candida antarctica lipase B

Critical micellar concentration

Dynamic kinetic resolution

Ethyl butyrate

Ethyl acetate

Ethanol

Gas chromatography

(R/S)-3-hydroxy ethyl butyrate

Height equivalent to a theoretical plate
(R/S)-3-hydroxy pentyl butyrate

Internal standard material

Kinetic Resolution

Reduced form of nicotinamide adenine dinucleotide
Reduced form of nicotinamide adenine dinucleotide phosphate
Novozym435

1-pentanol

(R/S)-2-pentanol

(R/S)-2-pentyl butyrate

Pressure indicated control

Propyl butyrate

1-propanol

Reactive Distillation

Standard deviation

Ruthenium catalyst for racemization

Stirred tank reactor

Temperature indicated control

Universal Quasichemical Functional Group Activity Coefficients Dortmund
Universal Quasichemical

Vapor liquid equilibrium
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Symbol Description Unit
Olag Relative volatility between the reactants A and B [-]

ai Thermodynamic activity of reactant i [-]
aspec Specific surface area [m2-m3]
Ci Concentration of component or reactant i [mol-L'Y / [g-LY]
di Diameter of i [mm]
E Enantioselectivity [-]

E. Activation energy [kJ'mol™]
ee; Enantiomeric excess of reactant i [%]

F. F-Factor (vapor load) [Pa%3]
v Thermodynamic activity coefficient [-]
AG Difference in Gibbs free energies [kJ]
ANG Difference in Gibbs free energies of transition states [kJ]
gt Free excess enthalpy to predict y [ki-kg ]
Hi/ h Height of i [mm]
HETP Height equivalent to a theoretical plate [m]
hy Vaporization enthalpy [k)-kgY]
ko Frequency factor for collision of molecules [-]

kq Deactivation constant [s7]
Keq Equilibrium constant [-]

ki Reaction constant of reactant i [mol s
A Wave length [nm]
Mo, Initial mass of reactant i [kg]
m; Mass of component or reactant i [kg]
my Vapor mass flow kg sl
n Number of entities [-]

ni Mole of reactant i [mol]
p Pressure [bar]
Qpeat Heat flow [W]
pi Density of reactant i [kg m3]
R Ideal gas constant [J mol* K1
re Reflux ratio [-]

o Mean standard deviation [%]
Tos Half-life time [d]

t Time of reaction [min]
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AT; Temperature difference between component or reactant i [°C]

Ti Temperature of component, reactant or position i [°C]

A Vapor flow of component i [Mm3s?
Vo Specific initial reaction velocity [Umg?
Vi Specific reaction velocity [Umg?
X Conversion [%]

Xo,i Lnitial liquid molar fraction of reactant i [mol mol?]
Xi Liquid molar fraction of reactant i [mol mol?]
Y Yield [%]

Vi Vapor molar fraction of reactant i [mol mol?]
Az Estimated maximum error [%]
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