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Abstract

The development of new, scalable routes towards [3-amino acids has gained increasing
importance in recent years as [3-amino acids are attractive building blocks for the synthe-
sis of pharmaceuticals. While a large number of routes towards aryl-substituted 3-amino
acids using both chemo- and biocatalysts have been described, few efficient and scal-
able methods for the preparation of short-chained aliphatic 3-amino acids can be found
in literature. A solvent-free chemoenzymatic reaction sequence for the enantioselective
formation of (S)-ethyl-3-amino butanoate with > 99 % ee was developed by Weifl and
Groger [140]. In a first step, benzylamine and t¢rans-ethyl crotonate form the racemic
B-amino acid ester rac-ethyl 3-(benzylamino)butanoate in a thermal aza-Michael addi-
tion. Without isolation, the (R)-ester can directly be converted into the corresponding
amide rac-N-benzyl-(3-benzylamino)butanamide with benzylamine as an amine donor
in a subsequent resolution via lipase (Novozym 435)-catalyzed aminolysis. In this study,
the reaction sequence was characterized in detail with respect to kinetic and thermody-
namic properties of the system, and the continuous operation of the solvent-free reaction
sequence was realized in a coupled reactor setup.

The target product rac-ethyl 3-(benzylamino)butanoate was obtained via irreversible
aza-Michael addition as the main product. A slow, successive side reaction led to the
formation of the amide side product via non-catalyzed aminolysis of the ester in low
amounts. Kinetic constants for both reactions were determined for various temperatures
in the range from 40 °C to 70 °C by numerical integration of the second order rate
equations combined with non-linear regression of the experimental data. Activation
energies of E4; = 40.4 kJ mol~! and E a2 = H4.3 kJ mol~! were calculated according to
Arrhenius’ Law for the aza-Michael addition and successive side reaction, respectively.
Based on the kinetic parameters, conversion-time plots could be predicted with very
good accuracy as proven experimentally. The determined activation energies could be
used to predict the course of reactions at temperatures for which no experimental data
was available.

Kinetic investigations of solvent-free biocatalytic reactions are hampered by an al-
ternating reaction medium both depending on conversion and applied substrate ratios.
Therefore, an alternative strategy was conceived starting in an organic solvent in order to
reduce the complexity of the system and subsequently transferring the kinetic data to the
solvent free system. Thermodynamic activities of all compounds were calculated using
COSMO-RS and used to account for solvation in the respective solvent- or solvent-free
system. The stability of the biocatalyst was determined under reaction conditions and
found to strongly depend on the applied molar fractions of the substrates. The devised
approach proved to be expedient for modelling of the reaction over a broad substrate
range (Xrac—ester=0.33-0.8) and therefore meets the target with respect to simplicity and



applicability for process development purposes.

The selectivity of enzymatic reactions can be influenced by alteration of physicochem-
ical parameters. Particularly, the enantioselectivity of an enzyme can be modified by
reaction media, temperature and pressure. All three parameters were therefore inves-
tigated in this study for the Novozym 435-catalyzed kinetic resolution of rac-3-ethyl-3-
(benzylamino)butanoate with benzylamine. A decreasing apparent enantioselectivity £’
from 34 in tetrahydrofuran to 12 in n-hexane with increasing polarity was observed. In
the solvent-free system, an apparent enantioselectivity of F’=32 was observed at 60 °C
largely independent of the applied substrate ratio. A linear decrease of the selectivity
from F’=40 to E’=18 was found with increasing temperature from 40 °C to 80 °C. No
change in enantioselectivity was observed in tetrahydrofuran at 200 MPa in a high pres-
sure reactor compared to reactions carried out at ambient pressure. In diisopropylether
as a more hydrophobic solvent on the other hand, a significant loss of enantioselecti-
vity was detected at high pressure. The application of high pressure is therefore not
of practical relevance for the reaction system under investigation, but shows the gen-
eral possibility to modify the enantioselectivity in Candida antarctica lipase B-catalyzed
reactions.

Based on the kinetic data obtained for both aza-Michael addition and Novozym 435-
catalyzed aminolysis, a continuous reactor setup for the two-step chemoenzymatic pro-
cess was developed. A tube reactor for the thermal aza-Michael addition and a packed-
bed reactor for the biocatalytic aminolysis were found to be suited best for the efficient
production of (S)-ethyl 3-(benzylamino)butanoate. The coupled reactors were operated
continuously for a time period of 4 days without significant loss of enzyme activity. The
target B-amino acid ester was obtained at 92 % conversion in the tube reactor and 59
% conversion in the packed bed reactor with high enantiomeric excess of > 98 %. A
space-time yield of 0.4 kg L' d™! was calculated for the total reactor volume and 1.8
kg L' d! based solely on the volume of the packed bed reactor. A total turnover
number of 158000 was calculated for the biocatalyst under process conditions. Based on
the current market price for Novozym 435, biocatalyst costs were estimated to result in
about 5.80 € mol~!. Costs for the chiral f-amino acid (S)-3-aminobutanoic acid as the
final product after downstream processing were estimated at about 782 € kg™, which is
well below the current market price for comparable products. The solvent-free process
thus represents an efficient method for the enantioselective production of value added
(5)-B-amino acid esters starting from cheap substrates.
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Abstract

[3-Aminoséuren stellen attraktive Bausteine zur Herstellung pharmazeutischer Wirkstof-
fe dar. Allerdings wurden bisher nur wenige effiziente und skalierbare Methoden fiir die
Synthese kurzkettiger, aliphatischer -Aminoséuren publiziert. Eine 16sungsmittelfreie,
chemoenzymatische Methode zur enantioselektiven Synthese von (5)-Ethyl-3-aminobu-
tanoat mit hohem Enantiomereniiberschuss von > 99 % wurde von Weifl und Groger
entwickelt [140]. Im ersten Schritt der Reaktionssequenz reagieren Benzylamin und trans-
Ethylcrotonat in einer aza-Michael-Addition zum racemischen (-Aminosdureester rac-
Ethyl-3-(benzylamino)butanoat. Die Reaktion verlduft thermisch und ohne Katalysator.
Ohne vorherige Aufreinigung des entstandenen Produkts wird das (R)-Enantiomer des
Esters selektiv mittels Novozym 435-katalysierter Aminolyse zum entsprechenden Amid
(R)-N-Benzyl-(3 benzylamino)butanamid umgesetzt. In dieser Arbeit wurde die Reakti-
onssequenz eingehend hinsichtlich der Kinetik und Thermodynamik untersucht und der
kontinuierliche Betrieb im losungsmittelfreien System mit zwei gekoppelten Reaktoren
ermoglicht.

Das Zielprodukt rac-Ethyl-3-(benzylamino)butanoat wird durch die irreversible aza-
Michael-Addition als Hauptprodukt erhalten. In einer langsamen Folgereaktion wurden
jedoch geringe Mengen des Amids (R)-N-Benzyl-(3-benzylamino)butanamid via Amino-
lyse gebildet. Kinetische Konstanten fiir die thermische aza-Michael-Addition sowie die
Aminolyse-Folgereaktion wurden im Bereich von 40 °C bis 70 °C durch numerische Inte-
gration der Geschwindigkeitsgleichungen 2. Ordnung und nicht-linearer Regression der
experimentellen Daten ermittelt. Aktivierungsenergien von E4 ;= 40.4 kJ mol™' and
E41= 54.3 kJ mol™" wurden durch Anwendung der Arrhenius-Gleichung fiir die aza-
Michael-Addition und die Folgereaktion durch Aminolyse berechnet. Anhand der kine-
tischen Parameter konnten Umsatz-Zeit-Verldufe mit sehr guter Genauigkeit simuliert,
und mithilfe der Aktivierungsenergien auch Verlaufe bei nicht experimentell untersuch-
ten Temperaturen vorhergesagt werden. Die Selektivitidt enzymatischer Reaktionen kann
durch Verdnderung der physikochemischen Bedingungen beeinflusst werden. Dazu zéhlen
insbesondere die Abhéngigkeit der Enantioselektivitdt vom Reaktionsmedium, sowie von
Temperatur und hohen Driicken. Diese Parameter wurden in der vorliegenden Arbeit
anhand der Novozym 435-katalysierten kinetischen Racematspaltung von rac-Ethyl-3-
(benzylamino)butanoat mit Benzylamin untersucht. In fiinf organischen Losungsmitteln
wurde eine Abnahme der apparenten Enantioselektivitit £’ mit steigender Polaritét
von 34 in Tetrahydrofuran auf 12 in n-Hexan beobachtet. Im l6sungsmittelfreien Sys-
tem wurde bei 60 °C eine apparente Enantioselektivitidt von E’=32 weitestgehend un-
abhéngig vom Substratverhéltnis ermittelt. Eine lineare Abnahme der Selektivitéit von
E’=40 auf EF’=18 wurde bei Erhohung der Temperatur von 40 °C auf 80 °C beobach-
tet. Im Hochdruckreaktor bei 200 MPa wurde bei Verwendung von Tetrahydrofuran als
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polarem Losungsmittel keine Verdnderung der Enantioselektivitét festgestellt. In Diiso-
propylether als hydrophobem Losungsmittel dagegen wurde ein deutlicher Verlust der
Enantioselektivitéit ermittelt. Die Anwendung hoher Driicke ist somit nicht von prakti-
scher Bedeutung fiir die synthetische Anwendung im getesteten Reaktionsystem, zeigt
aber die generelle Moglichkeit zur Beeinflussung der Enantioselektivitat Candida antarc-
tica Lipase B katalysierter Reaktionen durch Hochdruck auf.

Die kinetische Beschreibung biokatalytischer Reaktionen im losungsmittelfreien Sys-
tem wird durch die sich in Abhéngigkeit des Umsatzes und des eingesetzten Verhéltnisses
der beiden Substrate dndernden Bedingungen erschwert. Daher erfolgte die Bestim-
mung kinetischer Parameter der Novozym 435-katalysierten Aminolyse von rac-Ethyl-3-
(benzylamino)butanoat mit Benzylamin zunéchst im organischen Losungsmittel, um die
Komplexitiat des Systems zu verringern. Die experimentellen Daten konnten mit einem
vereinfachten Modell basierend auf der Michaelis-Menten Zweisubstrat-Kinetik inklusive
Substratiiberschussinhibierung durch Benzylamin und Produktinhibierung durch (R)-
N-Benzyl-(3-benzylamino)butanamid gut beschrieben werden. Um das Modell auf das
prozesstechnisch relevante l6sungsmittelfreie System iibertragen zu kénnen, miissen die
unterschiedliche Solvatisierung sowie weitere Losungsmitteleffekte im kinetischen Modell
beriicksichtigt werden. Daher wurden thermodynamische Aktivitdten aller Reaktanden
mittels COSMO-RS-Software berechnet und anstelle von Konzentrationen in das Mo-
dell integriert. Die Stabilitéit des Biokatalysators wurde unter Reaktionsbedingungen im
Satzreaktor untersucht. Es wurde eine starke Abhéngigkeit vom eingesetzten Verhéltnis
der Substrate sowie der Temperatur ermittelt. Die Reaktionen im losungsmittelfreien
System konnten mithilfe des entwickelten Modells iiber einen weiten Bereich unterschied-
licher Substratverhaltnisse (X ue—gster=0,33-0,8) mit guter Genauigkeit simuliert werden,
so dass das Modell fiir die Prozessentwicklung eingesetzt werden kann.

Auf Basis der kinetischen Daten beider Reaktionen wurde ein kontinuierlicher Reak-
tor fiir den zweistufigen, chemoenzymatischen Prozess entwickelt. Fiir die thermische
aza-Michael-Addition wurde dazu ein Stréomungsrohr in Form eines Schlauchreaktors
verwendet. Fiir die biokatalytische Aminolyse wurde ein Festbettreaktor als der geeig-
netste Reaktortyp fiir die effiziente Produktion von (.9)-Ethyl-3-(benzylamino)butanoat
ermittelt. Die gekoppelten Reaktoren wurden kontinuierlich unter optimierten Reak-
tionsbedingungen iiber einen Zeitraum von 4 Tagen ohne signifikanten Verlust von
Enzymaktivitit betrieben. Der zu produzierende B-Aminosiaureester wurde bei 92 %
Umsatz im Schlauchreaktor und 59 % Umsatz im Festbettreaktor mit hohem Enantio-
mereniiberschuss von > 98 % erhalten. Eine Raum-Zeit-Ausbeute von 0,4 kg d=! L1
bezogen auf das Gesamtvolumen des Reaktors sowie 1.8 kg d=! L™! bezogen ausschlief3-
lich auf das Volumen des Festbettreaktors wurde erreicht. Eine maximale Zykluszahl
des Biokatalysators von 158000 unter Prozessbedinungen wurde ermittelt. Die Kosten
fiir den Biokatalysator belaufen sich demnach auf ca. 5,80 € mol~!. Die Kosten fiir
die chirale 3-Aminoséure (5)-3-Aminobutanoat als Endprodukt nach Aufarbeitung be-
laufen sich auf ca. 782 € kg™! und sind somit deutlich niedriger als der gegenwirtige
Marktpreis fiir vergleichbare Produkte. Der 16sungsmittelfreie Prozess stellt somit eine
effiziente Methode zur enantioselektiven Produktion von [3-Aminosédureestern ausgehend
von kostengiinstigen Substraten dar.
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1 Introduction

Biotechnology as the technical application of biological systems or parts thereof has
gained invaluable importance in meeting everyday demands of human life. Biotechno-
logical processes are established in virtually all areas from health care, food or feed
production, fine and bulk chemistry to waste treatment and diagnostics. Enzymes that
nature has provided us with represent an important tool in all of these fields. The
first biotechnological application of enzymes not being part of living cells dates back
to 1833, when Payen and Persoz were able to hydrolyze starch to dextrin and sugar
using extracts of germinating barley [119]. Since then, scientific progress in the under-
standing of enzyme action has led to a vast number of biotechnological and in particular
enzyme-catalyzed processes being established in industry today. Many enzymes isolated
from nature, however, do not directly meet the requirements of an industrial process.
By application of random protein engineering tools such as gene shuffling and directed
evolution, rational design or combinations thereof, however, significant improvements
can often be achieved [9]. Engineering efforts usually target the enhancement of enzyme
stability, activity, solvent tolerance or selectivity (for selected examples and reviews see
the following references: [3, 75, 83, 109, 113]). Sequential, mechanistic and/or structural
information is a prerequisite for either strategy of enzyme engineering. High-throughput
sequencing tools for DNA, RNA and amino acids sequencing are available today. Via
comparative sequence analyses, putatively interesting biocatalysts showing similarities
to known enzymes whose sequential data has been published in one of the large protein
databases can be identified in silico.! It may be assumed that a better understanding
of the evolution of enzyme function in nature will also yield improved strategies for ar-
tificial evolution in witro [95]. Of less industrial importance up to date, but certainly of
great value in the long run are very recent successes in the de novo design of enzymes
[37]. Such enzymes designed from scratch, however, usually suffer from very low activ-
ities [107]. Protein dynamics as an additional, rather recent discipline has helped to
link enzyme motion to function [47]. How structural motions of enzymes are related to
catalysis is still poorly understood [99], but should, in the future, provide valuable in-
formation that may help to better and faster engineer enzymes for industrial application.

Depending on the process, biocatalysts may be applied as whole cell catalysts with-
out purification from their production organism, in free form as a cell free extract or
purified from contaminating proteins, or immobilized on diverse carrier materials. Im-
mobilized enzymes offer several advantages such as ease of separation from reactants for
multiple usage in repetitive reactions or application in continuous processes such as fixed-

le.g. BRENDA, UniPROT, NCBI, RCSB PDB, PRECISE



1 Introduction

bed, fluidized-bed and stirred tank reactors equipped with filters for catalyst retention.
Additionally, enzyme immobilization often yields significantly more stable catalysts as
compared to their free counterparts. Candida antarctica lipase B for example denatures
at temperatures between 50 and 60 °C in free form in aqueous media and thus suffers
from significant activity loss upon further temperature increase [2]. The same enzyme
immobilized by adsorption on a porous methylmethacrylate resin which was also used in
this work, however, is highly thermostable and has been used at elevated temperatures
up to 160 °C in supercritical COq as a reaction medium [98].

1.1 Kinetic resolution

The significance of chirality in living systems is well-recognized today [115]. In vir-
tually all cellular processes chiral recognition processes are involved. Therefore, it is
not surprising that the biological activity of many drugs on living organisms is related
to its chiral structure. Several strategies are available to the chemist in order to pro-
duce enantiomerically pure compounds. In chiral pool synthesis, enantiomerically pure
compounds already available in nature are used as starting material for subsequent mod-
ifications throughout which the chiral information is retained. A second source for pure
enantiomers are racemates, which can be resolved e.g. by preferential crystallization,
diastereomeric crystallization or kinetic resolution.

Kinetic resolution Asymmetric synthesis
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Figure 1.1: Kinetic resolution of racemates vs. asymmetric synthesis. Grey arrows indicate
a possible dynamic kinetic resolution (DKR).

The resolution of racemates has the inherent disadvantage of leading to maximum
yields of 50 %, unless the unreacted enantiomer is racemized. Such processes in which
chemical or enzymatic means are used for the racemization of the unwanted enantiomer
(indicated by grey arrows in Figure 1.1) are called dynamic kinetic resolutions. Asym-
metric synthesis theoretically allows the achievement of 100 % yield and therefore seems
to imply a clear advantage over kinetic resolutions. In practice, however, cheaper raw
materials and more efficient syntheses often compensate for this disadvantage [115]. Ad-
ditionally, the enantiomeric excess (ee) in asymmetric synthesis entirely depends on the
catalyst selectivity and is often not sufficient for application. In case the non-reacting
enantiomer is the desired compound, high ee values of >99 % ee can be obtained regard-
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less of the selectivity of the catalyst at the cost of higher degrees of conversion (Figure
1.2). The enantioselectivity of an enzyme is commonly expressed by the enantioselec-
tivity F introduced by Chen et al. [21]. F can be calculated according to Equations
1.1-1.2 from pairs of X/ee,, X/ee, or ee,/ee,-values.

Il =X(1—eey)]  In[l = X(1+eep)] (1.1)
Cn[(1—-X(1+ee,)]  In[(1—X(1—eey)] '
1—ee,
In H—ees
E= “p (1.2)
1+ ee,
In —ee.
1+ —
ee,

The methods introduced here are sensitive for substrate contamination or background
reactions, but independent of product inhibition or reversibility of the reaction [120].
Further methods exist for the determination of E. These are often more accurate than
those presented above, but depend on computational fitting methods and thus require
a larger amount of data or on information on kinetic parameters. A detailed discussion
of scopes and limitations of each method can be found in [120]. An FE-value of 10 is
commonly considered the lower limit for industrial application [77]. However, process
costs and the availability of alternative synthetic pathways may vary largely and make
an individual assessment necessary.
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Figure 1.2: Enantiomeric excess of the substrate (a) or product (b) as a function of conversion
in dependence of enzyme enantioselectivity FE.



1 Introduction

1.2 Industrial biocatalysis

Numerous processes utilizing biocatalysts for the production of fine and bulk chemicals,
pharmaceuticals or agrochemicals are established in industry today [72]. An ever in-
creasing availability of novel biocatalysts, improvements in bioengineering tools for the
optimization and modification of enzymes as well as safety, health and environmental
issues still boost the number of industrial application of enzymes [143, 148]. Examples
of implemented biocatalytic processes include the use of a racemase/D-hydantoinase/D-
carbamoylase enzyme system for the production of enantiomerically pure a-amino acids
at Evonik shown in Figure 1.3 [84], the use of pig liver esterase for the production of
various pharmaceutical intermediates at manufacturing scale at DSM [39] or the bulk
production of acrylamide from acrylonitrile using nitrile hydratases in whole cells of
Rhodococcus sp. at Nitto Chemical Ltd. [72].

0] p-hydantoinase COCH D-carbamoylase COOH
RN~ r Ry
HN m/ NH
O

/ HN\H/NHZ / N N NH,

H,0 co0, NHs

H,0 o
racemase
orpH>8
., O
R ™
HN_ NH
O

Figure 1.3: Reaction scheme of the racemase/D-hydantoinase/D-carbamoylase system for the
enantioselective production of a-amino acids [84].

1.2.1 (Bio)process development

The development and optimization of bioprocesses needs to consider the properties of
the biocatalyst and the chemical reaction it catalyzes on the one hand, and principles
of chemical engineering on the other hand [43]. Biocatalyst and reaction characteristics
are traditionally mainly addressed by the natural scientist as they require comprehen-
sive (bio)-chemical know-how, whereas reactor design, optimization and scale-up are
classically performed by the process engineer. As depicted in Figure 1.4, all disciplines
are highly interconnected and require interdisciplinary thinking from an early stage of
development on. Some general aspects are discussed in the following. An extensive
discussion of strategic approaches in bioprocess development can be found in literature
[22, 43, 66].

With regard to the biocatalyst, two major questions need to be answered: (1) is there
a need for optimization of the enzyme itself via protein engineering? (2) Should whole
cell catalysts, immobilized enzymes or free, isolated enzymes be used? Nature provides
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Figure 1.4: (Bio)process development: aspects for optimization.

a good toolbox of diverse catalysts, but often these require tailoring in order to adapt
the catalyst to non-natural substrates and industrial process conditions [92]. The use
of whole-cell biocatalysts has many advantages such as low cost enzyme supply and
good stability and are therefore often preferred industrially. However, side reactions
and limitations with regard to mass transfer may occur and limit the applicability of
whole-cell preparations. One or more additional steps are necessary to obtain isolated
enzymes, which usually goes in hand with loss of activity yield. On the other hand, side
reactions may be completely suppressed and stability issues improved by immobilization.
The type of enzyme preparation has immediate consequences on the choice of a suited
reactor type. Since enzyme costs usually add significantly to the overall cost of the
process, enzyme retention and reuse is of major concern. For reactions carried out in
batch mode, enzyme recovery can be achieved by (ultra)filtration, centrifugation and
other physical methods such as magnetic forces when magnetic carriers are used. In
continuous processes, membranes of a suited pore size can be used for the retention of
whole-cells and isolated enzymes. Packed bed reactors are often used in the case of
immobilized enzymes.

Once a suitable biocatalyst has been chosen, a detailed investigation of suited physico-
chemical reaction conditions (T, pH, solvent etc.) and their influence on enzyme stability
as well as kinetic and thermodynamic properties of the reaction is usually carried out.
Based on the obtained results a suited reactor type may be chosen. A number of opti-
mization targets may be defined. These include aspects such as facility of downstream-
processing and reducing general process costs (energy consumption, hardware), as well
as specific process parameters such as the achievement of a high space-time yield (STY),
conversion X, (enantio)selectivity, a low E-factor’ and maximal total turnover number
(ttn) of catalyst and cofactor.?

2The E-factor introduced by Sheldon [114] measures the ”greeness” of a reaction and is defined as the
weight of waste produced per weight of product.
3Important definitions frequently used in this study are summarized in Appendix B on page 109.
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1.2.2 Highly concentrated and solvent-free reactions

In industrial application it is generally highly desired to use high substrate concentrations
in biocatalytic processes. The use of solvent-free reactions as the extreme is therefore
especially interesting. Higher yields and reaction rates can usually be achieved. Addi-
tionally, energy costs are reduced and a largely improved E-factor can be obtained. The
necessity for smaller reactor sizes leads to decreased capital investments [135]. While
a number of solvent-free chemical and biocatalytic reactions including e.g. polymer-
izations and esterifications have been described in literature up to date, only relatively
few solvent-free enantioselective biocatalytic processes can be found of which some are
summarized here. Von Langemann et al. used an (.9)-selective hydroxynitrile lyase from
Manihot esculenta for the conversion of acetophenone and derivatives to the correspond-
ing cyanohydrins according to Figure 1.5 [134]. Excellent ee’s of > 99 % were obtained
at a very good yield of up to 78 %.

O hydroxynitrile lyase ?H
from M. esculenta . CN Yield: up to 78 %
e ©/\ eeg: > 99 %
HCN

Figure 1.5: Hydroxynitrile lyase-catalyzed conversion of acetophenone to corresponding
cyanohydrin [134].

Li et al. observed an interesting unnatural ability of nuclease pl to catalyze the
solvent-free aldol addition of aromatic aldehydes and cyclic ketones according to Figure
1.6 in a solvent-free system [71]. However, the obtained yields of 17-55 % at ee 49-99 %

were low to satisfactory.

@)
O nuclease pl R Yield: 17-55 %
+ HJkR B €€anii: 49-99 %
n
n=1-3 R= substituted and un-

substituted Ph-group

Figure 1.6: Nuclease pl-catalyzed aldol addition in solvent-free system [71].

The Candida antarctica lipase A (CALA)-catalyzed enantioselective transesterifica-
tion of methyl 2-chloromandelate via transesterification with vinylpropionate in a solvent-
free system was described bei Uhm et al. [131]. The resulting chiral (.5)-chloromandelic
acid ester is a precursor for pharmaceutical products such as the antiplatelet agent (.5)-
clopidogrel. A high ee of >99 % was reached at a yield of 41 %.

Xiong and coworkers described the enantioselective lipase-catalyzed transesterification
of mandelonitrile and vinyl acetate [145]. Depending on the lipase used, > 99 % ee were
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Figure 1.7: Candida antarctica lipase A (CALA)-catalyzed kinetic resolution of methyl 2-
chloromandelate via transesterification with vinylpropionate [131].

achieved in the best case at 47.9 % conversion. Vinyl acetate was used in large excess
and served as a substrate and solvent at the same time. The enzymatic hydrolysis to
resolve racemic ketoprofen described by Jin et al. was carried out in a two-phase system
due to the immiscibility of water and the organic substrate [52]. Such reaction systems
in which one of the substrates also acts as a solvent may be considered quasi-solvent-
free. Two-phase aqueous-organic systems where the organic phase is solely composed of
substrates represent a valuable alternative in case biocatalysts require an aqueous phase
and do not tolerate the use of fully organic, solvent-free systems due to stability loss.

Some interesting examples of enantioselective solvent-free reactions catalyzed enzy-
matically have been presented above. The diversity of enzymes used and the reactions
catalyzed imply the large potential of such reaction systems. Nonetheless, only few
examples in solvent-free asymmetric catalysis exist using both chemo- and biocatalysts
[135]. In addition to an increased awareness of solvent-free reaction systems in the
scientific community, a combination of protein engineering for the generation of stable
catalysts and (bio)process development for the careful control of solvent-free reactions
(which for example may rapidly generate heat) will certainly bring about a large number
of processes in the years to come.

1.3 Synthesis of [3-amino acids

The stereoselective synthesis of 3-amino acids has attracted an increasing interest within
recent years [54, 73]. Due to their unnatural” p-functionality the deactivation of drugs
containing -amino acids as a structural element is much slower within organisms com-
pared to drugs based on naturally occurring a-amino acids. Additionally, as small bi-
functional compounds they can easily be modified into more complex structures. These
inherent features make (3-amino acids especially interesting for the pharmaceutical in-
dustry as building blocks for peptide mimetics. In nature, f-amino acids can be found
in free form or as structural elements of biologically active peptides, even though not
as frequently as a-amino acids. A large number of routes towards aryl-substituted f3-
amino acids using both chemo- and biocatalysts can be found in literature that have
been reviewed extensively [54, 73]. Some recent examples of synthetic routes employing
enzymes from different enzyme classes are presented in the following paragraphs.
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A phenylalanine aminomutase (PAM, EC 5)) from Tazus chinensis was used for
the enantioselective conversion of (E)-cinnamic acid to (S)-a-phenylalanine and (R)-
B-phenylalanine (Figure 1.8) [126, 144]. Both products are obtained with excellent ee’s
of >99 % at a ratio of 51:49 a/f. The enzyme also acted on a number of cinnamic
acid derivatives, whereas the substituent had a large effect on the «/(-ratio but not on
enantioselectivity. Additional examples for ammonia lyase and aminomutase-catalyzed
syntheses of -amino acids have been reviewed by Turner, 2011 [130].

o) NH, O 0
PAM :
/@/\/\‘\OH 7_» /Ej/\/U\OH . /@/\HJ\OH
NH
R R™NF R 2
NHs

R=H,F,Cl,CH3,0CH3,NO, eeq: > 99 % eep: > 99 %
Figure 1.8: Phenylalanine aminomutase (PAM)-catalyzed synthesis of (S)-a-phenylalanine
and (R)-pB-phenylalanine [144].

Kim et al. isolated and characterized a -transaminase (EC 2) from Mesorhizobium sp.
[62]. A sequential route towards the enantioselective synthesis of (S)-f-phenylalanine
was described in which Candida rugosa lipase was used to convert ethylbenzoylacetate in
situ into the corresponding unstable benzoylacetic acid. In a subsequent 3-transaminase-
catalyzed step, an amino group is transferred enantioselectively from 3-aminobutyric
acid to the B-keto acid to form (.S)-f-phenylalanine. Similarly, Brucher and coworkers
synthesized aromatic B3-amino acids via kinetic resolution starting from the racemic
B3-amino acids [12]. The approach, however, is limited to 50 % conversion.

O O o O

C. rugosa lipase

o™ OH
/7~ N
H,O EtOH
NH, O
Mesorhizobium sp. OH
B-transaminase o o t
)J\/U\ spontaneous ..o
OH C02
NH, O
ees:>99 % OH

Yield: 20 %

Figure 1.9: Asymmetric synthesis of (59)-f-phenylalanine via sequential action of Candida
rugosa lipase and Mesorhizobium sp. p-transaminase [62].

The asymmetric reduction of B-nitro acrylates for the synthesis of 3-amino acids was
achieved using Saccharomyces carlsbergensis old yellow enzyme (EC 1) with 87-96 %
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ee [125]. The B-nitro acrylates was synthesized chemically via Henry reaction from an
a-keto ester and a nitroalkane using solid-phase base catalysis. The approach, however,
is limited to B2-amino acids. Additionally, olefin isomerization in the aqueous reaction
system and low substrate solubility hamper the preparative application.

Q 1. CH3NO,, base O NO, 1.OYE, NADPH 0 NH,
/\OJ\”/R ~c J\/ . )H)
2. MsCI, EtsN 2. Hy, Ra-Ni
° R 3.Hcl, 2 R

Yield: 57-73 %
R=Me, Et, n-Pr,i-Pr,Ph ee: 87-99 %

Figure 1.10: Asymmetric route towards B2-amino acids applying old yellow enzyme (OYE)
[125].

A wide range of hydrolases (EC 3) has been applied for the enantioselective syn-
thesis of B-amino acids including lipases, amidases, proteases, esterases, 3-lactamases
and nitrilases. Many of these are reviewed elsewhere [73]. Exemplarily, the nitrile hy-
dratase/amidase system used by Ma and coworkers is presented here [76]. Whole cells
of Rhodococcus erythropolis AJ270 were used as a catalyst for the enantioselective con-
version of B-amino alkanenitriles to the corresponding amides and acids (Figure 1.11).
Poor results had initially been achieved using unprotected (3-amino alkanenitriles. In-
troduction of a benzyl group for amine protection, however, allowed the formation of
highly enantioenriched products. The good overall enantioselectivity was attributed to
the action of the amidase, whereas the nitrile hydratases (EC 4) exhibited only low
enantioselectivity.

Rhodococcus Bn.

Bn ; Bn.
“NH erythropolis AJ270 NH O " NH O
N :
H>,O
Yield: 30-55 % Yield: 43-53 %
R=Me, Et, i-Pr, n-Pr ee:13->99% ee:21->99 %

Figure 1.11: Enantioselective conversion of benzyl-protected 3-amino alkanenitriles to the
corresponding (3-amino amides and acids, respectively, applying Rhodococcus
erythropolis AJ270 as a whole cell catalyst [76].

A number of synthetic routes towards aromatic B3-amino acids has been described
here and many more have been published. However, only few efficient and scalable
methods for the preparation of short-chained aliphatic f-amino acids can be found [140].
The solvent-free chemoenzymatic reaction sequence investigated in this study therefore
represents an attractive method that allows the enantioselective formation of short chain
B-amino acids with up to 99 % ee [138-140].
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1.4 (Chemo-)enzymatic reaction sequences

For a long time, heavy metal catalysis has dominated the field of asymmetric synthesis.
The development of excellent chiral auxiliaries such as Whitesell’s or Evans’ auxiliary
boosted the field of organocatalysis and is nowadays accepted as a competitive method in
stereoselective synthesis [35]. Additionally, biocatalysis has emerged as a third key player
in enantioselective catalysis. Many synthetic routes towards often complex bioactive
drugs require several modifications. Optimal catalysts for specific reactions involved in
a reaction sequence may be found in either of the three disciplines. In order to fully
exploit the potential of all disciplines, the coupling of sequential steps without tedious
and costly work-up procedures is highly desired.

Table 1.1: Advantages and disadvantages of the three approaches to continuous coupled-
reaction (chemo)enzymatic processes according to Yuryev et al. [147].%

in vitro in vitro in vivo
Criterion single reactor cascade reactor whole cell
Separation of incompatible steps - + -
Incorporation of chemical steps 0 + -
Optimization by reaction
engineering 0 + -
Modularization/incorporation of
downstream processing units - + -
Enzyme preparation/costs - - +
Cofactor regeneration 0 - +
Atomic efficiency 0 0 -

@ (4) advantage; (-) disadvantage; (0) no general comment possible, dependent on respective reaction

system.

In an attempt to classify (continuous) catalytic reactions in the field of applied bio-
catalysis, the consideration of the type of biological principles of cell metabolism has
been suggested as a concept [147]. Hereafter, simple ”single-reaction/single-enzyme”
systems are termed first-generation enzymatic processes. Single-reaction processes in
continuous flow are termed second-generation enzymatic processes. They resemble cell
metabolism in which a constant flux of nutrients is required for the cell to stay alive.
Third-generation processes are those that involve the coupling of two or more reactions
in a single batch. The compatibility of all (chemo)enzymatic steps involved is the major
challenge in the development of new cascade processes.

Coupled reaction processes in continuous flow as described in chapter 6 on page 65
combine the biological principles of second- and third-generation processes and therefore
most closely mimic the principles of cell metabolism. These systems can be classified
as fourth generation processes. Relatively few examples of such fourth generation pro-
cesses can be found in literature due to their inherent complexity. In principle, coupled

10



1.4 (Chemo-)enzymatic reaction sequences

reaction processes in continuous flow can be carried out in a single reactor containing
multiple catalysts or in a cascade of physically separated reactors. Whole cell biotrans-
formations may formally be considered fourth generation processes as well although they
proceed in vivo instead of in vitro. Challenges in fourth generation processes often result
from chemical compatibility problems of the single steps, different (bio)catalyst lifetime
or cross-inhibition phenomena. Advantages and disadvantages of each of the three ap-
proaches to continuous coupled-reaction (chemo)enzymatic processes are summarized in
Table 1.1 on the facing page.
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2 Aim of thesis

A solvent-free chemoenzymatic reaction sequence towards [3-amino acid esters as pre-
cursors of the corresponding (3-amino acids has been developed by Dr. Markus Weif3
and Prof. Dr. Harald Groger! at the Department of Chemistry and Pharmacy, Univer-
sity of Nuremberg-Erlangen.? A range of benzylamine derivatives as donor substrates
and o, 3-unsaturated ester acceptors were found to be suitable starting materials. The
aim of this thesis is to characterize the chemoenzymatic reaction sequence starting from
benzylamine and trans-ethyl crotonate as a model reaction system with regard to ki-
netics and thermodynamics. The determination of kinetic parameters of biocatalytic
reactions in solvent-free systems is particularly challenging. It has been reported fre-
quently in literature, that the reaction medium is decisive for enzyme activity. In the
case of solvent-free reactions, the reaction medium is subject to frequent changes with
conversion and varying initial substrate fractions. Therefore, a kinetic model as simple
as possible that allows the accurate prediction of progress curves is aimed for. The de-
velopment and optimization of a reactor concept based on the obtained thermodynamic
and kinetic data is envisioned. Online-analytics via FTIR should be established in order
to allow online-monitoring of the concentration-time course of all reactants in a contin-
uous reactor setup.

In particular, the following tasks are planned:

e Kinetic and thermodynamic evaluation of the solvent-free aza-Michael addition.

e Kinetic and thermodynamic evaluation of the Novozym 435-catalyzed aminolysis
in a solvent-free system.

e Development of a reactor concept allowing an efficient, continuous operation with
the overall aim of maximizing the space-time yield.

e Establishment of FTIR-analytics as a tool for the online-monitoring of both aza-
Michael addition and biocatalytic aminolysis.

e Evaluation of high-pressure effects on enantioselectivity in the lipase-catalyzed
aminolysis.

Each task will be addressed in an individual chapter in this work.

!Current address: Bielefeld University, Faculty of Chemistry, Universititsstr. 25, 33615 Bielefeld,
Germany.
2Weifl and Groger, 2009; Wei} et al., 2011 [138, 140]
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3 Aza-Michael addition!

Named after the American scientist Arthur Michael, the Michael addition reaction has
become an invaluable method in synthetic chemistry. It can be used to couple nucle-
ophilic Michael donors to «, f-unsaturated Michael acceptor molecules. Importantly,
C-C bond formations can be achieved when carbanions are used as nucleophiles, but
amines or thiols are commonly used as Michael donors as well (Figure 3.1). Acceptor
molecules are electron-deficient alkenes activated usually by a carbonyl group (aldehyde,
ketone, ester) or a nitro group. Michael additions to less strongly activated nitriles or
amides have also been described using both chemo- and biocatalysts [91, 100].

EWG Nu EWG
Nu—H + /=< — >—<
R! R2 R1 R2

Figure 3.1: General scheme of Michael addition. Rj,Ro = H, alkyl. EWG = electron with-
drawing group. Nu = amine-, thiol- or carbanionic nucleophile.

Aza-Michael additions can be carried out thermally without the addition of catalysts
in a solvent-free system using various amine-nucleophiles and carbonyl or nitrile accep-
tors [103, 140]. The reaction rate of such reactions can be dramatically lowered using e.g.
sulfated zirconia catalysts [105]. Of major importance in organic chemistry, however,
is the asymmetric Michael addition and in order to obtain 3-amino acids particularly
asymmetric aza-Michael addditions. Strategies to obtain chiral 3-amino acids or pre-
cursors thereof include (I) the diastereoselective addition of chiral amines to prochiral
«, B-unsaturated ester acceptors, (IT) the diastereoselective addition of an amine nucleo-
phile to a Michael acceptor incorporating a chiral auxiliary as a chiral inductor or (III)
the enantioselective addition of an achiral amine to a prochiral acceptor using chemo-
or biocatalysts. Examples of methods I and II have been reviewed in [53] and [54].
Method III has been studied extensively for the synthesis of short-chain [3-amino acids
also under investigation in this study by Weifl using chemocatalysts [138]. Particularly,
bicyclic amidine and phase transfer catalysts were applied. The success with regard
to enhancement of reaction rates and particularly enantioselectivity was unfortunately
limited yielding in the best case a maximum of 22 % ee at 30 % catalyst loading.
Various hydrolytic enzymes including esterases and lipases [15, 17, 63, 122, 124, 128|,
proteases [15, 16] and acylases [100] have been described to catalyze C-C, C-N and
C-S-bond forming reactions via Michael-type addition. A hypothetical model for the
catalytic mechanism has been proposed [124]. Stabilization of the activated acceptor

!This chapter has in part been published in [123].
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3 Aza-Michael addition

seems to occur by the oxyanion hole while the Michael donor is activated by conserved
histidine and aspartate residues of the catalytic triad of hydrolases (Figure 3.2). Thus
far, however, enantioselectivity in biocatalytic Michael type additions has only been
reported by Kitazume in 1986 [63].?

Thr40-0-H
GIN106-N-H : ,H-N-Thr40
& 9 °
Rl 1\.“}\0/\ RZ
Nu—H.

“
His224 /—NH----- (@]
%, ~

Aspl187

Figure 3.2: General scheme of Candida antarctica lipase B catalyzed Michael addition of
thiol, amine- or carbon nucleophile to «, 3-unsaturated carbonyl.

The direct and efficient asymmetric synthesis of short-chain aliphatic f-amino acids
via aza-Michael addition remains difficult to achieve by chemo- or biocatalytic means
despite advances in the field within the last decade [146]. An efficient method to the same
class of compounds comprising a non-catalyzed aza-Michael addition and a subsequent
biocatalytic kinetic resolution was developed by Weil et al. [138, 140]. The chemo-
enzymatic reaction sequence as depicted in Figure 3.3 can be carried out under solvent-
free conditions.

4
I
o

3
)

solvent-free ©/\NH o Novozym 435
* )\/u\o/\ ’ +

AN

Q NH
A rac-3 (/j/\ 2 ©/\NH o)
2 /l\/lLN,\©
(R)-4 "

Figure 3.3: Chemoenzymatic reaction sequence for the synthesis of -amino acid ester (.5)-3.

2The results from [63] could unfortunately not be reproduced in this study.
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3.1 Thermodynamic aspects

3.1 Thermodynamic aspects

The aza-Michael addition of benzylamine (1) and trans-ethyl crotonate (2) as the first
step is carried out thermally without addition of chemo- or biocatalysts. However,
while the target ester rac-3 is formed as the main product, HPLC analysis revealed
the slow formation of the amide 4 as a side product. Additionally, the formation of
the unsaturated crotonamide trans- N-benzyl-but-2-enamide (5) was detected in trace
amounts. Thus, two pathways for the formation of rac-4 may be considered as depicted
in Figure 3.4: the formation of rac-3 with subsequent aminolysis of the ester (route A) or
the (slow) aminolysis of 2 leading to 5 followed by a rapid aza-Michael addition to form
rac-4 (route B). In order to elucidate the possibility of a pathway via the unsaturated
crotonamide 5, the compound was synthesised and purified via chromatography and
crystallization. However, no formation of rac-4 was detected when starting from 1 and
5 as substrates. On the other hand, the synthesis of amide 4 could be detected when
starting from 1 and rac-3. Neither a reverse aza-Michael addition nor an ethanolysis of
rac-4 could be observed in detectable quantities. Therefore, the irreversible aza-Michael
addition reaction of 1 with 2 followed by the successive aminolysis of rac-3 with 1
according to route A in 3.4 was devised as a model for the kinetic characterization.

Route A

Route B

Figure 3.4: Potential routes towards the amide side product rac-4.
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3 Aza-Michael addition

3.2 Kinetic aspects

Most bimolecular reactions follow second-order kinetics. In this case, the consumption
of substrate A in a reaction with substrate B can be described by the following equation
3.1 with the reaction order being a + § = 2.

_l4]
dt
Two "classical” strategies are commonly applied for the determination of kinetic con-
stants in chemical reactions that do not involve complex catalytic mechanisms. One
approach involves the use of a large excess of one substrate over the other. The
concentration of the excess substrate can then be considered constant and Equation
3.1 is converted into a pseudo-first order reaction rate dependent only on the con-
centration of one substrate. The resulting rate equation can easily be integrated to
In([A]/[A]o) = k -t where k can be derived from plotting In([A]/[A]o) vs. t. In a second
approach, equal concentrations of A and B are applied leading to an integrated rate
equation 1/[A] —1/[A]o = k-t that can likewise be used to obtain k by linear regression
from a plot of 1/[A] —1/[A]q vs. t. The latter approach has been used here for a reaction
carried out at 60 °C and yielded the kinetic rate constant kpy = 5.7 x 1072 g mmol™*
h~! for the diminishment of benzylamine (1) and k;pc = 4.9 x 1072 g mmol ™! h™! for
trans-ethyl crotonate (2). The difference in the observed rate constants can be related
to the subsequent side reaction forming rac-4 from 1 and rac-3. Thus, k; in Figure 3.4
is represented as k1 = kipe = 4.9 x 1072 g mmol~! h™! and k, can be estimated to be
ky = kpa - kigc = 7.8 x 1072 g mmol~! h~!. The described approach being facile and
quick is, however, more prone to errors since parameter estimation is solely based on a
single substrate ratio.?
Numerical integration of the rate equations in combination with non-linear fitting of the
experimental data represents an alternative, powerful strategy for parameter determina-
tion and verification. No restrictions with regard to the applied substrate ratio emerge
using this technique. Assuming route A in Figure 3.4 as the reaction course and simple
second-order kinetics, the respective rate equations for each compound can be outlined
as follows (Equation 3.2-3.5):

— k-[4)-[BY (3.1)

d[1]
===k (1] [2] = ks - [1] - [rac — 3] (3.2)
d[2]
= —ky - [1] - [2] (3.3)
d[rac — 3]
———— =k -[1]-[2] — k- [1] - [rac— 3] (3.4)

3The goodness of fit was R?=0.995 for kg4 and R%2=0.972 for k.gc, respectively. Standard deviations
cannot be given using this method here, since only single reactions were analyzed.
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3.3 Reaction engineering aspects

d[rac — 4]

o = ko - [1] - [rac — 3] (3.5)

Batch experiments were then carried out on ~0.5 g scale with different molar ratios
of the two substrates 1 and 2 and at different temperatures in the range from 40 °C
to 70 °C. Applying the procedure of numerical integration of the rate equations and
non-linear fitting, the kinetic constants k; and ks summarized in Table 3.1 for different
temperatures were obtained.

Table 3.1: Kinetic parameters for aza-Michael addition.

T kq ko
°C] [g-mol™'-h71-1072 [g-mol™'-h7'] 1073
40 2.52 £ 0.06 0.19£0.11

50 3.70 £0.10 0.40£0.11

60 6.10 = 0.13 0.72£0.13

70 9.68 £0.41 1.174+£0.20

Figure 3.5 accordingly shows the concentration-time profile of experimental and simu-
lated data for the substrates 1 and 2 and the products rac-3 and rac-4, respectively, for
a reaction carried out at 60 °C. Parameters obtained for k; and ks using the integration
and linear regression technique as described above or using the non-linear regression
methodology were of the same order of magnitude.

Validation of the determined kinetic parameters was demonstrated by application for
the prediction of the progress curve of a reaction with a starting mole fraction not
considered for parameter estimation. As shown in Figure 3.6, the reaction course of all
compounds can be described accurately with the given parameters.

Activation energies of E4; = 40.4 kJ mol™! (R*=0.995) and E4» = 54.3 kJ mol™!
(R%=0.995) were calculated for the aza-Michael addition and successive side reaction
according to Arrhenius Law and can be used to calculate the kinetic constants at tem-
peratures for which no experimental data is available.

3.3 Reaction engineering aspects

Based on the kinetic model (Equation 3.2 - 3.5) including the kinetic constants as sum-
marized in table 3.1, the fundamental process engineering parameters conversion, selec-
tivity and yield can be simulated for various temperatures (Figure 3.7a). As expected,
increasing temperature accelerates the reaction. Within ~18 h full conversion of the
limiting substrate 2 is reached at 70 °C in a reaction with a 2:1 molar excess of 1 over
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Figure 3.5: Progress curve of the solvent-free aza-Michael addition of benzylamine (1) and
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trans-ethyl crotonate (2) at 60 °C. Starting molar ratios of 1 and 2 were 1:1
(o), 3:1 (A) and 4:1 (M) mole eq. (a) Depletion of 1. (b) Depletion of 2. (c)
Formation of target product rac-3. (d) Formation of successive side product
rac-4. Non-linear regression was performed according to Equation 3.2-3.5.



3.3 Reaction engineering aspects
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Figure 3.6: Simulation of progress curve of solvent-free aza-Michael addition with starting
molar ratio of substrates 1 and 2 of 2:1 mole equivalents at 60 °C. Parameters
used were those summarized in Table 3.1. (a) Depletion of substrates 1 ((J) and
2 (). (b) Formation of main product rac-3 (A) and side product rac-4 (v/).

2 while already ~25 h are needed at 60 °C. A maximum obtainable yield of 0.947 is
reached after 13 h at 70 °C (Figure 3.7c). Further conversion leads to an increased for-
mation of the successive side product 4 as indicated by the decreasing selectivity (Figure
3.7b), thus reducing yield.
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Figure 3.7: Fundamental reaction engineering parameters as a function of time in thermal
aza-Michael addition at 2:1 molar ratio of substrates 1 and 2. (a) conversion, (b)
selectivity and (c) yield. (-) 40 °C, (—-) 50 °C, (—-—) 60 °C, (- --) 70 °C.

Plotting yield and selectivity as a function of conversion, the differences in the max-
imum obtainable yields depending on temperature become obvious (Figure 3.8). At
40 °C a maximum yield of of 0.964 can be achieved. On the other hand, the necessary
reaction time is > 50 h, thus dramatically lowering the space-time yield compared to a
reaction carried out at 70 °C.

The space-time yield (STY) can be calculated from the yield, the reaction time and
the necessary volume. The yield depends on temperature, conversion and on the sub-
strate ratio. A density of approximately 0.99 g ml~! at 20 °C and volume increase of
3.6 % upon heating from 20 °C to 70 °C were determined experimentally for a 2:1 mole
eq. mixture of 1 and 2. Increasing conversion led to a decreased volume. For calculation
of the STY, the initial volume was considered. The subsequent enzymatic step, atom
efficiency aspects and reduced downstream processing efforts demand the achievement
of maximum reaction yields. Therefore, the time necessary to obtain such high yields is
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3.3 Reaction engineering aspects

considered for STY calculation despite the fact that reduced reaction rates with increas-
ing conversion lead to a lower STY. The highest STY of 1.06 kg L=! d~! was obtained
at 70 °C, which corresponds to the highest temperature tested.
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Figure 3.8: Yield n and selectivity o as a function of conversion in thermal aza-Michael
addition at 2:1 molar ratio of substrates 1 and 2. (-) 40 °C, (—-) 50 °C, (—-—)
60 °C, (---) 70 °C.
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3 Aza-Michael addition

3.4 Summary

This chapter covered the characterization of the solvent-free aza-Michael addition of
benzylamine (1) and trans-ethyl crotonate (2) towards rac-3 as the first step in the
chemo-enzymatic synthesis of ethyl-(S5)-B-amino butyrate. The following observations
have been made:
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The reaction pathway was proven to proceed solely via aza-Michael addition in a
first step and an aminolytic side reaction as a second, subsequent step.

The reactions can be considered irreversible within limits of detection.

The aza-Michael addition follows simple second-order kinetics. Kinetic parameters
for both aza-Michael addition and aminolysis were determined in the temperature
range from 40-70 °C.

Activation energies of F4; = 40.4 kJ mol™ and E 45 = 54.3 kJ mol™! were deter-
mined for both steps and allow the simulation of reactions carried out at temper-
atures not investigated experimentally.

At a starting molar ratio of 2:1 of substrates 1 and 2, a maximum space-time yield
of 1.06 kg L' d~! was achieved at the highest temperature tested in batch mode
of 70 °C. Lower temperatures only slightly improve selectivity while the necessary
reaction time to obtain maximum yields is considerably elongated.



4 Biocatalytic aminolysis1

Candida antarctica lipase B (CALB) immobilized on acrylic resin, which is commercially
available as Novozym 435 from Novozymes, Denmark, catalyzes the kinetic resolution
of rac-3 with benzylamine (1) according to Figure 4.1. The reaction can be carried out
under solvent-free conditions at elevated temperatures.

U~ T O O

Novozym 435
rac-3 (S)-3 (R)-4

Figure 4.1: Novozym 435-catalyzed aminolysis for the kinetic resolution of rac-3.

The enantioselectivity of an enzyme-catalyzed reaction is mainly determined by the
structure of the active site and the interactions of particular active site amino acids with
the substrate. Improvement of the enantioselectivity of a biocatalyst can effectively be
achieved using random mutagenesis strategies, rational design as well as combinations
thereof [9]. In addition, several physicochemical parameters commonly influence the
enantioselectivity of enzyme-catalyzed kinetic resolutions, in particular solvent, temper-
ature and pressure [18]. These parameters are addressed in this chapter and in chapter
7. In literature, a large number of enzyme-catalyzed kinetic resolutions are described
with a majority being related to the hydrolase-catalyzed resolution of prochiral alcohols
[33]. The separation of racemic carboxylic acids or esters can also be readily achieved
via esterification or transesterification using the same class of enzymes. Kinetic resolu-
tions of prochiral amines or esters with amines as nucleophiles have been realized, even
though less frequently. The mechanism generally proceeds via the well-known catalytic
triad mechanism of lipases, which is depicted in Figure 4.2 on the next page.?

The nucleophile attacking the acyl-intermediate in step I can be either an amine or an
alcohol. Aminolysis reactions usually proceed more slowly compared to interesterifica-
tions with alcohols, while at the same time enantioselectivities are generally improved.
The lower reaction rates are probably due to the higher pk, value of amines causing a
decreased hydrogen transfer rate from the neutral amine to the histidine residue in step
I of Figure 4.2. The better selectivity can be explained by an increased stability of the
produced amide [26].

'Parts of this chapter have been published in [123]
2 Abbreviated form, the acyl-intermediate of step I is itself formed via an activated intermediate.
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Figure 4.2: Mechanism of ester cleavage via acyl-enzyme intermediate. The nucleophile can
either be an amine or an alcohol. Figure according to [26].

With regard to the economic feasibility of a process, factors such as the selectivity
of the biocatalytic reaction and enzyme kinetics play a crucial role. Both these criteria
and enzyme stability largely depend on the reaction system applied. In solvent-free
reactions as investigated here, high space-time yields can generally be achieved and thus
carry an inherent advantage compared to solvent-systems. This chapter is devoted to
the characterization of such a solvent-free system for the production of an industrially
interesting 3-amino acid precursor via kinetic resolution of a racemic [3-amino acid ester.

4.1 Selectivity of Novozym 435

The Novozym 435-catalyzed, solvent-free kinetic resolution of rac-3 with benzylamine as
depicted in Figure 4.1 has been reported to proceed enantioselectively with an E-value
of 27 at 60 °C by Weifl and Groger [138, 140]. The E-value was calculated according to
Equations 1.1 and 1.2 on page 3 from X/ee, and ees/ee,-values at a single conversion
point, respectively.

The enantioselectivity of the same Novozym 435-catalyzed reaction is shown in Figure
4.3 as a conversion vs. ee-plot. The reaction was carried out with an initial molar
fraction of x,..—3 = 0.5 at 60 °C. Approximately 60 % conversion are needed to obtain
an attractive ee(g_g of > 99% in the solvent-free reaction. Thus, (S5)-3 is also slowly
converted to the corresponding amide (5)-4. Equation 4.1 can be used to determine the
value of E by nonlinear regression according to the procedure suggested by Rakels et al.
[102].

eeg

[((1;?:;3)’5]1/(1971) 1

(4.1)

ee, =

An E-value of 32 was determined using this method. Among other phenomena, diffu-
sional limitations and side reactions can interfere in the accurate determination of E
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4.1 Selectivity of Novozym 435
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[120]. A possible diffusion limitation using an immobilized enzyme on a porous carrier
was excluded by observing equal reaction rates using pestled lipase Novozym 435 instead
of the intact carrier (see section 4.3 on page 33). The intrinsic enantioselectivity E of
the enzyme may also be altered by spontaneous side reactions. Such a side reaction is
to be expected here, since a thermal aminolysis reaction was observed in the Michael
addition in section 3.1 on page 17, even though it proceeded very slowly. Therefore,
an intrinsic enantioselectivity E of the enzyme and an apparent enantioselectivity E’ is
defined. The E-value as an intrinsic parameter depends on the values of k.. /K, for
each enantiomer and is constant by definition. In the case of a solvent-free reaction, the
composition of the medium changes with conversion and, thus, can have an impact on
the enantioselectivity. However, the effect is considered negligible here, since fitting of
the experimental data using the equations introduced previously for the calculation of
E is possible.

4.1.1 Temperature effect on selectivity

The effect of temperature on enantioselectivity was investigated in the range from 40-
80 °C in Figure 4.4. The respective apparent enantioselectivity £’ was again determined
by nonlinear regression using Equation 4.1 as described above for each temperature. The
determined E-values could be used to fit ees and eep as a function of conversion.

Both F and E’ are depicted as a function of temperature in Figure 4.5. FE’ was
calculated from the rate constant of the overall reaction obtained from initial rate mea-
surements, the rate constant for the spontaneous aminolysis (see Appendix, Table B.1 on
page 111) and the apparent E’-value using the software Selectivity-KRESH.? A dramatic
linear decrease of both E and E’ with increasing temperature is observed in the analyzed
temperature range. Thus, mainly the loss of intrinsic enzyme selectivity accounts for
the observed effect while the thermal side reaction does not contribute significantly to

31995 by K. Faber, M. Mischitz, and A. Kleewein. http://www-orgc.tu-graz.ac.at/.
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Figure 4.4: Temperature dependence of enantioselectivity of Novozym 435 in solvent-free
kinetic resolution of rac-3 via aminolysis. Xo0,rac—3 = 0.5, x0,1 = 0.5, 0.152 gn435
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4.1 Selectivity of Novozym 435

the overall decrease of selectivity in the analyzed temperature range. Ottosson et al. an-
alyzed temperature effects on enantioselectivity in a lipase catalyzed transesterification
of secondary alcohols and found that both enthalpic and entropic changes contribute
to the temperature dependence of E [96, 97]. Therefore, depending on the order of
magnitude of each term, negative, neutral or positive effects of £ with temperature may
occur. Indeed, several examples of an at first glance somewhat unexpected increasing F
value with temperature have been described in literature [8, 94]. Generally though, FE
decreases with increasing temperature which corresponds to the observation made here.
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4.1.2 Selectivity in solvent system

The influence of different solvents was investigated by carrying out reactions in five dif-
ferent solvents of different polarity. The enantioselectivity E was calculated from the
average of eeg and eep-pairs. The respective conversion vs. ee-plots can be found in
the appendix ( B.1 on page 111). Figure 4.6 shows the obtained E-values as a function
of solvent polarity expressed as logP. Significant differences were observed depending on
the solvent used with E-values ranging from 12 in n-hexane to 34 in tetrahydrofuran.
A trend of decreasing enantioselectivity with increasing solvent hydrophobicity is seem-
ingly observed. A correlation of solvent hydrophobicity and enantioselectivity has been
reported previously, amongst others by Sakurai et al. and Terradas et al. [110, 127].
Hirose et al. even observed a complete change of enantiopreference in a lipase catalyzed
kinetic resolution from 99 % (R)-preference in diisopropylether to 91 % (S)-preference
in cyclohexane [44]. However, solvent hydrophobicity alone is not a generally valid in-
dicator [30]. A correlation of the molecular size of the solvent with enantioselectivity
was observed by Ottosson et al. [96]. Similar trends but with significant scattering of
the data were found here when plotting E-value vs. other polarity scales (7*, Er(30);
data not shown).* Therefore, a larger number of data from further solvents is required

4See section 4.4.1 on page 35 for details on polarity scales
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4 Biocatalytic aminolysis

in order to show if the observed correlation with logP can be verified or if it is merely
coincidental.
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4.1.3 Selectivity in solvent-free system

In a solvent-free reaction system polarity of the medium depends on the initial mole
fraction x of the two substrates rac-3 and 1 and was found to decrease with Xyee-3 (see
section 4.4.1 on page 35). However, only minor differences were observed in enantio-
selectivity using different substrate mole fractions in the range from x,q._3 = 0.5 — 0.8.
At Xrac—s = 0.33 a significantly lower E’-value is noted (Table 4.1).

Table 4.1: Apparent enantioselectivity E’ at different initial substrate mole fractions.

Yraes 033 05 0.6 067 0.8

E’ 17 31 32 31 30

Simulations using the kinetic model introduced in section 4.4.5 on page 42 revealed,
however, that the apparent loss of selectivity is caused entirely by the chemical side
reaction. Figure 4.7 shows the experimental and simulated conversion vs. ee-plot of a
reaction with an initial molar fraction of x,.._3 = 0.33. The term for the uncatalyzed
side reaction was erased from the model and a new conversion vs. ee-plot simulated.
The analogous procedure was applied for the reaction with an initial mole fraction of
Xrae—s = 0.67. Simulated data of the latter reaction did not reveal noticeable differences
with and without consideration of the side reaction due to the high reaction rate of
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4.2 Stability of Novozym 435

the enzymatic reaction. In the case of the reaction with an initial mole fraction of
Xrac—sz = 0.33 the enzymatic reaction is significantly slower leading to a larger impact
of the blind reaction and a significant shift of the conversion vs. ee plot. Additionally,
a significant enzyme deactivation at high benzylamine concentrations leads to a further
reduction of the enzyme catalyzed reaction rate (see section 4.2 on page 31). Thus,
only the side reaction impacts E’, whereas polarity changes in the solvent-free reaction
investigated here have no or negligible influence on the enantioselectivity of Novozym
435.
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4.2 Stability of Novozym 435

In many industrial applications, catalyst costs represent a major factor determining the
overall economics of a process. Large quantities of product formed per unit of catalyst
expressed by a high total turnover number ¢tn are highly desired, while at the same
time high space-time yields should be reached. Therefore, enzyme stability is crucial in
process optimization and temperature a decisive physical parameter. On the one hand,
high temperature is known to cause partial or complete enzyme denaturation and thus
loss of catalytic activity. On the other hand, enzyme activity generally increases with
temperature by a factor of 2-3 per 10 °C [42]. Immobilized Candida antarctica lipase B
is considered a very robust enzyme for which applications of up to 160 °C can be found
in literature [98]. Continuous processes carried out at 60-80 °C have been described
without significant loss of activity after several thousand hours of operation [2]. Apart
from temperature and pressure®, further physicochemical parameters of the solvent, ionic
strength, pH in aqueous systems or polarity of an organic solvent affect the stability by
interacting with the amino acid side chains of the protein or by stripping of essential
water molecules from the enzyme surface. In this study, the stability of Novozym 435

5See chapter 7.3 on page 85 for pressure effects on stability
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4 Biocatalytic aminolysis

was tested under reaction conditions by incubation in a solvent-free system at a molar
fraction of Y43 = 0.5 in the range from 60-75 °C (Figure 4.8). The deactivation

constant kge.r was determined by exponential fitting of the residual activity vs. time
using Equation 4.2.

[Enz.] = [Enz]y - e Facactt (4.2)

A deactivation constant of kgeeer = 0.007 b~ was found at 60 °C, which corresponds to a
half-life time of about 100 days. Towards higher temperatures a significantly increasing
thermal deactivation was observed.
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Additionally, the stability of lipase Novozym 435 under reaction conditions by incu-
bation in solvent-free substrate mixtures of different composition was tested. At low
mole fractions of rac-3 a rapid loss of activity was observed. No activity was recovered
after incubation of Novozym 435 for 15 min in pure benzylamine. Both the increased
polarity and basicity of the substrate benzylamine may be responsible for the observed
inactivation, as more polar solvents increasingly strip water molecules that are essential
for activity from the enzyme surface [149]. Maximal stability under the applied condi-
tions was found around Y,.._3 = 0.67, where after two days a loss of less than 10 % of
the initial activity was observed. A less dominant but noticeable decrease of stability
towards higher concentrations of rac-3 was observed somewhat unexpectedly. It may be
speculated that the effect can be attributed to the formation of low concentrations of
the corresponding acid when the concentration of benzylamine as the target nucleophile
is reduced and the hydrolytic side reaction with residual water as a competing nucleo-
phile becomes more significant. Hollmann et al. reported the irreversible inactivation
of CALB by strong acids with pK, values below 4.8 [45]. No data on the pK,-value of
the potentially formed (3-(benzylamino)butanoic acid is available in literature. However,
reported pK,-values for -alanine and y-aminobutyric acid for example are 3.6 and 4.28,
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4.3 Diffusion limitation

respectively, indicating that a the value for the formed acid here may well be below 4.8.5
Comparing both thermal and medium effects on stability, the latter is certainly more
predominant. Below X,.._3 = 0.4 the deactivation constant kg quickly rises an order
of magnitude above the deactivation constant noted at 75 °C.

_38.7. 22
kdeact = 667 38'7XTGC_3+28'0 Xrac—3 (4.3)

An empirical exponential function with 3 parameters (Equation 4.3) was used to fit the
experimental data on kgeq as a function of the substrate mole fraction. In combination
with Equation 4.2, this correlation can be implemented into kinetic models for prediction
of reactor performance under varying conditions. This has been done in section 4.6 on
page 46 for an estimation of the performance of a fed batch reactor and in section 6.3
on page 73 for a continuous packed bed reactor.
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4.3 Diffusion limitation

External and internal diffusion limitations may be observed when heterogenous biocat-
alysts immobilized on porous supports are used. A possible internal diffusion limitation
in the Novozym 435-catalyzed aminolysis of rac-3 with 1 was examined by carrying out
experiments using pestled Novozym 435 and subsequent comparison with the reaction
rates observed using intact Novozym 435. Figure 4.10 shows similar reaction rates for
both pestled and intact Novozym 435 for all tested substrate mole fractions. A possible
external diffusion limitation was minimized by magnetic stirring. Therefore, diffusion
limitation was excluded as a rate limiting factor.

6Data from ”Dawson, R.M.C. et al., Data for Biochemical Research, Oxford, Clarendon Press, 1959”.
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4.4 Enzyme kinetics

In order to optimize the reaction, detailed knowledge of the factors influencing enzyme
kinetics in the given system is required. Several attempts have been made to study the
kinetics of solvent-free, enzyme catalyzed reactions [6, 78, 136, 145]. In the majority
of such synthetic examples, the investigated reactions systems are esterifications and
transesterifications using immobilized lipases. However, up to this point no generally
valid strategy for the determination of intrinsic enzyme kinetic parameters has been es-
tablished. Blackmond recently described a valuable procedure for the determination of
kinetic properties of even complex bio- and chemocatalytic systems [7]. The approach
allows to extract a large amount of information from only a limited number of exper-
iments by investigating the full reaction progress rather than focusing on initial rates.
An in situ method for the continuous collection of experimental data is required. Addi-
tionally, the necessary ”excess” experiments’ are limited to solvent systems and cannot
be applied directly in a solvent-free system.

On the other hand, much effort has been put on the description of enzyme action
in organic solvents. Particularly, many attempts have been made to correlate observed
effects on enzyme activity or selectivity to physicochemical properties of the solvent
[18, 64]. An obvious dependency on the solvent polarity expressed by logP values was
described by Laane et al. [67]. The effect could be related to an increased stripping of
essential water molecules from the enzyme surface by hydrophilic solvents. At a constant
level of enzyme bound water, similar activities were observed by Zaks and Klibanov [149].

The implementation of thermodynamic activities in order to account for solvation of
the reactants instead of their concentrations as a concept in enzyme kinetics has been
shown to allow the determination of intrinsic parameters independent of the solvent
used (for selected examples see: [8, 51, 111, 112, 118, 132]). However, only initial rates

“In two-substrate reaction systems, experiments are carried out with the same excess of one substrate
over the other, but different absolute concentrations.
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4.4 Enzyme kinetics

were investigated in these studies. Additionally, solvent effects not accounted for by
the use of thermodynamic activities were observed including possible enzyme inhibition
by the solvent and altered amino acid mobility [112, 132]. It has been shown that
solvent molecules may bind to enzymes at several places including the active site, thus
influencing activity [31, 58].

Recently, the analysis of protein dynamics has allowed an improved insight into the
importance of internal enzyme movement. Three-dimensional motions on different en-
zyme levels and time scales such as loop-, domain- or subunit motions may affect the
catalytic properties of the enzyme even if the distance to the active site is quite large
[129]. In organic solvents where enzyme motion is restricted and thought to be responsi-
ble for decreased enzyme activities, enzyme hydration has been shown to affect protein
dynamics and electrostatics, thus enhancing activity [47].

In solvent-free kinetics, previously described direct and indirect effects extremely ham-
per the development of valid mechanistic models. While concentrations of all reactants
change with conversion, so do the properties of the surrounding medium making up the
"solvent”, including factors such as polarity, viscosity, activity coefficients of all reagents
and the ability to hydrogen bond. Thus, there are a number of unknown variables chang-
ing simultaneously. The direct evaluation of the enzyme kinetics in solvent-free media
is therefore difficult. Consequently, the determination of kinetic data in an organic sol-
vent and subsequent transfer to the solvent-free system seems to be a more promising
approach and was therefore chosen in this study. It is likely, however, that upon the
transfer to a different solvent- or solvent-free system further adaptation of the kinetic
data is required.

As pointed out in section 1.2.2 on page 6, it is highly desired to use high substrate
concentrations or even solvent-free reactions in biocatalytic processes. The kinetics of
such reaction systems are of utter importance for choosing an appropriate fundamental
reactor type [43]. From a practical point of view, it is wise to apply kinetic models
as simple as possible that fit the experimental data sufficiently well [133]. Ideally, the
model should describe the data in a broad concentration range, but most importantly
must describe the reaction course accurately in the range of significance for practical
application

4.4.1 Solvent polarity

Solvent properties including polarity have been proposed to affect enzyme performance
both with regard to selectivity and activity [18, 64]. As described in section 4.1 on
page 26, enantioselectivity largely depended on the solvent used, but was unaltered in
solvent-free reactions using different substrate ratios. Activity on the other hand was
observed to increase with increasing concentration of rac-3 as discussed in detail in
section 4.4.5. Sandoval et al. observed a linear relationship of v,,,, to the mole frac-
tion of two solvents (substrates in solvent-free system) or logP of the same mixtures
in a lipase catalyzed esterfication of oleic acid with ethanol [112]. Therefore, the po-
larity of the solvent-free medium was investigated. Several polarity scales have been
introduced in literature. Especially the relative permittivity expressed by the dielectric
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4 Biocatalytic aminolysis

constant € or the logP scale have been used frequently in association with biocatalytic
reactions. The logP value represents the partition coefficient of the compound between
a water and an octanol phase saturated with water. However, the experimental determi-
nation of logP is highly erroneous particularly in the case of basic or acidic substances.
Thus, largely diverging values are found e.g. for benzylamine ranging from -2.35 to
3 in aqueous systems depending on the pH of the water phase.® In addition, both
the dielectric constant € and the logP-scale take into account only bulk solvent effects.
LogP values of solvent mixtures have consequently been determined using the simple
relationship logP = x4 - logP4 + x5 - logPp with x4 and xp being the mole fractions
of two compounds A and B [6], which by definition implies a linear relationship of
X4/ and logP. However, effects on a microscopic level of the solute environment are
neglected. As proposed by Reichardt, polarity covers the overall solvation capability
including specific and non-specific interactions. The former include interactions such
as electron-pair donor/electron-pair acceptor interactions, solvophobic interactions or
hydrogen bonding interactions, but exclude those leading to definite chemical changes
(protonation, oxidation, complex formation etc.) [106]. Certain compounds exhibit a
pronounced change in UV absorption in different solvents caused by specific and non-
specific interactions. The effect is called ”solvatochromism”. Reichardt’s betaine dye
2,6-diphenyl-4-(2.,4,6-triphenyl-1-pyridinio)-1-phenoxide, which is used to generate the
E7(30)-scale”; or the m*-scale'® based on 4-nitroanisole as a solvatochromic dye are the
most popular scales and have been used to quantify the polarity of many different com-
pounds [27, 56, 68, 69, 93, 106]. For a series of binary solvent mixtures, Mehranpour and
Hasemnia showed that the polarity is not necessarily linear over the full mole fraction
range [85]. Instead, preferential solvation of the solvatochromic dye by one of the two
solvents occurred as may likewise be the case for any other compound. The observa-
tion emphasizes the importance of taking into account also specific interactions. Using
Reichardt’s betaine dye, no clear absorption bands were observed with benzylamine (1)
and rac-3. Therefore, 4-nitroanisole was used as an alternative solvatochromic dye. The
m*-value for a solvent S is defined as follows:

. v(S) —v(cHex)
T (9) = v(DMSO) — v(cHex) (44)
v(S) represents the frequency of the maximum of the absorption band. Cyclohexane
(cHex) and dimethylsulfoxide (DMSO) function as reference solvents with 7* = 0 for
cHex and 7* = 1 for DMSO. UV absorption spectra were recorded for pure benzylamine
(1), pure rac-3 and binary mixtures thereof (Figure 4.11a). The corresponding 7*-values
as calculated from Equation 4.4 are shown in Figure 4.11b. A linear dependency of the
polaritiy on the mole fraction of the two substrates in a solvent-free system was observed.

8Values taken from LOGKOW databank, Sangster Research Laboratories (logkow.cisti.nrc.ca/).

9Defined as the molar electronic transition energy of a betaine dye that was published initially with
the running number 30 measured in kcal mol~! at 25 °C and atm.

0 Empirical measure of the nonspecific part of van der Waals interactions, i.e. interactions other than
hydrogen bonding.
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4.4 Enzyme kinetics

This observation supports the validity of introducing a linear dependency of 1/7/;:% as in

section 4.4.5 on page 42 for the development of a kinetic model in the solvent-free system.
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(a) UV-spectra. (b) Processed data.

Figure 4.11: Polarity of solvent-free medium depending on substrate fraction on 7*-scale.
UV-spectra were recorded at room temperature for mixtures of 1 and rac-3 in
the range from y,q.—3=0-1.

A linear dependency of the parameter v, with logP was only found for mixtures
of the same two solvents in different ratios or similarly for solvent-free systems with
different ratios of the two substrates by Sandoval et al. [112]. On the other hand,
non-linearity was found when different solvents were tested. In order to demonstrate
solvent effects, the reaction rate of the Novozym 435-catalyzed aminolysis was measured
in organic solvents of different polarity. Reactions generally seemed to proceed faster in
more hydrophobic solvents (Figure 4.12 on the next page). However, the observed trend
is vague using the Ep(30)-scale and even more so when the 7*-scale is applied. A linear
dependency is not found on either scale. In the absence of hydrogen bonding (which
is mostly valid for the applied solvents), main differences between the Er(30)- and 7*-
scales arise from the different responses to solvent polarizability [68]. The extent of these
interactions depends on both solvent and solute properties. Analogous to the specific
interactions of the solvent with the solvatochromic dye, similar interactions may occur
with the enzyme and affect activity. Additionally, thermodynamic activity coefficients
of the substrates depend on the solvent and largely influence the rate of any reaction.

4.4.2 Water activity control

The importance of tightly bound water molecules for enzyme performance is well-
recognized. The addition of small quantities of water to anhydrous systems such as
organic solvents or solvent-free media can largely increase enzyme activity by several
orders of magnitude [64]. Zaks and Klibanov showed for three independent enzymes
from different classes that enzyme activity remained unaffected in different solvents as
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Figure 4.12: Reaction rate in organic solvents as a function of solvent polarity expressed by
solvatochromic polarity scales. 0.2 M of 1 and rac-3, 45 mgn435 ml~*, 60 °C.

long as the amount of water bound to the enzyme remained constant [149]. The ther-
modynamic water activity a, was suggested as a suitable factor for the correlation of
the water content to enzyme performance [36]. It is correlated with the mole fraction
of water (x,) and the thermodynamic activity coefficient (v,,) by @, = Y * Xw- Exper-
imentally, the water activity can be set to defined values using saturated salt solutions
which are applied for the equilibration of the respective reactants via the gas phase. In
this study, LiCl (a,, = 0.11), KAc (a, = 0.22)), MgCl; (a,, = 0.33), K2CO3 (a,, = 0.43),
KI (a, = 0.69) and KCI (a,, = 0.86) were used. Figure 4.13 shows an increasing for-
mation of a white precipitate with increasing a,,. Therefore, water concentrations were
not controlled via salt hydrates but kept low as obtained from the suppliers or after
MgSO,-drying in own syntheses throughout all studies presented in this work.

0.1 &, 0.86

Figure 4.13: Formation of precipitate in Novozym 435-catalyzed aminolysis at defined water
activities ay,.

The thermodynamic activity coefficients of water in mixtures of the substrates benzy-
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4.4 Enzyme kinetics

lamine 1 and rac-3 were calculated using COSMO-RS software (Cosmologic, Germany)
under reaction conditions (60°C) on mole fraction scale. The water concentration in the
substrates and adsorbed on the enzyme carrier were determined experimentally using
Karl Fischer titration. The overall water concentration was nearly 0.16 mmol g! in
all reaction mixtures. Figure 4.14 shows an increasing water activity coefficient with
increasing mole fraction of rac-3. In kinetic resolutions of sec-alcohols, Candida antarc-
tica lipase B seemed to be affected only to a minor degree by water activity variations
[96, 137]. Nonetheless, the shown increase must be considered as a possible reason for
the observed dependency of the kinetic constant ©*  value!' on the applied substrate

max
ratio X,q.—s in the solvent-free Novozym 435-catalyzed aminolysis.
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0.0 . . . . lamine at 60 °C. The overall wa-
) 00 02 0.4 06 08 1.0 ter concentration was nearly 0.16

mmol g~! for all substrate mix-

Xrac-?, [-] tures.

4.4.3 Thermodynamic activity calculation

Various physicochemical parameters such as dielectric constant or hydrophobicity have
been suggested for the correlation of enzyme performance in organic media. However,
none of these parameters were found to be generally true [50, 132]. The use of ther-
modynamic activities as a generally valid concept was recognized as early as in 1974
by Bell et al. [4]. The method can be used to correct the concentrations of the reac-
tants for solvation. The obtained thermodynamic activities are then applied in kinetic
equations replacing concentrations. Kinetic parameters obtained by this method are
called "intrinsic” parameters as they are independent from the organic solvent given no
additional effects of the solvent on the enzyme occur [112]. However, despite the use
of thermodynamic activities different parameters have been observed in literature im-
plying that solvents can have additional effects on enzyme activity [51, 112, 132]. Such
unspecified solvent effects must be be additionally determined and considered in kinetic
equations. Thermodynamic activities of compounds in a given solvent (or solvent-free

1See Figure 4.17a on page 44 and sections 4.4.4-4.4.5 for a detailed discussion of v

max*
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4 Biocatalytic aminolysis

system with the second substrate being the ”solvent”) are usually determined using the
UNIFAC group contribution method or more recently COSMO-RS. In this study, the
molecule geometry of all solvents, substrates and products was initially determined using
HyperChem® 8.5 (Hypercube, USA). Quantum chemical optimization of the molecule
geometry and charge distribution was achieved using Turbomole® 5.10 (Turbomole,
Germany). Figure 4.15 exemplarily shows the geometrically optimized stick model and
charge distribution of (5)-3 for the most abundant conformer in a pure racemic mixture
of 3. Activity coefficients of all mixtures in solvent- or solvent-free systems were subse-
quently calculated under reaction conditions on mole fraction scale using COSMO-RS
Version C21_ 0110 (Cosmologic, Germany) [28].

s NN

Ll ]

., A .
k,./ S N~ \.’.

(a) Stick model. (b) Charge distribution.

Figure 4.15: Molecule geometry and charge distribution of most abundant (5)-3 conformer
in racemic mixture calculated and optimized using HyperChem, Turbomole and
COSMO-RS-software.

4.4.4 Kinetics in organic solvent

Despite the ultimate goal to kinetically characterize the lipase Novozym 435-catalyzed
kinetic resolution of rac-3 with 1 in a solvent-free system, the reaction was initially in-
vestigated by initial rate measurements in an organic solvent in order to be able to vary
substrate and product concentrations individually and to obtain reliable information on
the effect of each compound. As the enantioselectivity of Novozym 435 was higher in
THF compared to other organic solvents and similar to the solvent-free system (sec-
tion 4.1), THF was chosen as a solvent. A decreasing reaction rate was observed when
increasing the concentration of the substrate 1 above a concentration of 0.1 M while
the concentration of rac-3 was maintained at 2 M (Figure 4.16a on page 43). In lipase-
catalyzed esterification reactions, a competitive inhibition by the alcohol nucleophile has
been frequently reported [51, 112]. A similar inhibiting effect is apparently caused by
the amine nucleophile at elevated concentrations. In fact, substrate surplus inhibition is
a common observation in reaction systems applying comparably high substrate concen-
trations. Noticeably, benzylamine (1) concentrations have been raised to a molar level
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4.4 Enzyme kinetics

largely replacing the solvent THF. Since a decreasing activity can already be observed
at approximately 0.25 M of 1 (2.5 % v/v), the effect is considered to be inhibitory rather
than induced by altered solvent properties. On the other hand, a linear increase of the
reaction rate was observed with increasing concentration of (R)-3 at a constant concen-
tration of 1 at 1 M (Figure 4.16b). The affinity of the substrate ester to the enzyme can
therefore assumed to be small, which is expressed by a high K,,-value for the compound
(Konr_s >> [(R) — 3]). It must be noted though, that the concentration of (R)-3 was
varied by addition of the racemic substrate rac-3, leaving the possibility of added effects
such as a blocking of the active site by the "wrong” (.S)-enantiomer and thus prevention
of conversion of (R)-3. However, the affinity of (R/S)-3 to the active site is generally low
implying a minor impact of such an occupation of the active site. Given the known good
enantioselectivity of Novozym 435 in this reaction, the enzymatic aminolysis of (5)-3
as a side reaction does not contribute significantly to the overall conversion and could
therefore be neglected ([140], this study). The equation for Michaelis-Menten double
substrate kinetics including substrate surplus inhibition by 1 was considered as a model
Equation 4.5.

Vinasr * [1] [(R) — 3]
V(R)—3 — . (45)
O Ky (Ut 25 1] Koy +[(R) 3]
With K, >> [(R) — 3], the latter can be neglected in the denominator of Equation

4.5 and Equation 4.6 is obtained

’

Vmaa:(R) ’ [1] ’ [(R) - 3]
Koy + (14 325) - [1]

(4.6)

V(r)-3 =

. / o .
withv,, ., (ry COMPTISING Vingg and K, , _, to a common parameter. The new parameter

V;mm(R) in fact is related to the enzymes catalytic efficiency which is defined as keu/ Ko,
and likewise is a measure of the rate by which the enzyme can convert substrate into
product. Addition of product rac-4 to the reaction leads to a decreased reaction rate
suggesting an inhibitory effect by one or both enantiomers (Figure 4.16¢). Consideration
of the activity coefficients of the substrates did not account for this observation. It must
be stressed, however, that given the applied high product concentrations it is difficult to
distinguish between weak inhibitory effects and solvent related effects reducing enzyme
activity which are not covered by the use of thermodynamic activity coefficients instead
of concentrations. Including product inhibition into the model leads to Equation 4.7

and can account for the observed reduced activity despite the uncertainty of its origin.

’

_ Vimazy * 1] [(R) — 3]
B K, + (1 + 1%-]1) 1] (1 + I[;ac—4])

trac—4

I/(R),g, (47)
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4 Biocatalytic aminolysis

Fitting the experimental data to model Equation 4.7 using MicroMath® Scientist®
software yielded the parameters summarized in Table 4.2. A good correlation of the
experimental data could be obtained for both activity (not shown) and concentration
based parameters (Figure 4.16). Both obtained sets of parameters are similar in order
of magnitude. Since the parameters considering thermodynamic activities rather than
concentrations more likely represent inherent enzyme parameters instead of apparent
parameters, there is a good probability that these values allow a better transfer to other
solvents or a solvent-free system and are therefore used in all following studies.

Table 4.2: Estimated kinetic parameters for Novozym 435-catalyzed aminolysis in THF at
60 °C. Parameters were determined according to model Equation 4.7 using con-
centrations or thermodynamic activities.

7

v Ko, K; K;

maac(R)
[mmol - (mmol - g=*  [mmol - g7']  [mmol - g7'] [mmol - g7

rac—4

-1 -1
-h ) gNovozym435]

Conc. based 10.2£0.8 0.040 £0.010 1.05+0.17 1.324+0.32

Activity based 1294+0.9 0.045+£0.010 0.90+£0.13 0.96 £0.17

4.4.5 Kinetics in solvent-free medium

Initial reaction rates in the solvent-free reaction system strongly depend on the ratio of
the two substrates used (Figure 4.17). Higher reaction rates were observed towards a
higher mole fraction of rac-3. While the application of the kinetic model obtained from
initial rate measurements in THF correctly displays the shape of the curve, it fails to
predict the magnitude of the maximum reaction rate at approximately .3 = 0.95.
It is likely that solvent effects mentioned previously caused the observed deviation. As
briefly mentioned above, Sandoval and co-workers introduced an adapted v}, ... parameter
dependent on the solvent used that corrects for solvent effects not accounted for by the
use of thermodynamic activities [112]. Both in the case of binary solvent mixtures as well
as in solvent-free reactions with varying mole fractions of two substrates they observed
a linear dependence of v, on the ratio of the two solvents or substrates, respectively.
As can be seen from Figure 4.17a, a similar observation was made here. The parameter
can easily be calculated from Equation 4.6. In fact, introducing this linear adaptation
of V;mm(R) into the model allows a good description of the initial rates of the solvent-free
reaction with the kinetic parameters determined previously in the solvent system (Figure
4.17b). A linear polarity change depending on the mole fraction of the substrates used

was observed (section 4.4.1 on page 35) and supports the validity of introducing a linear
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Figure 4.16: Initial rate measurements of Novozym 435-catalyzed aminolysis of rac-3 with
benzylamine 1 in THF at 60 °C.
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4 Biocatalytic aminolysis

correction factor. Due to the observed hydrolytic side reaction, it was not possible to
maintain a constant water activity using salt hydrates. Residual water contained in the
substrates, however, can hardly be avoided. Even though it did not lead to significant
amounts of side product, the activity coefficient of water was found to increase with an
increasing concentration of rac-3 (section 4.4.2 on page 37, Figure 4.14) and has to be
considered as an additional potential reason for the observed dependence of V;:;axm)fs on
the substrate mole fraction.
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Figure 4.17: Initial rate measurements of Novozym 435-catalyzed aminolysis of rac-3 with
benzylamine 1 in solvent-free system at 60 °C. a) Linear adaption of v,%,, in
order to account for solvent effects according to Sandoval et al., 2001 (y =
7.42 Xrac—3 + 11.48). b) Dependence of initial rate on mole fraction of rac-3,

simulation with model Equation 4.7 (--) and model with adapted v.*,. (-).

In addition to the observed strong dependency of the initial reaction rate in the
Novozym 435-catalyzed kinetic resolution of rac-3 on the concentration of the same
compound, reaction temperature generally influences enzyme activity. The dependency
of the reaction rate on temperature is depicted in Figure 4.18. A linear relationship of
enzyme activity and temperature was found in the range from 40-80 °C. For practical
application lower temperatures are not relevant due to reduced space-time yields at low
reaction rates. Higher temperatures on the other hand go in hand with a significant
loss of enzyme stability (see Figure 4.8 on page 32) thus causing uneconomically high
catalyst costs.

4.5 Prediction of progress curve

In order to predict the full progress curve of the Novozym 435-catalyzed aminolysis in a
solvent-free system, the model derived from measurements in THF (Equation 4.7) needs

to be adapted by using the modified v/, parameter v *,  as suggested in the previous
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section in order to account for solvent effects. The overall model including the solvent
adapted parameter I/;f;am as well as activity coefficients v; to account for solvation, the

non-catalyzed background reaction and enzyme deactivation can be displayed as follows
for the two enantiomers:

!

I/njax(R) B0 [1] “V(R)-8 " [(R> - 3]

V(rR)y-3 = ) rae— (4-8)
O K+ (U )y 1] (1 el
V'::Lam "M [1] *Y(8)-3 - [(S) - 3]
V(S),3 ) (49)

1 KiTacfél

_Km1+(1+%m)'71-[1]-(1+w)

No information was gained on a parameter v,*,. . for the (S)-enantiomer of 3 in the
solvent system. In a single progress curve experiment, however, the concentrations of this
enantiomer are varied automatically with increasing conversion. Numerical integration
of the reaction rate equation coupled with non-linear regression can be used to extract
kinetic information and thus displays a valuable tool in order to determine parameters
for substrates that are difficult to obtain in a pure form [32]. Therefore, estimation of
the missing parameter v,*,, , was done by numerical integration of the rate equation and
non-linear fitting to the experimental data of six different experiments using Matlab®
software (see section A.3.4 on page 104). For consideration of the non-catalyzed side
reaction, the kinetic rate equations introduced in chapter 3 on page 15 were implemented
in the model as presented in Equations 4.10-4.11.

Vehem. (r) = k2 - [1] - [(R) — 3] (4.10)

Vehem. (s) = ka2 - [1] - [(5) — 3] (4.11)

45



4 Biocatalytic aminolysis

The respective mass balances for each compound necessary for progress curve simu-
lation can then be introduced as in Equations 4.12-4.16.

d1]

= (—(9-3 — V(Rr)-3) * [ENZ2.] = Vehem.,(R) — Vehem.,(S) (4.12)
W = —V(r)-3 - [EN2.] — Vehem. () (4.13)
d[(sc)it_ 3 = —(s)-3 - [Enz.] = Vehem. () (4.14)
d[(Rét_ 4] = V(r)-3 - [ENnz.] + Vehem.(R) (4.15)

d[(S;t_ 4 = v(g)-3 - [Enz.] + Venem. () (4.16)

Application of the model predicts the time course over a broad range of starting
mixtures of the substrates 1 and rac-3 with good accuracy. Figure 4.19a exemplarily
shows the concentration profile of a typical reaction along with associated conversion-
time curves for runs with a starting mole fraction in the range of ¢ -3 = 0.33 — 0.8.
The model also describes the enantiomeric excess as a function of conversion above
X0,rac—3 = 0.33, which represents the relevant range for application in a process due to
excellent enzyme stabilities and increased reaction rates. The strategy to investigate
the reaction in THF as a solvent first in order to reduce the number of variables and
subsequently transfer the obtained data to the solvent-free system after substitution
of concentrations with thermodynamic activities could thus be applied successfully. It
is worth to notice though, that the activity coefficients of all substrates and products
excluding water range from about 0.7 to 1.2 both in THF and in the solvent-free reactions
([123], supplemental information). The change of the actual concentrations is therefore
small leading to only minor differences of the obtained parameters. Hence, parameters
obtained without consideration of the thermodynamic activities could be transferred and
used likewise to describe the progress curve of the solvent-free reactions.

4.6 Batch vs. fed batch operation

In fed batch operation one or more substrates are fed batchwise or continuously to an
otherwise discontinuously operated batch reactor. Such an operation mode usually is
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Figure 4.19: Simulation of Novozym 435-catalyzed aminolysis of rac-3 with benzylamine 1
according to model Equations 4.8 - 4.16. All reactions were carried out in a
solvent-free system at 60 °C with 0.152 g g~! Novozym 435.
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applied for kinetic reasons, i.e. especially in the case of substrate surplus inhibition or
deactivation by the substrate that is added in the course of the reaction. Using an ad-
equate feeding strategy, the concentration of the substrate is kept low and unfavorable
effects are avoided while at the same time high degrees of conversion can be reached. In
kinetic resolutions, a feeding of the racemic compound leads to the increased, undesired
turnover of the "wrong” enantiomer and therefore represents and unfavorable process
engineering strategy. However, from the kinetic investigation carried out in a solvent-free
medium (section 4.4.5), it is obvious that applying a feeding strategy for benzylamine 1
should be beneficial for an improved space-time yield. Reaction rates are much higher
towards high mole fractions of rac-3 as compared to 1 (Figure 4.17b on page 44). With
regard to enzyme stability, a large decrease at high concentrations of 1 was observed.
In the practically more relevant range towards large concentrations of rac-3 only minor
differences were observed (Figure 4.9) that should only be noticeable in long term con-
tinuous or repetitive batch experiments. Both batch and fed batch operation modes were
therefore compared experimentally and by simulation using the kinetic model presented
above (Figure 4.20). In fed batch experiments, initial concentrations after each substrate
feeding step were calculated based on conversion and amount of substrate addition. The
batch experiment was started with a mole fraction of x,.._3 = 0.6 which represents the
ratio of maximum enzyme stability and at the same time allows to obtain a high ee(g)_3
of > 99%. The fed batch experiment was started with x,.,.—3 = 0.88 and proceeded with
feeding of 1 in five equal amounts at distinct time points.
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Figure 4.20: Comparison of batch and fed batch operation in Novozym 435-catalyzed kinetic
resolution of rac-3 with 1 by simulation (dashed lines) and experimentally (sym-
bols). Filled symbols: batch experiment. Open symbols: fed batch experiment.
(a) O/® 1; /M rac-3; A/A rac-4. (b) B Conversion in batch experiment;
/A Conversion in fed batch experiment. Batch reactions were carried out with
X0,rac—3 = 0.6, fed batch reactions with x rec—3 = 0.88. Benzylamine was added
in 5 equal portions of 0.27 mmol at 0 h, 2 h, 5 h, 9 h and 14 h. 0.152 gnu35
g™1), 60 °C.
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4.7 Summary

Despite the expected higher initial reaction rates with xo -3 = 0.88, the batch
experiment with X ac—3 = 0.6 eventually outperforms the fed batch experiment. The
kinetic model introduced in section 4.4.5 on the other hand predicts a faster course of the
fed batch reaction. After about 15 h reaction time, it is noticed that concentrations in
both batch and fed batch experiments are nearly the same. Since the compared reactions
contained the same initial amount of enzyme, the only possible explanation conceivable
is an unexpectedly high deactivation in the fed batch experiment. As discussed in section
4.2 the formation of the corresponding acid of the ester rac-3 may be responsible for an
increased deactivation in the case of low concentrations of the target amine nucleophile.
As shown in Figure 4.13 on page 38, the acid formation rate depends of the amount
of water in the system. It may be speculated that a less dry batch of Novozym 435 or
substrates with a higher water content were used in this series of experiments.

4.7 Summary

This chapter covered the characterization of the Novozym 435-catalyzed kinetic resolu-
tion of rac-3 via aminolysis with benzylamine as a nucleophile in a solvent-free system.
Particular focus was laid on parameters influencing selectivity and activity. The follow-
ing conclusions can be made:

e An apparent enantioselectivity £’ of 32 was determined for the reaction carried
out at 60 °C with x¢ rec—3 = 0.5.

e A linear decrease of both intrinsic and apparent enantioselectivity £ and E’, re-
spectively, was found with increasing temperature in the range from 40-80 °C. The
loss of selectivity is therefore attributed to an impaired enzyme performance rather
than an increased thermal side reaction.

e Enantioselectivity in different solvents was tested. A decreasing selectivity with
increasing logP was observed for the tested solvents. However, a larger amount of
data is needed in order to claim a general trend.

e In a solvent-free system the apparent enantioselectivity E’ is solely determined by
the contribution of the thermal side reaction. The intrinsic value E remains fully
unaffected over the analyzed range from g yqc—3 = 0.33 — 0.8.

e The stability of Novozym 435 in the solvent free system is a function of temper-
ature and substrate mole fraction. Increasing temperature and concentrations of
benzylamine were found to be detrimental for enzyme stability with the latter
effect being more pronounced in the analyzed range.

e Diffusion limitation was excluded as a rate-determining factor. Reaction rates of
both pestled and intact Novozym 435 were alike.
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4 Biocatalytic aminolysis

20

A linear relationship between substrate mole fraction and polarity was found on a
m*-polarity scale. A correlation of the polarity with the linear dependence of v, .
is proposed.

Control of water activity using salt hydrates led to an increased formation of the
hydrolytic side product and was therefore avoided. The infinite dilution water
activity coefficient 77 5 of the residual water increased with increasing Xxo,rqc—3-

Thermodynamic activity coefficients of all compounds in THF and in the solvent-
free system ~; were calculated using COSMO-RS software and incorporated into a
kinetic model.

A kinetic model based on Michaelis-Menten two substrate kinetics including sub-
strate inhibition by benzylamine 1 and the product rac-4 was devised. Kinetic
parameters were determined in THF as a solvent using initial rate measurements.

max
into the kinetic model.

A linear dependence of v, . on the applied mole fraction was found and integrated

The kinetic model developed in THF as a solvent was transferred to the solvent-free
system and could be used to predict conversion and ee with good accuracy.

A fed batch system was investigated experimentally and via simulation. As ex-
pected, a higher initial reaction rate was found for both simulation and experiment
compared to the batch system. Diverging results at higher conversion are related
to an unexpectedly high enzyme deactivation in the fed batch system.



5 Inline analytics via FTIR

The Fourier transformation infrafred (FTIR) absorption spectroscopy is frequently uti-
lized for a number of applications. Most often, FTIR technology is used for product
identification purposes in organic chemistry. Depending on the type of covalent bond,
infrared light of a particular wavelengths is absorbed and causes molecular vibrations.
Two types of vibrations may be considered in this context: deformational vibrations
(scissoring, rocking, wagging and twisting) or stretch vibrations (symmetric or asym-
metric) [117]. Any organic compound shows a characteristic infrared spectrum com-
posed of absorption bands from functional groups and a fingerprint region in the near
mid-infrared region that can be used to designate a spectrum to a certain compound and
thus to identify the substance. Due to the excellent specificity of the method a quantifi-
cation of compounds in mixtures is also possible. FTIR technology therefore represents
a convenient method for real-time monitoring of reactions. Both near- (NIR, 13.000 -
4.000 cm™!) and mid-infrared (MIR, 4.000 - 400 cm™!) regions are usually considered
for this purpose. The former is cheaper and more robust towards outer interferences
and is therefore more frequently used in industrial applications. The latter, however, is
more sensitive and allows the direct correlation of absorption bands to functional groups
thus facilitating interpretation [141]. Real-time monitoring of reactions may be carried
out online or inline. By definition, online analytical methods may include additional
filtration steps for the removal of particles or bubbles, while inline- or in situ analytics
refers to the direct analysis inside the reactor [60]. Contrarily, in offline or atline meth-
ods in which the sample is taken from the reactor and analyzed in a nearby instrument,
analytical data is obtained only with a time shift. In literature, inline, online and in situ
analytics are often used analogously. The term inline analytics will be used throughout
this work. Compared to offline analytical methods such as frequently used gas- or lig-
uid chromatography, inline FTIR spectroscopy offers the additional advantage of being
non-destructive.

ATR-FTIR spectroscopy

FTIR spectroscopy can be applied analogously to common UV-absorption spectroscopy
by using transmission cells. However, for reactions that only show a limited permittiv-
ity for infrared light such as solvent-free systems or disperse media transmissional IR
spectroscopy is not suited for quantification purposes. Here, attenuated total reflectance
spectroscopy (ATR) represents a convenient alternative. The principle of ATR measur-
ments is depicted in Figure 5.1a. A close-up picture of the ATR diamond probe which
has been applied in all batch experiments is shown in Figure 5.1b.

Light passing through a medium with a high refraction index is reflected upon contact
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5 Inline analytics via FTIR
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(a) Internal reflection (ATR). (b) ATR probe tip.

Figure 5.1: Schematic and photographic depiction of ATR crystal for FTIR sepctroscopy.

with a medium of low refraction index, if the angle at which the electromagnetic wave
hits the surface exceeds the critical reflection angle. To a small extent the light enters
the medium of lower optical density and is partly absorbed at the interface of crystal
and sample by the interaction of the electromagnetic wave with the sample. The depth
by which the wave enters the sample depends on the frequency and is generally higher
towards larger wavelengths (lower wavenumber). As a result, absorption bands at lower
wavenumbers generally show a larger intensity. Depending on the crystal geometry used,
usually 4-8 total reflections occur at the interface of the crystal leading to an improved
signal-to-noise ratio. Since light is partly absorbed upon reflection, the principle is called
attenuated total reflection.

Characteristic absorption of functional groups

All organic compounds (gas, liquid, solid) show characteristic IR-spectra. These may
be used both for product identification, quality or purity control and for quantification.
Reference spectra of the pure compounds involved in the aza-Michael addition of 1 and 2
and the subsequent biocatalytic aminolysis as outlined in chapters 3 and 4 were collected
using a Mettler Toledo ReactIR 45m instrument. The respective spectra are shown on
page 112 in the appendix. The wavenumber of characteristic absorption bands resulting
from functional groups of the compounds 1-4 is summarized in Table 5.1 [40]. The
obvious differences may be used to follow the reactions inline as described in section 5.1.1
for the aza-Michael addition and section 5.1.2 for the Novozym 435-catalyzed aminolysis.

Chemometrics

Being a relative quantification method (as opposed to absolute methods such as titrime-
try or gravimetry), a calibration of all compounds needs to be carried out for quantifi-
cation. Depending on the amount of compounds involved in the reaction, the necessary
effort to develop a robust model allowing the precise quantification of all compounds may
be quite substantial. Chemometrics as a tool in analytical chemistry for the statistical
interpretation of complex spectral data obtained experimentally is nowadays routinely
applied. However, the field has been introduced relatively recently in analytical chem-
istry due to both the necessary computing capacity and rapidly enhancing measuring
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Table 5.1: Characteristic IR absorption bands of compounds 1-5.

Compound  Functional group  Wavenumber of IR absorption

1 -CgHg 770 - 735 cm !
2 -RCH=CHCOOR- 1750 - 1725 cm ™!
3 -CgHg 770 - 735 cm ™!
-RCOOR- 1750 - 1735 cm ™!
4 -CgHg 770 - 735 cm ™!
-RCONHR- 1680 - 1630 cm ™!

techniques [24]. Analogous to commonly applied calibration methods (such as Lambert-
Beer’s Law in UV-spectroscopy), a correlation between spectral data obtained from
FTIR measurements and concentrations measured offline (e.g. HPLC, GC, etc.) can
be achieved by the aid of chemometric models. The correlated inline and offline data
is initially verified internally using the same experiments and subsequently applied to
further experiments that may have been carried out under different reaction conditions
in an external validation procedure. The general methodology is depicted in Figure 5.2.

FTIR spectra internal validation
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Figure 5.2: Schematic depiction of general procedure in chemometric modelling.

Initially, a number of spectra of reference compounds with varying known concentra-
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5 Inline analytics via FTIR

tions are collected. The respective absorption spectra can be transformed into a matrix
as follows with m being the wavenumber of absorption and n being the number of spec-
tra 5.1:

All A12 Alm
A _ A21 A:22 A2m (51)
Anl An2 Anm

Multiplication of the matrix A with a vector containing the model parameters allows
the transformation of the spectral data to concentrations. The vector can be determined
mathematically by either univariate or multivariate regression [87]. In univariate anal-
ysis, variables are analyzed independently. In multivariate regression analysis, several
variables are analysed at the same time and thus, interdependencies of the variables
can be detected and considered in the model. In this study, several compounds were
detected in each reaction at the same time and overlapping IR absorption peaks were
found for both substrates and products in nearly all regions of the spectrum (see Figure
B.2 and B.3 on page 112 in appendix). Therefore, multivariate analysis was applied.
The respective chemometric methods as well as statistical evaluation tools necessary for
determination of the validity of the derived model parameters are integrated in the iC
Quant Modeling Package® from Mettler Toledo that was applied throughout this study.
Partial Least Square regression (PLS) as a chemometric method which is based on the
Principal Component Analysis (PCA) technique is commonly used as a standard algo-
rithm in multivariate data analysis of highly correlated and intercorrelated data sets.
While a detailed discussion on PLS and other regression algorithms can be found in lit-
erature [24], it is important to notice that the number of principal components should be
kept as low as possible. The ideal number of principal components must be determined
empirically.

5.1 Inline monitoring in batch processes

Solvent-free reactions in batch mode were carried out in thermostated glass vessels at
60 °C with magnetic stirring. The FTIR-probe was inserted directly into the reaction
medium. All FTIR spectra were recorded using a Mettler Toledo ReactIR 45m instru-
ment equipped with a liquid nitrogen cooled MCT detector, a silver halide optical fiber
and a diamond crystal ATR probe. The FTIR instrument was constantly purged with
3 L min~! of dry nitrogen in order to avoid disturbing water vapour or carbon dioxide
detection. Spectra were recorded with 256 scans per spectrum at defined time intervals.
The reaction setup is depicted schematically in Figure 5.3.
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5.1 Inline monitoring in batch processes
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Figure 5.3: Experimental setup for inline monitoring of aza-Michael addition via ATR-FTIR
spectroscopy.

5.1.1 aza-Michael addition

Figure 5.4 shows a 3-dimensional plot of FTIR-spectra vs. time recorded for the solvent-
free aza-Michael addition of the substrates 1 and 2 at an initial molar ratio of 1:1.
Changes caused by substrate depletion and product formation are obvious throughout
the whole spectrum, while an interference of the depletion of the characteristic absorption
for the «, B-unsaturated ester 2 at 1750 - 1725 ecm~! and formation of the ester peak
of rac-3 at 1750 - 1735 cm™! clearly show the need for application of chemometric
modelling. Additionally, mathematical spectrum transformations by computation of 15
or higher order derivatives often improves the resolution of the absorption peaks in such
cases.

The development of a chemometric model for calibration is possible by measuring
defined mixtures of substrates and products from pure compounds. However, in order
to avoid the elaborate purification of the not commercially available compounds 3 and
4 and the erroneous preparation of calibration samples of defined composition, experi-
ments analyzed both inline and offline were used directly for calibration. The chemomet-
ric models were validated based on an internal/external-validation procedure for batch
experiments using the ATR-probe. In experiments performed with a Mettler Toledo DS
Micro Flowecell, which is designed for the inline monitoring of continuous processes, a
more broadly applicable and robust model was developed using an internal/external-
validation procedure (section 5.2 on page 58). Such a strategy is commonly applied in
chemometrics.[23]
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Figure 5.4: 3-Dimensional depiction of FTIR spectra vs. time in thermal aza-Michael addi-

tion of 1 and 2. Characteristic absorption of «, f-unsaturated ester (2): 1750 -
1725 cm ™!, characteristic ester absorption (rac-3): 1750 - 1735 cm™ L

Internal and external validation

In order to prove the general applicability of FTIR spectroscopy for the inline monitoring
of the solvent-free aza-Michael addition, a reaction was carried out with an initial ratio
of 2.2 mole equivalents of benzylamine (1) and 1 mole equivalent of trans-ethyl croto-
nate (2) as described above. Figure 5.5a shows the experimental data of the reaction
analyzed offline using HPLC and the respective FTIR-data as predicted by the model.
An excellent fit of the experimental data was achieved as expressed by low root mean
square errors of calibration (RMSEC) for all compounds (see Table B.2 on page 113 in
appendix).

External validation was then performed by applying the obtained chemometric model
on a second set of experimental data obtained from a reaction carried out under equal
conditions. Validation of the predicted data was again achieved using HPLC as an inde-
pendent offline analytical method. Figure 5.5b shows the inline FTIR data as predicted
from the model and the offline data as obtained from HPLC analysis. Again, an excel-
lent fit of predicted and experimental data was observed. It should be noted, however,
that in this set of experiments only a single type of experiment with fixed initial con-
centrations of substrates 1 and 2 was compared, thus limiting a more broad application
of the model. Relevant statistical data for the development of the chemometric model
is summarized in Table B.2 in the appendix.

5.1.2 Biocatalytic aminolysis

An analogous procedure as used above for the aza-Michael addition was applied for the
biocatalytic aminolysis of rac-3 with 1. The reactions were carried out as a solvent-
free one-pot process directly after the aza-Michael addition without prior purification
of the intermediate products using 50 mg mmol~! Novozym 435. Thus, small amounts
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5.1 Inline monitoring in batch processes
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Figure 5.5: Offline HPLC-data (symbols) and inline FTIR spectroscopic data (dots) as in-
terpreted using chemometric model in aza-Michael addition of substrates 1 ()
and 2 (O) forming rac-3 (A) and rac-4 (v7). 60 °C, 2.2:1 mole eq. of 1 and 2.

of unreacted ester substrate 2 and amide product rac-4 were present initially in the
reaction and considered in the chemometric model. FTIR-spectra recorded over time
clearly indicate the formation of an amide peak at approximately 1650 cm~! and the
depletion of the ester peak at 1730 cm™! (Figure 5.6).
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Figure 5.6: 3-Dimensional depiction of FTIR spectra vs. time in Novozym 435-catalyzed
aminolysis of rac-3 and 1. Characteristic ester absorption (rac-3): 1750 - 1735
em~!, characteristic absorption of amide (rac-4): 1690 - 1630 cm ™.

The developed chemometric model allows a good description of the experimental data
collected offline via HPLC (Figure 5.7a). The model was externally validated by a second
reaction carried out analogously. The predicted data is also in very good agreement with
the data collected offline via HPLC (Figure 5.7b). The results prove the robustness of
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FTIR spectroscopic analysis in the given system.
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Figure 5.7: Offline HPLC-data (symbols) and inline FTIR spectroscopic data (dots) as inter-
preted using chemometric model in Novozym 435-catalyzed aminolysis of rac-3
and 1. 1 (O); 2 (O); rac-3 (A); rac-4 (7). Reactions were carried out directly af-
ter aza-Michael addition with 2.2:1 mole eq. of 1 and 2 without prior purification
of intermediates. 60 °C, 50 mg mmol~! Novozym 435.

5.2 Inline monitoring in continuous processes

Continuous flow chemistry is a rapidly growing field in organic chemistry and the phar-
maceutical industry with numerous processes having been reported in recent years ap-
plying chemo- or biocatalysts [147]. The availability of real-time data on reactor perfor-
mance is crucial for continuous processes in order to react towards changes in conversion.
Here, FTIR can be applied as a very useful technology for inline monitoring as docu-
mented by a number of recent publications in the field of flow chemistry [19, 20, 101]. In
this study, the recently developed DS Micro Flowcell from Mettler Toledo was tested for
applicability in the continuous chemoenzymatic process under investigation. Analogous
to the silver halide optical fiber probe described in section 5 on page 51, the flowcell is
based on ATR spectroscopy. The lack of need for an optical fiber allows to achieve higher
signal intensities and a more stable process setup that is less prone to signal alterations
caused by positional- or temperature changes as in the case of FTIR optical fiber probes.
The flowcell is characterized by a low dead volume of 50 ul, pressure stability up to 50
bar and temperature control up to 60 °C.

5.2.1 aza-Michael addition

A batch reactor setup with bypass analytics was applied for feasibility studies as de-
picted in Figure 5.8. The reactions were carried out in batch mode while the reactants
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5.2 Inline monitoring in continuous processes

were continuously pumped in a loop through the flowcell, thus simulating a continu-
ous process. A bubble trap was installed prior to the micro flowcell in order to avoid
signal fluctuations caused by bubbles in the flow cell. The flowcell is sensitive to pres-
sure changes. Signal intensities decrease upon pressure drops. The effect can partly
be compensated by chemometric modeling and mathematical spectrum transformation.
Alternatively, a pressure maintenance valve can be installed in order to avoid signal

fluctuations.
FTIR
Pump micro E]
floweell
Batch reactor m @

Reactor

FTIR instrument

Bubble trap

FTIR flowcell

(a) (b)

Figure 5.8: Batch reactor setup with bypass analytics for the inline reaction monitoring of
the solvent-free aza-Michael addition of 1 and 2 applying an FTIR flowcell. (a)
photographic. (b) schematic.

In order to develop a robust chemometric model that is applicable over a large range
of substrate ratios of the solvent-free system, an internal /external validation procedure
was applied. A total of four experiments applying substrate ratios of benzylamine 1 and
trans-ethyl crotonate 2 of 1.5:1, 1.77:1, 3:1 and 4:1 mole equivalents were carried out
and integrated into a single chemometric model. The data obtained from offline HPLC
measurements was described with good accuracy in all cases. Figure 5.9a exemplarily
shows the inline data obtained from FTIR measurments and the offine HPLC data for
the substrates 1 and 2 as well as the main product rac-3. The predictive reliability of
the developed chemometric model was verified by external validation. This was achieved
by carrying out an experiment with an initial molar ratio of the two substrates 1 and 2
of 2:1 mole equivalents, which had not been used for model calculation. The predicted
data obtained form inline FTIR monitoring is in good agreement with the data obtained
from offline HPLC data (Figure 5.9b). Deviations at the beginning of the reaction may
have been caused by a non-equilibrated system with regard to constant temperature,
pressure and flow rate and are less likely to result from model inaccuracy. Relevant
statistical data and information on the procedure applied for the development of the
chemometric model are summarized on page 114 in the appendix. The chemometric
model for the real-time conversion and concentration prediction may be applied in a
continuous reactor setup as described in chapter 6 on page 65.

99



5 Inline analytics via FTIR

8 T T T T T 8 T T T T T
"o 17 i "o
S 6 . ©
[ R g
= 5 oo—_ =
o o
= 44 . =
o o
i I
(&) 2_ ——— o
&) 1 T =~ O- N o
0o
O : : : ; ; v
0O 2 4 6 8 10 12
time [h] time [h]
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Figure 5.9: Internal and external validation of regression model for the prediction of concen-
trations in aza-Michael addition of 1 and 2 monitored inline using FTIR flowcell.
Offline HPLC data is represented by symbols, inline FTIR data by dots. 1 (O);
2 (0); rac-3 (A). 60 °C, flow rate 0.25 ml min~!, integration time of FTIR
spectrum collection: 1 min. The aza-Michael addition reactions were carried out
with (a) 3:1 mole eq. of 1 and 2 and (b) 2:1 mole eq. of 1 and 2, respectively.

5.2.2 Biocatalytic aminolysis

Analogously, a batch reactor setup with bypass analytics was used for the FTIR inline
monitoring of the biocatalytic aminolysis of rac-3 and 1 with the flowcell. The exper-
imental setup is shown in Figure 5.10. The reactants are circulated continuously from
a substrate reservoir through a packed bed reactor containing the immobilized enzyme
Novozym 435. The FTIR flowcell was connected at the outlet of the packed bed reactor.
A bubble trap was installed prior to the flowcell to avoid signal fluctuations caused by
bubbles.

Three experiments were used for the development of a chemometric model in an in-
ternal validation procedure. The products of aza-Michael additions carried out in a
solvent-free system and without purification of the reactants were used as substrates
for the Novozym 435-catalyzed aminolysis. Starting molar fractions of benzylamine 1
and the ester rac-3 were approximately 1:2, 2:1 and 3:1 mole equivalents. An excellent
agreement of the experimental data obtained offline via HPLC was achieved using the
chemometric model for calibration in the internal validation procedure (Figure 5.11a).
The same model applied for the prediction of a reaction carried out with a starting
molar ratio of 1:1 mole equivalents of 1 and rac-3 yielded an excellent prediction of the
concentrations of substrate rac-3 and product rac-4 (Figure 5.11b). The relevant degree
of conversion of rac-3 can be calculated easily from these two compounds alone. Larger
deviations were observed for the substrate 1, despite a correct display of the trend of
the reaction course. This observation may result from the IR absorption characteristics
of benzylamine, which lacks a similarly predominant absorption band of functional ester
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Figure 5.10: Batch reactor setup with bypass analytics for the inline reaction monitoring of
the solvent-free Novozym 435-catalyzed aminolysis of rac-3 and 1 applying an
FTIR flowcell. (a) photographic. (b) schematic.

or amide groups as in the case of compounds 3 and 4. Relevant statistical data and
information on the procedure applied for the development of the chemometric model is
summarized on page 114 in the appendix. As in the case of the aza-Michael addition, a
chemometric model for the real-time conversion and concentration prediction could be
established that may be used to monitor inline the biocatalytic aminolysis in a contin-
uous reactor setup as outlined in chapter 6 on page 65.
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Figure 5.11: Internal and external validation of regression model for the prediction of concen-

trations in biocatalytic aminolysis of rac-3 and 1 monitored inline using FTIR
flowcell. Offline HPLC data is represented by symbols, inline FTIR data by
dots. 1 (O); rac-3 (A); rac-4 (7). 60 °C, 0.27 g g~! Novozym 435, flow rate
0.25 ml min—!, integration time of FTIR spectrum collection: 1 min. Aminol-
ysis reactions were carried out directly after aza-Michael addition with (a) 3:1
mole eq. of 1 and 2 and (b) 2:1 mole eq. of 1 and 2, respectively, without prior
purification of intermediates.

5.3 Summary

In this chapter, the applicability of FTIR spectroscopy for the inline monitoring of both
the aza-Michael addition and the Novozym 435-catalyzed aminolysis was investigated.
A fiber probe with diamond tip was applied in batch experiments and a Micro flowcell
in batch experiments with bypass analytics. The experiments can be summarized as
follows:
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The feasibility of applying FTIR spectroscopy for the accurate real-time monitoring
of both aza-Michael addition and biocatalytic aminolysis was demonstrated.

A chemometric model was developed using the Mettler Toledo ICQuant software.
Internal - and external validation of the model was carried out. An accurate
prediction of the data collected offline via HPLC was achieved applying the model.

A high signal to noise ratio was observed in the solvent-free system, allowing even
the precise prediction of low concentrations of the side product rac-4 in the aza-
Michael addition.

An ATR flowcell could be applied similarly with excellent signal intensity.

Signal fluctuations caused by pressure drops could largely be avoided installing a
pressure maintenance valve.



5.3 Summary

e A chemometric model was developed based on several experiments. Internal vali-
dation of the model showed good accuracy in all experiments for both aza-Michael
addition and aminolysis.

e External validation for the prediction of a reaction with starting concentrations not
used for model development was carried out. Inaccuracy of the predictive capabil-
ity of the model was only observed for benzylamine in the biocatalytic aminolysis.
Concentratons of all other compounds were predicted with good accuracy.
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6 Continuous chemo-enzymatic
process

Continuous processes represent an attractive approach applied in the chemical and phar-
maceutical industry. Major advantages lie in the possibility to achieve high space-time
yields by making efficient use of substrates and catalysts, improved safety aspects and a
significantly reduced physical space requirement as opposed to conventional batch reac-
tors [20]. Additionally, a decreased labor input of skilled workers is required in case of
stable processes with long operation times. The stability of the process, however, is often
limited by catalyst deactivation or wash-out, contamination in the case of bioprocesses,
or mechanic failure of pumps, valves, membranes or pipes (depending on process e.g.
caused by precipitate formation, membrane fouling etc.).

This chapter covers the development of a reactor setup for the continuous chemoenzy-
matic production of (5)-ethyl 3-(benzylamino)butanoate ((5)-3) in a solvent-free system
based on the experimental results covered in chapter 3 for the aza-Michael addition and
chapter 4 for the Novozym 435-catalyzed aminolysis. As a coupled reaction carried
out in continuous flow, the process belongs to the class of fourth generation processes
according to the classification introduced in Section 1.4 on page 10.

Reactor Design: Theoretical Aspects

While numerous reactor layouts exist that are specifically adapted to a given reaction
system, only two general ideal reactor types exist for the realization of a continuous op-
eration mode: continuous stirred tank reactors (CSTR) and plug flow reactors (PFR).
Characteristics of the reaction system determine the layout suited best for the achieve-
ment of e.g. maximum selectivity, total turnover or productivity. The aza-Michael
addition of 1 and 2 under investigation here was found to yield the product rac-3 as
the main product. However, in a slow successive side reaction, the aminolysis of rac-3
to form rac-4 was observed. While a CSTR would favor the formation of the final pro-
duct (rac-4) and thus lead to decreased yields, maximal formation of the intermediate
product rac-3 can be achieved using a PFR [70]. Similarly, the Novozym 435-catalyzed
aminolysis of rac-3 may be carried out in a CSTR or a PFR in the form of a packed bed
reactor (PBR). For kinetic reasons, the latter reactor type is favored in order to achieve
maximal yields of the desired chiral product with high enantiomeric excess. In a CSTR,
the continuous operation at high conversion of the ”correct” enantiomer necessarily leads
to operation at high concentration of the "wrong” enantiomer, thus kinetically favoring
its conversion and causing decreased yields. The effect becomes obvious when plotting
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6 Continuous chemo-enzymatic process

the enantiomeric excess as a function of conversion for both PBR and CSTR (Figure
6.1).

Figure 6.1: Simulation of enan-
tiomeric excess as a function of

conversion in PBR and CSTR 1.0 ' ' '
reactor in the Novozym 435- o ---- CSTR Lo
catalyzed kinetic resolution of rac- a 0.84 ——PBR L7 ]
3 with 1. The simulation was 8 .

based on the kinetic model in- <>1<) 0.6 ) .
troduced in section 4.5. Initial CCJ ///

concentrations for each compound Q 0.4 4 _
were as obtained from an aza- g

Michael addition carried without = 0.2- 1
prior purification of intermediates. Q@ =

[1]o = 2.15 g g, [(R)-3]p = 1.50 o 0.0

gg ', [(8)-8]o =150 g g, [(R)- ' ' ' ' '

e 008 g e, [(S).41 — 0.008 00 02 04 06 08 10
g gL, conversion [-]

The depicted simulation was based on the kinetic model introduced in section 4.5
on page 44 and clearly demonstrates the advantage of a PBR reactor as compared
to a CSTR reactor in the kinetic resolution investigated in this study. Taking these
aspects into account, a coupled reactor design comprising a tube reactor for the aza-
Michael addition and a packed bed reactor for the Novozym 435-catalyzed aminolysis
was envisioned as depicted in Figure 6.2.
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Figure 6.2: Schematic depiction of coupled reactor setup for the chemoenzymatic produc-
tion of (5)-ethyl 3-(benzylamino)butanoate. C1, C2: substrate containers. C3:
product container. M1: mixing tee. R1: tube reactor. R2: packed bed reactor.
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6 Continuous chemo-enzymatic process

6.1 Continuous aza-Michael addition in tube reactor

With the kinetic and thermodynamic data of the aza-Michael addition from batch ex-
periments in hand (chapter 3), a transfer of the system to a continuously operated plug
flow reactor can be realized. In an ideal PFR backmixing or turbulent flow profiles do
not occur. The reaction time in a batch process and the residence time 7 in a PFR are
used analogously. In an otherwise identical mathematical description of the two reac-
tors, these two dimensions are exchanged [11]. Consequently, in a PFR the concentration
changes with the length of the reactor instead of time as in a batch reactor.

6.1.1 Flow characteristics

In order to verify, if the assumption of an ideal reactor is true for envisioned reactor
geometries, a residence time distribution analysis was carried out [70]. Plug flow reactors
of two different dimensions were tested using water as a model system with 3.0 mM
benzaldehyde as a tracer substance that can be detected using an Ocean Optics UV
Flowcell for continuous monitoring (A = 280 nm). F(6) with 6 being the number of
residence times is directly obtained after simple transformation of the UV signal as
described in Section A.3.3 on page 102. The F () curves for two tube reactors of identical
volume but different inner diameter d; imply an almost ideal flow behaviour (Figure
6.3). Both curves resemble the ideal behaviour of a PFR and show a significantly
decreased residence time distribution as compared to a 3-stage cascade reactor. Thus,
despite the fact that an aqueous model system has been used here instead of the solvent-
free system, potential backmixing can most likely be neglected and a laminar flow is
seemingly observed.

1 .O T """ - T
0-8_ //
4]
i cascade
= 069 (3 vessels) T
Figure 6.3: Residence time dis- g ideal CSTR
tribution (F(6)-curve) in tube re- 0.4 i
actor. Grey dots: PTFE reactor,
V=416 ml, L=13.25m, d; = 2.0 0.2 1
mm. Black dots: PTFE reactor, ’ =
V=41.6 ml, L =82.7 m, d; = 0.8 0.0 ]| 'deal PFR
mm. Lines are numerically sim- . ' '
ulated using model equations for 0.0 0.5 1.0 1.5 2.0
ideal reactors. 0

For tube or pipe reactors, however, a turbulent flow is usually desired in which small
vortices cause a local, lateral mixing of the liquid phase. The Reynolds number Re as
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6.1 Continuous aza-Michael addition in tube reactor

a dimensionless number is usually used to characterize flow characteristics in a tube
reactor. For tubes or pipes it is defined as

cup - d,
Re=f2L0 % (6.1)
Wi

with py being the density of fluid, us the mean velocity of the fluid, d; the inner
diameter of the tube and 7y the dynamic viscosity of the fluid. While no data on the
dynamic viscosity of rac-3 is available in literature, Re numbers for the pure substrates
were calculated to be Re = 1.5 for benzylamine (1) and Re = 2.8 trans-ethyl crotonate
(2) in a tube with an inner diameter d; = 0.8 mm and a flow velocity uy = 6.3 m h™'.
Below a critical Reynolds number of Re..;; ~ 2300, the flow can be considered laminar.
Due to the very low flow velocities used here in order to allow long reaction times and
thereby sufficiently high degrees of conversion, it is not surprising to find a laminar flow
regime in the given reactor. In fact, this is a common problem encountered for slow
reactions in continuous flow necessitating several hours reaction time. In the absence
of vortices in an entirely laminar flow regime, a non-ideal flow profile within the tube
is caused by friction of the fluid and the tube wall. Consequently, the fluid velocity is
slowed down towards the tube wall while higher velocities are found in the center of the
tube. However, effects such as channeling or stagnant regions reduce the performance of
the reactor and should be avoided [70]. This is seemingly observed in Figure 6.4a, where
conversion in an ideally mixed batch reactor is compared to the conversion obtained in
a tube reactor. Dean vortices can be used to circumvent the problem of channel wall
effects. Such vortices are generated in a curved pipe by a pressure driven flow of the fluid
when the higher velocity stream in the center experiences a greater centripetal force and
is hence directed outward [46].

In Figure 6.4b, conversion in a coiled steel capillary reactor is plotted as a function of
the flow rate at a constant residence time of 7 = 4 min. With increasing flow rate an
increased conversion is observed. The improved mixing resulting from Dean vortices is
likely to be responsible for the effect. In a microreactor setup, Howell et al. observed
Dean vortice formation starting at Reynolds numbers between 1-10 that became stronger
with increasing flow velocity [46]. Again, Reynolds numbers cannot be given for the
system under investigation here, because no literature data is available on the dynamic
viscosity and density of a 1.7:1 mole eq. mixture of the substrates 1 and 2. The
Reynolds number for pure benzylamine at 60 °C was calculated to be approximately Re
=21 at 0.75 ml min~! in the given reactor setup and is expected to increase sharply with
temperature.! Unfortunately, similarly high flow velocities and hence Reynolds numbers
cannot be realized easily in a tube reactor setup without at the same time drastically
reducing the reaction time or increasing the length of the tube.

LA Reynolds of Re=45 is calculated for benzylamine at 140 °C assuming linear density decrease with
temperature.
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Figure 6.4: Aza-Michael addition of 1 and 2 in a plug flow reactor. (a) Prediction of con-
version based on kinetic model (—) and experimental results (A). Tube reactor
(PTFE), V=41.6 ml, L =82.7 m, d; = 0.8 mm. T = 80 °C. (b) Conversion as a
function of the flow rate at constant residence time 7=4 min using plug flow re-
actors of constant diameter but increasing length. Tube reactor (stainless steel),
V=0.5-3 ml, L = 1-6 m, d; = 0.75 mm, R=2.5 cm. T = 140 °C.

6.1.2 Temperature dependence in tube reactor

Generally short reaction times and consequently smaller reactor volumes are desirable.
In particular for chemical reactions, this is usually achieved by increasing temperature.
Safety issues resulting from high temperature and pressure are substantially avoided us-
ing continuously operated microreactors [142]. Therefore, high temperatures were tested
using a steel capillary reactor at temperatures up to 180 °C. Despite a significant in-
crease of the conversion rate (data not shown), selectivity is drastically reduced upon
exposure to increased temperature (Figure 6.5). As suggested in chapter 3 for batch
reactions, a compromise between high reaction rate and selectivity must be considered
also for the continuous aza-Michael addition.

Minnich et al. developed a nested-pipe reactor to address problems encountered for
slow reactions in continuous flow [88]. Improved characteristics were found with regard
to heat transfer properties, dispersion characteristics and pressure drop as compared
to coiled capillary or multi-tube reactors. Microreactors with improved mixing by mi-
crostructural elements may be considered and have been used previously for the Michael
addition of secondary amines to «,f-unsaturated carbonyl compounds [74]. Alterna-
tively, Taylor reactors may allow to achieve a well mixed continuous reactor with near-
ideal plug flow characteristics as well. The reactors are composed of two cylinders in
which mixing is provided by rotation of the inner cylinder. Selection of a suited rotation
speed defining the Taylor number allows to define the residence time distribution from
near-ideal CSTR to PFR. Such reactors have, for example, been used for polymerization
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6.2 Biocatalytic aminolysis in packed bed reactor

1.00-
+ 0.951
2
=
?, 0.90+
o) Figure 6.5: Temperature dependence of
® 0.85- 1 selectivity in thermal aza-Michael addition
carried out with 1.7:1 mole eq. of 1 and 2
0.80 . : . . in plug flow reactor. 70 °C (A); 100 °C (0);
00 02 04 06 08 10 140 °C (O); 180 °C (V). Flow rate: 0.035 -

conversion [-] 0.75 ml min—!.

reactions, but also for enzymatic conversions [34, 59].

6.2 Biocatalytic aminolysis in packed bed reactor

In order to transfer previous results from batch experiments to a continuous packed bed
reactor setup, geometrical parameters of reactor and catalyst must be considered. A
borosilicate glass reactor of d;=1 ¢m was chosen as a suitable PBR due to its chemical
resistance and flexibility with regard to adjustment of reactor length. The heterogenous
catalyst Novozym 435 according to the manufacturer has a bulk particle density of

My tot kg
= = =430—= 6.2
Php Vg m3 (6:2)

With a Sauter mean diameter of the particles of 498 um and an average mass of a
single particle of m, = 6.095 - 10~°g, the density of the carrier material is calculated to
my, kg

= 946 (6.3)

The porosity € describing the void volume in the reactor may be calculated as

e=1-2%_ 0543 (6.4)
Pp

The data was used to estimate residence times depending on the amount of catalyst
and the volumetric flow rate. However, deviations were observed comparing calculated
and experimentally determined bulk particle density and porosity, which in turn im-
pact parameters such as void and total volume and the residence time (see Table 6.1
on page 75). All calculations and simulations were based on experimentally determined

parameters.

Long reaction times of the aza-Michael addition described in the previous section ne-
cessitate low flow rates. However, in reactions carried out with enzymes immobilized
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6 Continuous chemo-enzymatic process

on porous carriers, external mass transfer or internal diffusion limitations are a com-
mon problem. For batch reactions, such limitations could be excluded (Section 4.3 on
page 33). The potential presence of diffusion limitation can be determined experimen-
tally for packed bed reactors by comparing the conversion of two PBRs with different
amounts of catalyst. Equal residence times in both reactors of different catalyst loading
can be achieved by varying the flow rate. Similar conversion levels at equal residence
times are expected in case no diffusion limitation is present. A decreased degree of
conversion in the reactor that is operated at lower flow rates (lower catalyst load) on
the other hand indicates the presence of diffusional limitations. Figure 6.6a shows the
conversion as a function of residence time for two PBRs of 3.5 ml (PBR;) and 7 ml
(PBR3) void volume. Additionally, the conversion for a batch reaction known to be
not limited by mass transfer phenomena is shown. The respective values were calcu-
lated from reactions carried out with a lower catalyst concentration as compared to
PBR experiments. Negligible differences are visible comparing batch reactor and larger
PBR,. In Figure 6.6b, conversion is plotted as a function of the volumetric flow rate
at constant residence time. Each curve represents a different residence time. Only mi-
nor differences can be observed for PBR; and PBR,, indicating weak diffusion limitation.

1.0 : . . . . 1.0 : : ; ;
__ 0.8 . __ 0.8 .
806] e Aa T § 06 -
s | % 5
= 04-3« . Z 0.4 .
S : 8
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Figure 6.6: Diffusion limitation in packed bed reactor for Novozym 435-catalyzed aminolysis.
(a) Comparison of conversion of benzylamine 1 as a function of residence time
in batch reactor and two packed bed reactors. T=60 °C, x0,rqc—3 = 0.62. Batch
reactor (®); PBR;, V= 3.5 ml void volume (O); PBRy, Vo= 7 ml void volume
(A); simulation based on kinetic model introduced in Section 4.5 on page 44 (--).
(b) Comparison of conversion of rac-3 in two PBR of different void volume and
equal residence time. Open symbols: PBRy, V1=3.5 ml. Filled symbols: PBRa,
Vo=7ml 7=0.25h (B/0O); 7=0.50h (®/0); 7=0.85h (A/A), 7= 1.5h (#/0).
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6.3 Coupled reactor setup for continuous production

6.3 Coupled reactor setup for the continuous production
of (S)-ethyl 3-(benzylamino)butanoate

A coupled reactor setup according to scheme 6.2 on page 67 comprising both the tube
reactor for the aza-Michael addition (stage 1) and the packed bed reactor for the sub-
sequent Novozym 435 catalyzed aminolysis (stage 2) must be based on thermodynamic
and kinetic information obtained from batch experiments. Optimization of the overall
reactor performance mainly depends on the enzymatic reaction carried out in the PBR.
A high operational stability of the biocatalyst and a good turnover frequency are crucial
in order to develop any economically attractive process. Important aspects to consider
with respect to the substrate ratio effects in the biocatalytic aminolysis are therefore
summarized graphically in Figure 6.7.

Minimum yx; to
obtain 99 % ee s 3

Maximum
stability  maximum

l reaction rate
l
6 08

Zrac—3 [-] ' ' 1 O

00 02 04

0. :
I This study

Weil} and Groger, 2011

Figure 6.7: Summary of optimized parameters as obtained from batch experiments (chapters
3 and 4).

A high enantiomeric excess of ideally >99 % of the product rac-3 is a prerequisite
in order to achieve a value added product, for which approximately 60 % conversion of
rac-3 are necessary given the intrinsic selectivity of Novozym 435. Consequently, ben-
zylamine 1 as a remainder from stage 1 must be available as a substrate in sufficient
amounts in stage 2. At the same time, the excess of 1 should be kept as low as possible
for kinetic, stability and atom efficiency reasons. Taking into consideration that due
to non-ideal flow conditions in the PFR (stage 1), 92 % conversion can be achieved in
a reasonable time frame (7= 13.3 h, T=80 °C), the requirements can be fulfilled best
using an initial molar ratio of approximately 1.7:1 of substrates 1 and 2.

Based on the concentration of each compound, the kinetic model derived in chap-
ter 4.4 on page 34 was used to simulate ee(s—3 and conversion as a function of residence
time with a fixed amount of 6.3 g of Novozym 435 assuming no impact of diffusional
limitation. Figure 6.8 shows that a residence time 7 of approximately 2.7 h is necessary
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6 Continuous chemo-enzymatic process

to obtain 99 % ee at 58 % conversion.

1.0 - - T 1.0
Figure 6.8: Simulation of conversion (-) - 0.8 / 0.8
and enantiomeric excess (--) as a function S 06l 0.6
of residence time in a packed bed reactor 2 o3
(M Novozymazs= 6.3 g, 60 °C). Initial sub- Gé 0.4 0.4 o
strate concentrations used for simulation 9
were as obtained in previous experiments 0.2 0.2
from aza-Michael addition carried out in a
PFR with an initial substrate ratio of 1.7:1 0.0 , , , 0.0
for 1 and 2 (7= 13.3 h, T=80 °C, conver- 0 1 2 3 4

sion = 92 %). residence time [h]

Table 6.1 summarizes calculated and observed data characterizing the geometric re-
actor data and operational parameters such as volume flow and residence time for two
PBRs that were coupled in series in the continuous reactor setup. The coupling of two
reactors allowed to determine the conversion/ee-data at different degrees of conversion
within a single experiment. Slightly lower flow rates were observed for the second reactor
due to a density increase from approximately 1.00 g ml~! at ambient temperature at the
inlet of the first PBR to about 1.06 g ml~! at ambient temperature at the inlet of the
second PBR due to ongoing conversion in the solvent-free system.

A photographic depiction of the coupled reactor setup for the continuous production of
rac-3 is shown in Figure 6.9. The helical winding of the tube reactor for the aza-Michael
addition that was applied in the coupled reactor setup is shown in Figure 6.10.

Figure 6.9: Photographic depiction of reactor setup for the continuous aza-Michael addition
and subsequent Novozym 435-catalyzed aminolysis.
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6.3 Coupled reactor setup for continuous production

Table 6.1: Calculated and observed data characerizing the packed bed reactor used in a cou-
pled, continuous flow reactor setup.

# & myazs Vietar Vieoia L v u T Pbp €
[cm] g ml]]  [ml] [em] [mlmin~'] [em-min~] [h] [gml™Y [

calculated®

1 1 4.3 10.0 54  12.7 0.052 0.12 1.7 0.43 0.54

2 1 2.0 4.7 2.5 5.9 0.052 0.12 0.8 0.43 0.54
observed’

1 1 4.3 11.9 7.8 15.2 0.052 0.10 2.5 0.36 0.65

2 1 2.0 5.1 3.4 6.5 0.049 0.09 1.2 0.39 0.67

“Values with grey background as expected according to porosity and bulk particle density (provided
by manufacturer) for given amount of Novozym 435. ®Values with grey background as determined
experimentally for given amount of Novozym 435. See Appendix A.3.3 on page 103 for further details
on experimental procedures.

Figure 6.10: Photographic depiction of helically wound tube reactor for the aza-Michael ad-
dition as applied in the coupled reactor setup (left). The reactor was incubated
in a steel pot connected to a thermostat for temperature control (right).
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6 Continuous chemo-enzymatic process

The reactor was continuously operated for 88 h without significant loss of activity.
With a residence time 7=2.5 h a conversion of 55 % at ee(s—3=0.97 was achieved (Fig-
ure 6.11a). A further elongation of the residence time to 7=3.7 h led to an increased
conversion of 59 % and an average ee(g)—g of 0.98 (Figure 6.11b). With regard to conver-
sion, the results for both residence times are in good agreement with the simulated data
based on the kinetic model introduced in chapter 4. The enantioselectivity is slightly
lower as expected. Enzyme deactivation was not observed to a significant degree in the
time frame of operation. Diffusional limitations were not regarded in the kinetic model
despite earlier observations indicating the presence of weak limitations (Section 6.2 on
page 71). The presence of such a limitation should be more predominant at lower con-
version. At high conversion of the preferred substrate (R)-3, the overall reaction rate
is very low leading to minor differences in conversion. This becomes obvious compar-
ing the only slightly increased conversion after 7=3.7 h as opposed to after 7=2.5 h.
Thus, a potential effect of diffusion limitation may be within the error of analysis and
therefore not detectable. The operation of the process was aborted after 8 h due to
blocked capillaries and sampling valves caused by a colorless precipitate. The precipi-
tate may have been formed from benzylamine, which upon exposure to carbon dioxide
forms the corresponding carbamic acid salt [41] or the corresponding acid of rac-3 af-
ter enzyme-catalyzed hydrolysis with residual water contained in the substrate solutions.

10y o410 1.0y 1.0
=]
- 0.8+ 10.8 - 0.8+ 10.8
c [0} c [¢]
g 0.6 g : o 10620 g 0.6-Po0eetesee 409 4090 -0.6 _©
g o 8 -
S 0.4- 104 - 5 0.4- 104 -
(&) (&)
0.2 10.2 0.2 10.2
0.0 . . . . 0.0 0.0 . . . . 0.0
0 20 40 60 80 100 0 20 40 60 80 100
time [h] time [h]
(a) 7=2.5 h. (b) 7=3.7 h.

Figure 6.11: Conversion and ee as a function of reaction time in coupled reactor for the
continuous aza-Michael addition of 1 and 2 and subsequent Novozym 435 cat-
alyzed aminolysis. Symbols represent experimental data: Conversion of rac-3
(#). ee(sy—3 (). Lines represent predicted data as obtained from simulation
based on kinetic model (see Sections 4.4-4.5). PTFE tube reactor: 80 °C, V =
41.6 ml, L = 82.7 m, d; = 0.8 mm. Packed bed reactor: 60 °C, Vyyqy = 17 ml,
Liotay = 21.7 cm, d; = 1 cm, 6.3 g Novozym 435. Flow rate for substrates 1 and

2: 91 = 0.303 mmol min~!, ¥ = 0.180 mmol min~!.
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6.3 Coupled reactor setup for continuous production

Parameters characterizing the performance of the process are summarized in Table 6.2
for the aza-Michael addition and Table 6.3 for the Novozym 435-catalyzed aminolysis.
The achieved results are compared to those obtained by Weif8 [138] using non-optimized
conditions. In PFR experiments, the STY was improved by a factor of almost 2. The
applied substrate ratio of 1.7:1 was kinetically less favorable for the aza-Michael addition
as compared to a 2.2:1 ratio, but the effect was compensated by the use of a higher
temperature. For the PBR, a STY of 1.8 kg L' d=! was obtained at about 59 %
conversion, 98 % ee and a catalyst productivity Q of 4.8 kg kgy}s; h™'. Compared to
Weif3, the results correspond to an improvement by almost 40 % for the STY and about
32 % for the catalyst productivity Q. The total turnover number ttn was significantly
enhanced by a factor of 5.4, which in turn leads to catalyst costs reduced by the same
factor. The higher ttn can be attributed to the increased stability of Novozym 435 under
the applied optimized conditions.

Table 6.2: Comparison of the PFR performance for the aza-Michael addition as carried out
by Weif}, 2011 [138] and under optimized conditions (this study).

Molar ratio® T T X STY
-] °C] ][] [kegL7'd7']
Weif3, 2011 [138] 2.2:1 60 24 091 0.7
this study 1.7:1 0 13.3 0.92 1.2

“Molar ratio of benzylamine 1 and trans-ethyl crotonate 2.

Table 6.3: Comparison of the PBR performance for the Novozym 435-catalyzed aminolysis
as carried out by Weif}, 2011 [138] and under optimized conditions (this study).

Xrac—3 T T X ee
[ C] [b] [ [
WeiB, 2011 [133] 0.38 60 1.25 0.54 0.95
this study 0.53 60 3.67 0.59 0.98
STY*® Q ttn®  spec. ttn cat. costs
kg L' d™']  [kg kgniss A7 [ [mol kgyiss)  [€ mol™']
Weif}, 2011 [138] 1.3 3.7 29000 44 32.0
this study 1.8 4.9 158000 239 5.8

%based solely on the volume of the PBR. Pexpected according to stability determined in batch experi-
ments. Calculation according to B.7 on page 109.1400 € kg~! (Novozymes, Denmark).
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6 Continuous chemo-enzymatic process

6.4 Summary

This chapter covered the characterization of the coupled, continuous reactor for the
continuous production of (5)-3 via aza-Michael addition in a tube reactor and subsequent
Novozym 435-catalyzed aminolysis in a packed bed reactor from benzylamine and trans-
ethyl crotonate as starting materials. The results can be summarized as follows:

e A tube reactor is suited for carrying out the solvent-free aza-Michael addition
of 1 and 2 in continuous mode. However, a lower conversion rate was observed
compared to batch reactions. As a consequence of the slow reaction the reactor
was operated at low Reynolds numbers (Re=1-3). This probably causes a reduced
flow velocity near the tube wall and thus non-ideal flow characteristics, which may
account for the observed deviation.

e The formation of Dean vortices at high flow rates leads to an improved conver-
sion. However, such flow rates are difficult to realize for slow reactions when high
conversions are needed.

e The reaction rate of the aza-Michael addition increases with temperature. A sub-
stantial loss of selectivity towards high temperatures is observed in the PFR leading
to formation of rac-4 as a side product.

e Only weak diffusional limitations were observed operating the PBR contaning
porous Novozym 435 as a heterogenous catalyst.

e The coupled reactor was operated for 88 h without significant loss of activity. A
high enantiomeric excess of 98 % could be achieved at 59 % conversion and a
residence time 7 of 3.7 h. The simulation based on the kinetic model without
consideration of diffusional limitation predicted the experimental data with good
accuracy.

e The process was aborted after blocking of capillaries caused by precipitate forma-
tion. This may have been caused by hydrolysis rac-3 to the corresponding acid or
by carbamic acid salt formation from benzylamine and COs.

e A space-time yield of 1.8 kg L' d~! was achieved, which represents an improve-
ment by almost 40 % compared to results obtained by Weil. A specific total
turnover number ttn of 239 mol kgy)ss was calculated leading to an estimated
catalyst price of 5.8 € mol~!.
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{ High pressure reaction

The application of high pressure has already found industrial relevance as a nonthermal
technology for food processing and preservation in the early 1990s. Whole organisms as
well as isolated enzymes can be inactivated by pressure or a combination of pressure and
temperature [104]. In a recent publication, Aertsen et al. reviewed the effect of high
pressure on diverse biological systems ranging from proteins and enzymes to viruses,
microorganisms, mammalian cells and tissues, emphasizing the large range of applica-
tion of high pressure technology [1]. In enzyme-catalyzed reactions, high pressure has
been investigated as an alternative physical engineering parameter besides e.g. temper-
ature or pH [79]. Particular focus has been put on studying the pressure-induced effect
on selectivity, stability of biocatalyst and reactants, kinetics and thermodynamic equi-
librium. Interesting applications include amongst others enantioselective esterifications
with lipases or the thermolysin catalyzed synthesis of pharmacological peptides [65]. In
the continuous effort to find new reaction media with improved characteristics for en-
zymatic conversions, reactions carried out in supercritical C'O, have shown interesting
opportunities (for selected examples see [13, 80-82]). Such reactions necessarily have
to be carried out under high pressure conditions around 10 MPa or higher in order to
maintain C'O, in a supercritical state.

Pressure
gauge

High pressure

Screw- press reactor

hand pump Sampling
valve

o [l o ‘

Thermostat Magnetic
stirrer

Figure 7.1: Schematic depiction of high pressure batch reactor.
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7 High pressure reaction

In this study, the pressure induced effect on enantioselectivity of the Novozym 435-
catalyzed kinetic resolution of rac-3 with 1 was investigated (see Scheme 4.1 on page 25).!
Additionally, the reaction rate and stability of the biocatalyst were analyzed. The reac-
tions were carried out in tetrahydrofuran (THF) or diisopropylether (DIPE) as organic
solvent. The solvent systems were chosen mainly because of a facilitated handling and
cleaning, as well as a decreased usage of the not commercially available substrate rac-3
in the high pressure reactor (V = 25 ml). A schematic representation of the high pressure
reactor used is shown in Figure 7.1.

The reactor was operated in batch mode and thermostated at 60 °C. Mixing was en-
sured by magnetic stirring. All high pressure reactions were carried out at 200 MPa.
Before each reaction, the screw-press hand pump (see Figure 7.2b on page 80) and the
connecting capillary to the reactor were pre-filled with pure organic solvent. The reactor
(V = 25 ml) was subsequently filled with organic solvent and 50 mM of substrates 1
and rac-3. Reactions were started by addition of lipase Novozym 435 at atm pressure.
Only afterwards pressure was applied to the system using the screw-press hand pump.
The procedure of closing the reactor and compression of the medium lasted approxi-
mately 5 min. Taking into account the low conversion observed after this time interval
(see Figure 7.5 on page 84) a potential impact on enantioselectivity was neglected. A
photographic depiction of the high pressure batch reactor is shown in Figure 7.2.

(a) Complete high pressure batch reactor. (b) Screw-press hand pump.

Figure 7.2: Photographic depiction of thermostated high pressure batch reactor at Process
Engineering Institute, Helmut Schmidt University, Hamburg, Germany, including
screw-press hand pump, pressure gauge, sampling valve and magnetic stirrer.

LAll high pressure reactions were carried out with kind support from Dipl.-Ing. (FH) D. Herbst
and Prof. Dr.-Ing. B. Niemeyer at the Process Engineering Institute, Helmut Schmidt University,
Hamburg, Germany.
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7.1 Selectivity at high pressure

A number of publications document on structural changes of enzymes upon pressure
application. Primary and secondary structures of proteins are usually not affected by
pressures up to 1000 MPa, whereas pressures below 100-200 MPa are sufficient to dis-
sociate protein oligomers [116]. Weak non-covalent forces relevant for maintaining the
protein’s tertiary structure such as London dispersion forces are destabilized at high
pressure [90]. Intramolecular ion pairs may dissociate when pressure is applied leading
to conformations with reduced volume [10]. Water molecules have been demonstrated
to exert an important role in conformational changes at high pressure affecting e.g.
hydrogen-bonding, compressibility, water penetration into the interior of the protein
and altered conformational fluctuations. The influence of conformational changes on
activity or stability has been analyzed frequently [86]. Surprisingly, only relatively few
studies report on the effect of pressure on enantioselectivity [5, 55, 57, 81]. Berheide and
Kara investigated the enantioselectivity of benzoylformate decarboxylase catalyzed C-C
bond forming reactions at high pressure [5, 57]. They observed a pressure dependency of
enantioselectivity that even rendered an enzyme with preference for the (5)-enantiomer
into an (R)-selective enzyme. Thus, pressure besides enzyme- or reaction medium engi-
neering can be considered as an alternative strategy to influence selectivity.

The effect of pressure on enantioselectivity was therefore investigated here for the kinetic
resolution of rac-3 with 1 in two different solvents. THF was chosen as a rather hy-
drophilic and DIPE as a hydrophobic solvent (see Section 4.4.1 on page 35). Preliminary
results had shown an increased enantioselectivity in THF as compared to DIPE (Fig-
ure 4.6 on page 30), while at the same time the reaction rate was reduced (Figure 4.12
on page 38).
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Figure 7.3: Enantioselectivity of Novozym 435-catalyzed aminolysis of rac-3 with 1 in THF
at atm pressure in a glass (A) or steel reactor () and at 200 MPa (H). T = 60
°C, 50 mM of substrates 1 and rac-3, 20 mg ml~! Novozym 435.
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7 High pressure reaction

The enantiomeric excess of the substrate 3 and the product 4 as a function of con-
version are compared for atmospheric and high pressure (200 MPa) experiments carried
out in THF in Figure 7.3. Each data point of the high pressure reaction represents a
new experiment. In order to exclude potential effects caused by dissolution of metal
ions from the steel reactor, reactions at atmospheric pressure were conducted both in
a glass reactor under reflux of the solvent and in a closed steel reactor. No obvious
differences were detected in the conversion - ee plots in Figure 7.3. The application of
high pressure therefore did not significantly render the enantioselectivity of the lipase in
the investigated reaction in THF.

The data obtained in DIPE as a solvent was collected from a single experiment. Sam-
pling was accomplished using the sampling valve (see Figure 7.1). Inevitable loss of
pressure caused by the volume reduction was compensated by solvent addition using the
screw-press hand pump. The sample size was approximately 2 ml. Therefore, sampling
from the reactor with a total volume of 25 ml was accompanied by an approximate di-
lution of 5-10 V-% for each sample. The enantiomeric excess of substrate 3 and product
4 are compared in Figure 7.4.
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Figure 7.4: Enantioselectivity of Novozym 435-catalyzed aminolysis of rac-3 with 1 at atm
pressure (A) and 200 MPa (M) in DIPE.

A significant reduction of enantioselectivity at high pressure was observed using DIPE
as a solvent. Similarly, Kahlow et al. observed a decreasing enantioselectivity with in-
creasing pressure up to 10 MPa in the Candida rugosa lipase-catalyzed kinetic resolution
of (4+)-menthol with propionic acid [55]. By molecular modelling studies, they could
demonstrate that an accumulation of water molecules in a cavity occurred, eventually
opening the cavity to form a water tunnel and causing a decreased selectivity. Similarly,
a movement of side chains may be responsible for the observed lowered selectivity in the
lipase-catalyzed reaction here.

Since the sampling procedure necessitated a considerable dilution of the reactants, a
substrate concentration effect must be taken into account as well. A dependency of the
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7.2 Reaction rate at high pressure

enantioselectivity of enzymes on substrate concentrations has been reported previously
[48, 49, 57]. Guo et al. described a mechanism of partial noncompetitive inhibition
of the (R)-enantiomer and pure noncompetitive inhibition for the (S)-enantiomer as
the reason for an enantioselective inhibition by chiral amines in the lipase-catalyzed
asymmetric hydrolysis of a variety of racemic arylpropionic and (aryloxy)propionic esters
[38]. However, the obvious differences in selectivity in Figure 7.4 are already observed
in the first samples where no or negligible dilution has occurred. Additionally, previous
kinetic studies (see Section 4.4.4 on page 40) have revealed a rather low inhibition by the
substrate benzylamine 1 (k; = 0.9 £0.13 mmol g~!) and the product 4 (k; = 0.96 £0.17
mmol g~!). Thus, the observed changes in enantioselectivity are mainly attributed to
high pressure effects. A non-catalyzed aminolysis side-reaction was not detected in
control reactions in either solvent.

Most studies on pressure-induced effects on proteins that can be found in literature
have been carried out in aqueous solvent systems, despite the observation that pressure
can have a larger impact in organic media than in water [61]. Hydration of the protein
plays a crucial role in all non-covalent interactions outlined above that are relevant for
catalysis under high pressure such as stabilization of transition states or conformational
changes. Therefore, pressure effects are expected to have a greater impact when the hy-
dration level is more susceptible to changes. While in aqueous systems, water molecules
are rapidly exchanged between enzyme and bulk solvent, hydration levels are especially
prone to change in polar organic solvents. The experimental observations shown above
do not confirm this expectation, since no effect was observed in the more polar solvent
THEF. On the other hand obvious differences occurred in more hydrophobic DIPE. The
results suggest that solvent polarity may not be a suitable indicator to predict selec-
tivity changes upon high pressure application. No studies could be found in literature
studying the relationship between enantioselectivity, logP values of organic solvents and
pressure. Matsuda and coworkers observed a decrease of the E-value in an enantioselec-
tive Novozym 435-catalyzed esterification with increasing pressure in supercritical COy
[80-82]. Further organic solvents, however, were only analyzed at atmospheric pressure.
The elucidation of pressure induced effects in organic solvents and their effect on enzyme
enantioselectivity remain a ”hot topic” for further investigation in the near future.

7.2 Reaction rate at high pressure

The influence of high pressure on enzyme kinetics has been reported to depend on the
activation volume (AV7) and on conformational changes of the enzyme [10]. The activa-
tion volume is defined as the overall molar volume change between ground and activated
states [90]. In the case of a negative activation volume change pressure accelerates the
reaction. On the other hand, structural changes induced by pressure are mainly related
to hydration changes. Such changes may affect the substrate binding affinity expressed
by an altered K, value. Water penetrating the active site under pressure may addi-
tionally result in weakened substrate binding caused by disruption of ion pairs between
enzyme and substrate [10]. Due to the number of both positive and negative effects
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7 High pressure reaction

contributing to enzyme activity under pressure, a non-linearity of enzyme activity with
pressure has been observed. Depending on the enzyme, the reaction and the scale of the
applied pressure increased or decreased activities may be found [89].

The time course of reactions carried out under atmospheric pressure and at 200 MPa
were therefore compared (Figure 7.5). As mentioned above, only a single reaction was
set up in DIPE as a solvent leading to a dilution of 5-10 % each sampling. Since the
rate of the enzyme-catalyzed reaction is concentration dependent, especially late sam-
ples may not accurately represent the real time course in Figure 7.5b. The effect is more
predominant at low conversion and thus may be considered negligible here due to the
already high conversion after two samplings.
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Figure 7.5: Comparison of reaction rate of Novozym 435-catalyzed aminolysis of rac-3 with
1 at atm pressure (A) and at 200 MPa (l). T = 60 °C, 50 mM of substrates 1
and rac-3, 20 mg ml~! Novozym 435.

Both in THF as well as DIPE, reactions at atmospheric pressure seem to proceed
faster. Both structural modifications as well as a positive activation volume may account
for this observation. Taking into account the observed similar enantioselectivity in THF
(Figure 7.3 on page 81), significant structural modifications of the active site of CALB
in THF are unlikely. Consequently, a positive activation volume, i.e. a positive volume
difference between transition and ground states may be anticipated.

In addition to a reduced enantioselectivity of the lipase-catalyzed kinetic resolution
of (£)-menthol under pressure, Kahlow et al. reported a decreased reaction rate in the
lipase-catalyzed kinetic resolution of menthol with increasing pressure [55]. A displaced
side chain relevant for substrate binding caused by the pressure-induced insertion of a
water molecule between two amino acids was found to provoke converging reaction rates
for both (4)- and (-)-menthol and, therefore, reduced enantioselectivity. Likewise, side

chain movements may have led to the same effect in the kinetic resolution of rac-3 in
DIPE.
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7.3 Protein stability at high pressure

High pressure technology is applied especially in the food industry for sterilization and
enzyme deactivation. Most proteins denature at high pressure either reversibly or irre-
versibly. On the other hand, enzymes have been described that tolerate a remarkable
magnitude of pressure, with some even showing an increased stability [86]. In particular,
thermal unfolding caused by fluctuations at higher temperature has been discussed to
be reduced by high pressure. Since fluctuations can also be caused by pressure, the
effect is, however, not observed for such enyzmes. Several examples of enzymes with
limited stabilization of enyzmes against thermal inactivation within a certain pressure
range can be found [10]. The addition of stabilizing cosolvents or organic solvents may
also increase the thermobarostability of enzymes, which is particularly interesting for
industrial applications [79)].
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The stability of the immobilized lipase (Novozym 435) was tested under reaction condi-
tions, i.e. in the presence of 50 mM of benzylamine (1) and rac-3 in THF, at atmospheric
pressure and 200 MPa and 60 °C. The heterogenous catalyst was separated from the
reaction and tested for residual activity at atmospheric pressure. No significant differ-
ences were observed for the stability of Novozym 435 in THF at atmospheric pressure
and 200 MPa. Abrasion by magnetic stirring and high pressure led to a visible, partial
destruction of the heterogenous catalyst. However, internal diffusional limitations were
not observed in a solvent-free system ( 4.3 on page 33), and are therefore most likely
not present in THF as a solvent. While the unchanged enantioselectivity implies that
no significant conformational changes in THF as a solvent have occurred, the reduced
reaction rate combined with the unchanged stability at atmospheric and high pressure
may indicate a reversible structural modification. These structural changes may have
equally affected the reaction rates for the conversion of (R)- and (5)-3 and therefore
did not alter the enantioselectivity. In DIPE as organic solvent, the carrier material was
fully pulverized and no reliable activity could be determined.
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7.4 Summary

The high pressure experiments can be summarized as follows:

86

The enantioselectivity in THF remains unchanged at atm pressure or 200 MPa.

A decreased enantioselectivity probably resulting from conformational changes was
observed at 200 MPa as compared to atm pressure in DIPE as a solvent.

Reactions were slowed down under pressure in both solvents hinting at positive
activation volumes for the reaction.

A similar stability was observed in THF at atm and high pressure. In combina-
tion with the finding of a reduced reaction rate, reversible changes in the protein
structure are anticipated.

Because of pulverization of the carrier material in DIPE both at atm and high pres-
sure, no reliable information on enzyme stability could be gained in the respective
solvent.



8 Discussion and outlook

The experimental results have already been discussed in the respective chapters. The
aim of this chapter is now to critically discuss the overall outcome of this study. Com-
parisons with alternative approaches will be presented as well as perspectives for future
optimization.

The stereoselective synthesis of (3-amino acids is of great interest both in research
and industry, which is documented by the large number of original papers, reviews and
even books entirely devoted to [3-amino acid synthesis. The large effort is mainly driven
by the versatility and ease of modification of the compounds on the one hand and the
number of biologically active compounds available on the market! on the other hand.
The diversity of f-amino acids is enormous: up to two substitutions may be added at
the B2 and B2 position, while the type of substitution may be aromatic, aliphatic or a
functional group. A total of 15 different structurally relevant groups of -amino acids
have been summarized [54]. It therefore does not surprise to find such a large number
of synthetic entries towards this class of compounds from the field of asymmetric heavy-
metal, organic and enzyme catalysis.

The chemoenzymatic reaction sequence developed by Weil and Groger, which has
been investigated in detail in this work, is a useful and ”green” method for the synthesis
of short-chain aliphatic 3-amino acids [140]. The number of alternative, scalable meth-
ods towards the asymmetric synthesis of this specific class of compounds is limited. An
optimized downstream processing strategy for the conversion of the -amino acid ester
(5)-3 to the free B-amino acid (S)-aminobutanoic acid via hydrogenation and hydroly-
sis has been published [139]. A satisfying environmental E-factor? of 41 was calculated
for the overall process including isolation. The reactions were carried out as a one-pot
process with an excess of 2.2:1 for the substrates benzylamine and trans-ethyl crotonate
as opposed to 1.7:1 in the optimized process in this study. A recently published chemical
approach towards the same compound (.9)-aminobutanoic acid proved efficient in terms
of achieved yields and ee [25]. However, raw material consumption and costs as well
as health issues are better in the chemoenzymatic sequence investigated here including
downstream processing [29].

In this study, the coupled solvent-free reaction system for the synthesis of optically
pure [3-amino acid esters was characterized. In line with common strategies for the opti-
mization of bioprocesses, both the aza-Michael addition and the biocatalytic aminolysis

le.g. Sitagliptin, Taxol, Ezetimibe
?Defined as the weight of waste produced per weight of product.
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were investigated in detail with regard to kinetics and thermodynamics of the reaction
on the one hand, and catalyst characteristics on the other hand. The obtained results
were subsequently applied for the numerical simulation and optimization of the process.
The aza-Michael addition could be described by simple second-order kinetics and the
respective kinetic parameters determined by numerical integration of the corresponding
rate equations combined with nonlinear regression of the experimental data. Due to
the added complexity of the enzyme catalyzed reaction in a solvent-free system, such
a straightforward approach did not allow the statistically significant determination of
the hence large number of kinetic parameters. Starting in an organic solvent and sub-
sequently transferring the kinetic data to a solvent-free system including a phenomeno-
logical rather than mechanistic model derivation was chosen as an approach instead and
proved to be expedient for modelling of the reaction over a broad substrate range. The
procedure thus represented an effective, target-driven method for the optimization of
the process. Suitable conditions for an increased reaction rate and stability of the cata-
lyst could be identified. The process could be operated for more then 80 hours without
significant loss of activity. A STY of 1.8 kg L™! d~! (128 ¢ L™ h™!) was achieved. Ac-
cording to Straathof et al. [121], industrial processes for the production of fine chemicals
range in between 0.1 and 130 g L=! h~!. For comparison, a-amino acids are produced at
30-130 g L= h=!. The productivity of the process presented here is thus comparable to
established industrial processes. Additionally, the reduced waste formation by using a
lower excess of benzylamine as compared to the original process should lead to a slightly
lower E-factor due to less unconverted substrate in the product stream. According to
Weiss et al. [139], benzylamine adds by 1.9 kgyaste kg;foduct to the overall E-factor of
41 kg aste kg;rloduct for the whole process including downstream processing. A reduction
of the necessary amounts of organic solvent and aqueous solutions can be conceived as
well, but would need to be studied experimentally.

8.1 Evaluation of process economics

The efficiency of the continuous process has been discussed in Section 6.3. Important
process parameters such as STY (1.8 kg L™ d™!), productivity Q (4.9 kg kg]_vlow435 d—h
and spec. ttn (239 mol kgy.  ...) were given that lie in a range commonly found for
industrial processes [121]. However, in order to determine the prospects for industrial
application, the economics of the process must be evaluated. In biocatalytic processes,
enzyme costs are a key factor governing the economic feasibility of the process [121].
The price for the biocatalyst Novozym 435 was calculated to be about 5.8 € mol(_sl)fs.

Costs for the production of 1 kg of the final product (5)-f-aminobutanoic acid was
estimated to be 782 €. The calculation included costs for substrates, enzymes as well
as solvents and further reagents required for downstream processing.> The amounts
necessary for downstream processing were based on the mass balance as published by
WeiB corrected for the lower amount of benzylamine applied in this study [139]. It was

3See Appendix B for details on the calculation of manufacturing costs.
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Figure 8.1: Estimation of cost distribution in optimized chemoenzymatic synthesis of (.9)-
aminobutanoic acid hydrochloride. Downstream processing costs were estimated
from Weif [139].

assumed that equal quantities of all reagents necessary for work-up are required. Not
considered in the calculation were costs for energy, capital costs, water, waste treatment
and reusable material involved in the downstream processing such as ion-exchanger
and solvents. Cheapest available prices for all compounds were taken from Sigma-
Aldrich (Taufkirchen, Germany). The distribution of costs is analyzed in Figure 8.1.
The substrates benzylamine and trans-ethyl crotonate accordingly make up 87 % of the
overall costs in the solvent-free process as carried out in this study. The biocatalyst only
adds by 5 % to the overall costs and the downstream processing by 7 %. Compared
to the process carried out under conditions reported by Weifi and Groger* [140], a
cost reduction of almost 30 % was achieved. The improved process economics can be
attributed to both a reduced substrate usage and an enhanced total turnover number of
the catalyst. The estimation of the process costs shows that further improvements of the
process are possible mainly by improving the yield of the target product. As discussed
above, this can only be achieved by asymmetric catalysis of the aza-Michael addition
coupled to the Novozym 435-catalyzed kinetic resolution.

The current market price for (.9)-B-aminobutanoic acid could unfortunately not be
determined. The price for the racemic compound (R/S)-3-aminobutanoic acid is 5640
€ kg™! on a 25 g scale at Sigma-Aldrich (Taufkirchen, Germany). The actual price for
the chiral N-Boc-protected (S)-B-aminobutanoic acid is 30600 € kg™ on a 1 g scale at
Sigma-Aldrich. Even though the market price for bulk quantities is certainly much lower,
it can be assumed that the optimized continuous process meets economic requirements.

8.2 Perspectives for optimization

Despite a good environmental performance of the reaction system and excellent STY
for the continuous process, several aspects may be improved mainly with regard to the
aza-Michael addition as the first step of the chemoenzymatic sequence. Both the re-

4A substrate ratio of 2.2:1 of benzylamine and trans-ethyl crotonate was applied. The respective
enzyme deactivation constant expected at this ratio was taken from this study.
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action itself and the (continuous) process may be addressed. High yields of up to 95
% can be achieved in the non-catalyzed thermal aza-Michael addition in batch mode.
However, the reaction proceeds quite slowly. Several hours of reaction time are necessary
which reduces the space-time yield and complicates the efficient continuous operation.
As discussed in Chapter 6, inefficient mixing and wall effects at low Reynolds and Dean
numbers lead to lowered conversion rates in continuously operated tube reactors as
compared to well-mixed batch reactions. Alternative reactor types such as a nested-
pipe reactor or Taylor reactor may lead to improved results.

A conceptually perhaps more interesting approach is the combination of chemocata-
lysis with biocatalysis. In fact, the introduction of an enantioselective catalyst for the
aza-Michael addition would lead to two major improvements: firstly, reaction times could
be reduced allowing a facilitated transfer to continuous reactor technology. Secondly,
the yield and atom efficiency of the process could be enhanced resulting in a reduction
of substrate costs as the main cost contribution factor (see Figure 8.1). The intrinsic
limitation to a maximum yield of 50 % in fact represents the major drawback in any
kinetic resolution. Even a relatively low enantioselectivity in the aza-Michael addition
would therefore lead to improved yields of the final product while high ee-values can
still be achieved by adding the biocatalytic kinetic resolution as a second step of the
sequence. The amount of side products resulting from formation of (R)-4 would be
reduced leading to an improved E-factor of the process and thus reduced costs for raw
material, downstream processing and waste disposal. The combination of chemo- and
biocatalysts in a (continuous) reaction sequence thus represents a powerful approach
towards enantiomerically pure compounds. The methodology is depicted schematically
in Figure 8.2.

non-ideal
asymmetric kinetic

A+ B synthesis (R)'C . ©)C resolution (R)_C + (S)D

B

downstream
processing

(R)-C

theoretical yield: >50 %
theoretical ee: > 99 %

Figure 8.2: Combinatorial approach including asymmetric synthesis and kinetic resolution for
the achievement of high enantiomeric excesses in non-ideal asymmetric syntheses.

The approach may actually be applied for a number of chemocatalytic reactions with

insufficient selectivity for industrial application, that combined with kinetic resolution
lead to enantiomerically pure compounds with good to high yields. Major challenges
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lie in the finding of suitable reaction conditions that allow the sequential operation.
Reaction medium engineering can be considered a key tool towards this goal. The
feasibility of combining chemo- and biocatalysis was e.g. demonstrated by Burda et al.,
who combined a palladium-catalyzed Suzuki-cross-coupling reaction in aqueous medium
with an alcohol dehydrogenase catalyzed asymmetric reduction [14]. The approach may
also be regarded as an alternative tool where dynamic kinetic resolutions (DKR) are
not applicable. While a DKR in principle allows to obtain 100 % yield, it can only be
applied in such cases where the target product is the reacting and not the unconverted
enantiomer. A DKR is therefore not feasible for the system under investigation in this
study.

A drawback of the system under investigation is the intrinsic limitation to products
of only one configuration at its stereogenic center as determined by the selectivity of the
lipase. An access to the opposite enantiomer, e.g. by inversion of the selectivity via pro-
tein engineering, is not easily achieved. Additionally, the substrate spectrum of Candida
antarctica lipase B is limited in the given solvent-free reaction system [138]. E-values of
48 and 83 were determined for CF3- and ethyl-side chains at the B3-position. Further
elongation of the aliphatic chain, however, led to decreased selectivities. Reaction rates
were reduced in all cases compared to a methyl group at the B3-position as in rac-3.
For increasing chain length of the ester moiety, best results were achieved with an ethyl
moiety while increasing or decreasing chain length led to decreased enantioselectivity in
the kinetic resolution.

8.3 Conclusion

The chemoenzymatic reaction sequence optimized in this work represents a useful, scal-
able synthetic route towards the production of chiral, short-chain aliphatic 3-amino
acids. Both the aza-Michael addition and the biocatalytic aminolysis could be carried
out efficiently in a coupled, continuous reactor system. The reactions were carried out in
a solvent-free system, which led to the achievement of an exceptionally high space-time
yield of 1.8 kg L™ d™*! for the chiral B-amino acid ester. Opposed to common prejudices
of rapid enzyme deactivation, the stability of the biocatalyst proved to be excellent as
expressed by a high total turnover number of 158000. This is particularly interesting as
the solvent-free medium seemingly causes harsh conditions for an enzymatic reaction.
Additionally, elevated temperatures of 60 °C were applied. The economic viability of
the process was estimated based on costs for substrates, biocatalyst and reagents needed
for downstream processing. Estimated costs for manufacturing of the final product (5)-
[3-aminobutanoic acid were well below current market prices for the N-Boc-protected
compound, indicating the competitive capability of the process for industrial applica-
tion.

91



8 Discussion and outlook

92



9 Summary

The following results have been achieved within this study:

e The aza-Michael addition of benzylamine and trans-ethyl crotonate to form rac-
ethyl 3-(benzylamino)butanoate proceeded irreversibly. A slow successive side-
reaction led to the formation of the amide side product via aminolysis of the ester.
Kinetic constants for both aza-Michael addition and subsequent aminolysis were
determined via numerical integration of second order rate equations combined with
non-linear regression of the experimental data from batch experiments.

e The temperature dependence of the kinetic constants and their influence on the
process parameters conversion, selectivity and yield was analyzed. Selectivity and
yield were observed to decrease with increasing temperature due to side product
formation. The applicability of heat to accelerate the reaction is thus limited.

e Kinetic rate constants for the Novozym 435-catalyzed aminolyis were determined
in tetrahydrofuran as an organic solvent by using initial rate studies. A phe-
nomenological rather than mechanistic model was devised. The proposed model
included inhibition by the substrate benzylamine and weak inhibition by the
product amide. The Michaelis-Menten constant K,, for the ester (R)-ethyl 3-
(benzylamino)butanoate was found to be large compared to its concentration. A
new parameter V;nax was therefore introduced that comprises v,,,,, and K,, for the
compound and is related to the catalytic efficiency defined as keu;/ K.

e The kinetic model was transferred to the solvent-free system by introduction of
thermodynamic activities instead of concentrations. Additionally, a linear depen-
dence of V4, on the concentration of the ester (R)-ethyl 3-(benzylamino)butanoate
was observed and accounted for in the kinetic model. The adapted model was used
to predict the progress curve of solvent-free batch reactions over a broad range of
substrate ratios with good accuracy.

e The influence of physicochemical parameters on the enantioselectivity E of Novozym
435 in the kinetic resolution of rac-3-ethyl-3-(benzylamino)butanoate with benzy-
lamine was studied. A decreased E-value was seemingly found with decreasing
polarity of tested solvents and with increasing temperature. High pressure of 200
MPa had no effect on enantioselectivity in tetrahydrofuran as a solvent, whereas
in diisopropylether a significant reduction of E was observed.

e The applicability of FTIR technology for the inline monitoring of both solvent-free
aza-Michael addition and Novozym 435-catalyzed aminolysis was demonstrated.
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An ATR fibre probe was used in batch experiments. The applicability of FTIR
technology for the monitoring of continuous flow reactions was demonstrated in
batch reactions with bypass FTIR analytics using an ATR micro flowcell.

A continuous reactor setup for the two-step chemoenzymatic process was developed
comprising a plug-flow reactor for the thermal aza-Michael addition and a packed-
bed reactor for the Novozym 435-catalyzed aminolysis to produce (S)-ethyl 3-
(benzylamino)butanoate. The coupled reactors were operated continuously for a
time period of 4 days without significant loss of enzyme activity.

The target B-amino acid ester was obtained at 92 % conversion in the plug-flow
reactor and 59 % conversion in the packed bed reactor with high enantiomeric
excess of > 98 %. A space-time yield of 1.8 kg L=! d~! and a total turnover
number of the biocatalyst of 158000 were calculated.

In order to judge the economic viability of the process, costs for reaction and
downstream-processing were estimated. Based on the current market price for
Novozym 435, biocatalyst costs were estimated to result in about 5.80 € mol~!.
Costs for the chiral f-amino acid (5)-3-aminobutanoic acid as the final product
after downstream processing were estimated at about 782 € kg™!, which is well
below the current market price for comparable products.
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A.1 Applied equipment

HPLC

Agilent 1100 Series HPLC System
Sykam S HPLC System

High-pressure pump K-1001
Gilson-ABIMED Dilutor 401

Gilson ABIMED 231XL autosampler
Nucleodur® Cjg ec, 250x5 pm
LiChrospher® RP8-Select B, 250x5 ym
Chiralcel® OD-H, 250x5 um
Nucleocel® o S, 2505 pum

FTIR online analytics

React IR 45m equipped with

Silver Halide (AgX) FiberConduit™
DiComp’™ diamond probe tip,

DS Micro Flowcell

Detectors and sensors
ASL1600-20 liquid flow sensor
DH-2000-BAL

with UV-VIS-NIR lightsource
UV-detector K-2501
UvikonXL spectrophotometer

Continuous reactions

mzr® S05

Pharmacia LKB SuperFrac Fraction
Collector

Pharmacia LKB HPLC Pump 2248
Superformance® 150-10 LC column

Centrifuges
5415D

Agilent Technologies, Waldbronn, Germany

Sykam, Firstenfeldbruck, Germany
Knauer, Berlin, Germany

ABIMED GmbH, Langenfeld, Germany
ABIMED GmbH, Langenfeld, Germany
Machery Nagel, Diiren, Germany
Merck, Darmstadt, Germany

Daicel, Tokyo, Japan

Machery Nagel, Diiren, Germany

Mettler Toledo, Columbus, OH, USA

Sensirion, Staefa ZH Switzerland
Ocean Optics, Dunedin, FL, USA

Knauer, Berlin, Germany

Bio-Tek Instruments, Bad Friedrichshall,
Germany

HNP Mikrosysteme, Parchim, Germany
Pharmacia, Uppsala, Sweden
Pharmacia, Uppsala, Sweden

Merck, Darmstadt, Germany

Eppendorf AG, Hamburg, Germany
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Avanti J-25
Minifuge T

Balances
PC 440
Sartorius CP224S

Thermostats
E100 Ecoline Star Edition 003
MGW Lauda RC6 CS

Other labware and equipment
Alugram® SIL/UV254 nm TLC Sheets
Christ Alpha 2-4 Lyophilizer
Glassware

Magnetic stirrer

PTFE tubing and fittings
Rotavapor R-200

with V-805 vacuum controller
Steel capillaries

Ts1 thermoshaker

Vortex (MS2 Minishaker)

VTR 5022 vacuum oven
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Beckman-Coulter, Fullerton, USA
Heraeus Sepatech, Berlin, Germany

Mettler Toledo, Gieflen, Germany
Sartorius, Gottingen, Germany

Lauda, Hamburg, Germany
Lauda, Hamburg, Germany

Carl Roth, Karlsruhe, Germany
Christ, Osterode am Harz, Germany
Carl Roth, Karlsruhe, Germany
IKA Werke, Staufen, Germany
Bohlender, Griinsfeld, Germany
BUCHI Labortechnik, Flawil,
Switzerland

Latek, Heidelberg, Germany
Biometra, Gottingen, Germany
IKA Werke, Staufen, Germany
Heraeus, Hanau, Germany
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A.2 Applied chemicals

Benzylamine (99.5 %, <0.3% water K.F.) and ¢rans-ethyl crotonate (96%) were obtained
from Acros Organics (Geel, Belgium). Commercial Novozym 435 (Candida antarctica
lipase B immobilized on acrylic resin) was obtained from Novozymes (Bagsvaerd, Den-
mark). The water content of the enzyme preparation stored at room temperature was
determined to be 1.1% (K.F.). THF as a solvent in biocatalytic reactions was obtained
from Carl Roth (Karlsruhe, Germany) with 99.9% purity and 0.005% water K.F. All
other chemicals were of analytical grade purity and purchased from Carl Roth, Acros
Organics, Fluka (Buchs, Switzerland), Merck (Darmstadt, Germany) or Sigma-Aldrich
(Schnelldorf, Germany).

Physical properties of substrates

Physical properties (density ¢ and dynamic viscosity 1) of the substrates used in this
work are given below.

Benzylamine 1 (MW=107.15 g mol™):
§ [g ml™' 7 [mPa-s]

61 °C 0.98 0.912
141 °C 0.88¢ 0.394

@calculated based on available literature data (up to 50 °C) assuming linear temperature dependency

of density.
trans-Ethyl crotonate 2 (MW=114.14 g mol™'):

§ [gml™! 75 [mPa-s]
60 °C 0.918 0.488

Synthesis of substrates and reference materials

ethyl 3-(benzylamino)butanoate (rac-3): Benzylamine (1, 120 mmol), trans-ethyl
crotonate (2, 72 mmol) and 1,8-diazabi- cyclo[5.4.0] undec-7-en (60 mmol) were refluxed
in acetonitrile (180 mL) for 20 h. After cooling down to room temperature, acetonitrile
was evaporated in vacuo and the remaining oil was taken up in ethyl acetate. The or-
ganic phase was extracted with 8 x50 mL of 1% (v/v) aqueous HCI. After adjustion to
pH 8 using saturated NaHCOj3 the aqueous phase was extracted using 8 x50 mL ethyl
acetate. The combined organic phases were dried over MgSO, and evaporated to yield a
yellow oil. Yield: 21.4 g (80 mol-%). Water content (measured by Karl Fischer titration
(K.F.)): 0.12%.
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NH O "H-NMR: (300MHz, CDCI?): 6. (ppm) = 1.18 (d, J=6.4
©/>\/u\ Hz, 3H), 1.27 (t, *J=7.1 Hz, 3H), 1.92 (br s, 1H), 2.40 (dd,
0™ 2J=15.1 Hz, 3J=5.9 Hz, 1H), 2.52 (dd, 2J=15.1 Hz, J=7.9
rac- 3 Hz, 1H), 3.19 (sext., 3J=6.4 Hz, 1H), 3.79, 3.87 (2d, 2J=13.0

Hz, 2H), 4.15 (q, *J=6.1 Hz, 2H), 7.24-7.36 (m, 5H).).

N-benzyl-3-(benzylamino)butanamide (rac-4): Benzylamine (1, 40 mmol), rac-3
(2 mmol) and ammonium chloride (1 mmol) were stirred for 24 h at 120 °C. The product
was purified by silica flash chromatography (ethyl acetate/isopropanol, 95:5 (v/v), 0.2%
DEA). Yield: 0.29 g (51 mol-%).

IH-NMR: (400MHz, CDCL): 6., (ppm)=1.22 (d, 3J=6.5

@”NH 0 Hz, 3H), 1.55 (br s, 1H), 2.20 (dd, 2J=15.9 Hz, 3J=3.6 Hxz,

)\/U\N’\(j 1H), 2.49 (dd, 2J=15.9 Hz, 3J=7.6 Hz, 1H), 3.14 (m, 1H),

Ho LF 372, 3.82 (2d, 21, 27=12.6 Hz), 4.45 (d, 2H, 3J=5.6 Hz),

7.127.31 (m, 10H), 8.49 (br s, 1H). Water content (K.F.):
<0.10%.

rac- 4

(E)-benzyl but-2-enoate (5): Crotonyl chloride (17.2 mmol) was dissolved in 40 ml of
dry THF and kept on ice (0 °C). 2 mg of hydroquinone were added as radical scavenger.
Benzylamine (1, 43.1 mmol) was dissolved in 25 ml dry THF and added dropwise to
the dissolved acid chloride while the solution was stirred magnetically. Stirring was
continued after addition of benzylamine for 1 h at 0 °C and an additional 0.5 h at

ambient temerature.
o The produced solid crystals were separated from the solvent
/\)j\ by filtration. The product was purified twice via crystallization
0/\© in water /methanol as a solvent. The purity of the product was
controlled by HPLC with UV-detection and comparison of the
spectrum to reference material obtained from Weil.! Yield:

1.69 g (56 mol-%).

5

A.3 Methods

A.3.1 Analytical methods
Determination of conversion

Conversions of all reactions were analyzed by HPLC on an Agilent system equipped with
a diode array detector (215 nm) and a Nucleodur Cg ec column (5 pm, 25 cm, 0.46 cm;
Macherey-Nagel, Germany). A mixture consisting of 47.5/52.5 (v/v) MeOH/ sodium
phosphate buffer (50 mM, pH 6.5) was used as the eluent at a flow rate of 1 ml min—'.
Retention times: 1: 3.9 min, 2: 8.5 min, rac-3: 15.5 min, rac-4: 18 min, 5: 6.1 min.
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Figure A.1: Exemplary HPLC spectrum for the determination of conversion. Retention
times: 1: 3.9 min, 2: 8.5 min, rac-3: 15.5 min, rac-4: 18 min, 5: 6.1 min.

An exemplary HPLC spectrum is shown in Figure A.1.

Determination of enantiomeric excess

The enantiomeric excess of 3 was determined using a Chiralcel OD-H column (5 pm,
25 c¢m, 0.46 cm; Daicel, Japan) cooled down to 10 °C and UV detection at 223 nm. i-
Hexane/i-propanol 95/5 (v/v), 0.2 % DEA was used as the eluent at a flow rate of 0.75
ml min~!. Retention times: (R)-3: 10 min, (S9)-3: 12 min. The ee of the product 4 was
measured on a Nucleocel a S, column (5 pm, 25 cm, 0.46 cm; Macherey-Nagel, Germany )
at 20 °C and UV detection at 258 nm. A mixture consisting of n-Hexane/i-propanol
95/5, 0.2 % DEA was used as the eluent at a flow rate of 0.8 ml min~!. Retention
times: (S)-4: 29 min, (R)-4: 32 min. Represenatitive spectra of racemic mixtures of
both compounds are shown in Figure A.2.

Inline analytics via FTIR

All FTIR reference spectra were collected using a ReactIR 45m instrument from Mettler
Toledo (Columbus, OH, USA) equipped with a Silver Halide (AgX) FiberConduit?*
with a DiComp?™ diamond probe tip or a DS Micro Flowcell. The instrument was
constantly purged with dry nitrogen at 3 L min_;. Liquid nitrogen was used for cooling
of the MCT detector. The Mettler Toledo iC IR software and the integrated iC Quant
Modeling Package® were used for monitoring, data handling and quantification of all
experiments. Details on the experimental setup are given in Chapter 5.

'Dr. M. WeiB, Department of Chemistry, University of Erlangen-Nuremberg.
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Figure A.2: HPLC analysis of enantiomeric excess of (a) (R/S)-3 and (b) (R/S)-4 on chiral
stationary phases.

A.3.2 Analyses in batch mode
Progress curve analysis of solvent-free aza-Michael addition

The solvent-free aza-Michael addition of 1 to 2 was carried out in sealed glass vials at a
controlled temperature in the range from 40-70 °C. While varying the mole fractions of
both substrates the total molar amount was kept at 6 mmol. Samples were withdrawn
automatically every 2 hours using a Gilson autosampler. Reactions were stopped by
dilution in glass vials containing 1,3-dioxolane.

Biocatalytic aminolysis

Solvent-free reactions were carried out in glass vials using 152 mg g=! of the lipase
Novozym 435 with varying mole fractions of 1 and 3 at a constant total substrate mass
of 0.59 g. All reactions were carried out at 60 °C and magnetically stirred in order to
overcome external diffusion limitations. Samples free of the heterogenous catalyst were
withdrawn manually at various times and diluted in 1,3-dioxolane for stopping of the
reaction. Reactions in THF as a solvent were carried out similarly using 10-20 mg ml~*
Novozym 435 and a total reaction volume of 0.5-1 ml. Initial reaction rates in both
THF and the solvent-free system were determined at conversions below 10 % in order
to maintain initial reaction rate conditions. Performance of the reactions at controlled
water acticity (a, 0.16-0.84, see below for experimental procedure) led to a hydrolytic
side reaction, thus forming the corresponding acid from the ester 3 in the form of a
precipitate. Therefore, water concentrations of substrate solutions were kept low as
obtained from the suppliers or after MgSO,-drying in own syntheses.
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Determination of enzyme stability

The lipase Novozym 435 (152 mg ml~!) was incubated in solvent-free reaction media of
different molar fractions of 1 and rac-3 as described in the previous section at 60 °C.
After given time intervals the reaction mixture was removed using a syringe, the carrier
washed 3 x using THF and dried at room temperature under vacuum. Potential leaching
was checked and found to be negligible since constant activities (+ 4 %) were detected
after each washing step. The lipase was subsequently used in a standard activity test
containing 50 mM of 1, 100 mM of rac-3 in THF with 20 mg ml~! of lipase Novozym
435. All activity tests were magnetically stirred and performed in closed glass vials at
60 °C for 30 minutes. It should be noted that constant conditions cannot be maintained
when incubating Novozym 435 in the solvent-free system. An effect of the alternating
conditions on stability can therefore not be excluded.

Determination of solvent polarity

The polarity of the substrates benzylamine (1) and ethyl 3-(benzylamino)butanoate
(rac-3) was determined using nitroanisole as a solvatochromic agent. Benzylamine was
directly used as obtained from the supplier (Acros Organics, Geel, Belgium). Rac-3 was
distilled prior to used in order to remove UV active impurities of the slightly yellow
oil as obtained from the synthetic procedure described above (T,=91 °C, 0.24 mbar).
Approximately 0.2 mM of nitroanisole was dissolved in 1 and distilled rac-3, respectively,
and the UV spectra recorded in the range from 280-400 nm.

Investigation of diffusion limitation in batch experiments

A possible internal diffusion limitation in the Novozym 435 catalyzed aminolysis of rac-
3 with 1 was examined by carrying out experiments using pestled Novozym 435 and
subsequent comparison with the reaction rates observed using intact Novozym 435. 30
mg ml~! of Novozym 435 were added to mixtures of varying mole fractions of substrates
1 and 3 at a constant total substrate mass of 0.29 g. Further reaction conditions were
as described above for the solvent-free biocatalytic aminolysis.

Control of water activity

The influence of the water activity on the Novozym 435 catalyzed aminolysis of rac-3
with benzylamine 1 in solvent-free reactions was tested. In order to obtain a defined
water activity a,, all substrates and catalysts were pre-equilibrated for 7 days in closed
containers over saturated salt solutions. The salts used in this work are: LiCl (a, =
0.11), KAc (a, = 0.22), MgCl, (a,, = 0.33), KCO? (a, = 0.43), KI (a,, = 0.69) and KCl
(a, = 0.86). All reactions were carried out using 1.35 mmol of 1, 2.02 mmol of rac-3
and 80 mg of Novozym 435, 60 °C and magnetic stirring.
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A.3.3 Analyses in continuous flow
Residence time distribution analysis of tube reactor

The tube reactor (reactor 1: PTFE, L. =82.7 m, d; = 0.8 mm, V =41.6 ml; reactor
2: PTFE, L =13.25 m, d; = 2.0 mm, V =41.6 ml) was prefilled with distilled water.
Benzaldehyde (3.0 mM) was used as a tracer substance. An Ocean Optics UV Flowcell
was attached at the outlet of the reactor for continuous monitoring of the UV absorption
at 280 nm. Water was pumped through the reactor at a flow rate of 0.05 ml min~—! using
a Pharmacia 2248 HPLC pump. At time ty, the input flow was switched from water
to 3.0 mM benzaldehyde. The UV signal can directly be converted into the normalized
F(#) curve using Equation A.1
EAt - At
FO)= =5 —= (A1)

where At is the time interval between time t and tq of the tracer input, 7 is the mean
residence time, Ea; is the absorption after time At and Ep the absorption of the flow
of the tracer solution. The mean residence time 7 was determined using the Zwickel
interpolation method.

F(#) curves for ideal reactors can be calculated using Equation A.2 for a CSTR or
cascade thereof comprising n vessels.

(6"

F(O) =1—e™(1+nb+ ("29!2) Fet o ) (A.2)

General procedure for aza-Michael addition in tube reactor

The substrates 1 and 2 were mixed prior to reaction in order to avoid changes in sub-
strate composition due to backpressure changes and pump inaccuracies upon change
of flow rates. The premixed substrates were stored on ice/NaCl (-15 °C) in order to
largely prevent an ongoing reaction. Substrates were subsequently pumped through a
temperature controlled tube for the continuous reaction using a Pharmacia 2248 HPLC
pump. Flow rates and temperature were adjusted as specified in Section 6.1. A PTFE
tube (V=41.6 ml, L. =82.7 m, d; = 0.8 mm) coiled around a custom-made steel spindle
(d=cm) and inserted into a thermostated cylinder was applied at temperatures up to 80
°C. Coiled stainless steel capillaries (V= 0.5-3 ml, L. = 1-6 m, d; = 0.075 mm, R=2.5
cm) were applied for temperatures > 100 °C. Temperature control was achieved by im-
mersing the steel capillary reactor into a thermostat filled with silicon oil. Samples for
quantification were collected at the outlet of the reactor and quenched in 1,3-dioxolane
as described above.

General procedure for Novozym 435-catalyzed aminolysis in packed bed reactor

Continuous reactions require large quantities of substrates. In order to avoid the labo-
rious synthesis of pure rac-3 in large amounts, substrate mixtures consisting predom-
inantly of 1 and rac-3 were obtained from the solvent-free aza-Michael addition of 1
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and 2. An exemplary batch reaction for preparative substrate synthesis was carried
out using 0.98 mol benzylamine and 0.58 mol trans-ethyl crotonate at 60 °C for 26 h
in glass flasks. At 95 % conversion the composition of the product representing the
substrate feed solution for the biocatalytic aminolysis was 2.3 mol g~! benzylamine (1),
0.152 mol g~! trans-ethyl crotonate (2), 3.031 mol g~! rac-3 and 0.117 mol g~* rac-4.
A borosilicate glass reactor (Superformance®, Merck, Germany) of d;=1 cm was filled
with Novozym 435 and thermostated at 60 °C. Substrates were subsequently pumped
through the packed bed reactor using a Pharmacia 2248 HPLC pump at flow rates o
of 0.02 - 0.4 ml min~!. Pressure was monitored at the reactor inlet using an analogous
pressure gauge.

Full reactor setup for continuous production of (S)-3

The PTFE tube reactor (V = 41.6 ml, L = 82.7 m, d; = 0.8 mm) and packed bed reactor
(Viotar = 17 ml, Ly = 21.7 ecm, d; = 1 cm, 6.3 g Novozym 435) were coupled for the
continuous production of (S)-ethyl 3-(benzylamino)butanoate according to Scheme 6.2
on page 67. Two Pharmacia 2248 HPLC pumps were used for the continuous supply of
substrates 1 (0.303 mmol min~') and 2 (0.180 mmol min~!). Pressure retention valves
set to 2 bar were installed at the pump outlet in order to improve the performance of the
pumps and maintain constant flow velocities. Mixing was achieved using a mixing tee
prior to the reactor inlet. The tube reactor for the aza-Michael addition was themostated
at 80 °C. The temperature of the packed bed reactor was maintained at 60 °C. Analogous
pressure gauges and sampling valves were installed before and after both reactor units.
An autosampling unit was installed for the timed collection of fractions at the outlet of
the reactor.

A.3.4 Computational methods
Determination of activity coefficients?

The molecule geometry of all solvents, substrates and products was initially determined
using HyperChem® 8.5 (Hypercube, USA). Quantum chemical optimization of the
molecule geometry and charge distribution was achieved using Turbomole® 5.10 (Tur-
bomole, Germany). Activity coefficients of all mixtures were subsequently calculated
under reaction conditions on mole fraction scale using COSMO-RS Version C21_0110
(Cosmologic, Germany) [28]. The water concentration in substrate solutions and ad-
sorbed on the enzyme carrier was determined experimentally using Karl Fischer titra-
tion. The overall water concentration of nearly 0.16 mmol g-1 for all substrate mixtures
was considered in the calculation of activity coefficients.

2All calculations were performed with kind support from Dipl. Ing. T. Ingram and Prof. Dr. I
Smirnova, Institute of Thermal Separation Processes, Hamburg University of Technology

103



A Materials and methods

Kinetic parameter estimation

Scientist® software Version 2.0 (MicroMath®, USA) was used for kinetic parameter
estimation of the enzymatic reactions carried out in the solvent system. Numerical
integration of the rate equations combined with non-linear regression of the experimental
data of time course experiments for the determination of kinetic parameters of both the
solvent-free aza-Michael addition and biocatalytic aminolysis was performed using the
inherent ode45 and lsqnonlin algorithms of MATLAB® (MathWorks, USA). Exemplary
scripts applied in this work using Scientist® and MATLAB® are presented below.

Scientist® script

IndVars: a, b
DepVars: v
Params: k1, kma, ki

// Michaelis Menten derived model
v = kl1*a*b/(kma+(1+a/ki)*a)

// Initial parameters

k1l =10.2
kma = 0.04
ki = 1.059
KoKk

MATLAB® script

Data in- and output

%% Initialization

init = struct;

addpath C:\Users\Simon\Matlab\matlab;

addpath C:\Users\Simon\Matlab\scripts;

init.filename_in="Kinetik_08b.txt’;
init.file_path="C:\Users\SimonMatlab\experimental data\activity_based’;
init.ode_opts = odeset('RelTol’,1le-13);

init.ls_opts_in = optimset(’Display’,’iter’,’MaxIter’,1000, TolFun’,1e-8,"TolX’,1e-10);
init.Is_opts_out = optimset('Display’,’iter’,’MaxIter’,1000," TolFun’,1e-8, TolX",1e-10);

%% Ind and weight cell for data_cell generation
init.ind = 0,’%n %n %n %n %n %n’,13;

1,’%n %n %n %n %n %n’;13;

2.%m %n %n %n %n %n’,13;

3,’%n %n %n %n %n %n’,13;
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init.w_cell=ones(13,1) ones(13,1) ones(13,1)*10 ones

(13,1) ones(13,1) ones(13,1) 13,1
ones(13,1) ones(13,1) ones(13,1)*10 ones

(13,1) ones(13,1) ones(13,1)

(13,1) (13,1) (13,1)

)
13,1)
ones(13,1) ones(13,1) ones(13,1)*10 ones )
)

ones(13,1) ones(13,1) ones(13,1)*10 ones
init.f vec=[1, 1, 1, 1, 1, 1];

13,1
13,1

PN

%% Generate data cell
init.data_cell=fdata2cell(init);
init.N=count_data(init);

%% Plot generated data_cell
plot_data(init.data_cell,[1,2,3,4,5],’0b’);

%% Define starting set of parameters
init.pars_in =[0.3];

init.pars_out=[3.049, 1.52, 1.52,0, 0,...
2.98,1.71, 1.71,0, 0,...
1.82, 1.82, 1.82,0, 0,...
1.01, 2.02, 2.02, 0, 0];
init.w_pars=[1];
init.parind_in=[1;
L;
L;
1];
init.parind_out=[1, 2, 3, 4, 5;
6,7, 8,9, 10;
11, 12, 13, 14, 15;
16, 17, 18, 19, 20];
init.pars_in_lb = [0.0001];
init.pars_in_ub = [100];

init.pars_out_lb = [2.95, 1.48, 1.48,0, 0,...
2.23,1.67, 1.67,0, O,...
1.80, 1.79, 1.79,0, 0,...
0.96, 1.97, 1.97,0, 0];
init.pars_out_ub = [3.1, 1.58, 1.525,0.01, 0.01,...
2.32, 1.76, 1.76,0.01, 0.01,...
1.86, 1.86, 1.82,0.01, 0.01,...
1.06, 2.07, 2.07,0.01, 0.01];

init.y0 = @(y0) [y0(1) y0(2) y0(3) y0(4) yO(5)];

ones(13,1)*10;

ones(13,1)*10;

A.3 Methods

init.const = [0.59, 0.193, 0.554, -0.030, 1.079, -0.038, 1.131, 0.0232, 0.8292, -0.0016,

0.9196,...
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0.59, 0.193, 0.554, -0.030, 1.079, -0.038, 1.131, 0.0232, 0.8292, -0.0016,
0.9196,...
0.59, 0.193, 0.554, -0.030, 1.079, -0.038, 1.131, 0.0232, 0.8292, -0.0016,
0.9196,...
0.59, 0.193, 0.554, -0.030, 1.079, -0.038, 1.131, 0.0232, 0.8292, -0.0016,
0.9196];
init.cind = [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11;

12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22:

23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33;

34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44];

%% NLS estimation of parameters in loop init.sigma=0;
init.cycle=10;

[new_pars,resnorm,residual,jacobian] = optimize_loop(init);
p=[new_parsl new_pars2|;

j=l[jacobianl jacobian2];
ci=nlparci(p,residuall,’jacobian’ j);

delta=ci(:,2)-p’;

result=[p’ deltal;

%% Plot obtained solutions

tspan=0:0.025:5;

data_cell_old=init.data_cell;
init.data_cell=cell(4,5);

for i=1:numel(init.data_cell)
init.data_cell(i)=[tspan’, ones(length(tspan),1)];
end

data_cell_ new=simF(new_parsl,1 new_pars2,init);
plot_data(data_cell _old,[1,2,3,4,5],’0b’);
plot_data(data_cell new,[1,2,3,4,5],”-g’);
title('Novozym 435 catalyzed aminolysis of rac-3 and 1’,’Fontweight’,’bold’);
xlabel("Time [h]’);

ylabel("Conc. [M]");

Kinetic model
function r=enfun(t,y,p,weight,c)

r=zeros(5,1);
p=p.*weight;

%linear dependency of activity coefficient on BA concentration
gl =c(2) * y(1)+ c(3);
g2 =c(4) * y(1)+ c(5);
g3 = ¢(6) * y(1)+ c(7);
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% Kinetic model derived from Michaelis Menten model

% hnear dependency of v}, on substrate ratio:
Yo Vaw = 12.851 * (1.2398 * ¢(1)+ 0.2964)

% K, = 0.045

% K, = 0.898

% K, , = 0.958

vr = 12.851 % (1.2398 x ¢(1) 4+ 0.2964) x y(2) * g2 x y(1) * g1/((0.045+ (1 4+ y(1) * g1/0.898)x
y(1) * g1) = (1 + (y(4) * g4 + y(5) * g5)/0.958));

vs = p(1) * (1.2398 % ¢(1) 4 0.2964) * y(3) * g3 * y(1) * g1/((0.045 + (1 +y(1) * g1/0.898)x
y(1) * g1) = (1 + (y(4) * g4 + y(5) * g5)/0.958));

% mnon-catalyzed blind reaction with ko=0.0012
bll = 0.0012*y(1)*y(2);
bl2 = 0.0012%y(1)*y(3);

% enzyme concentration and deactivation

E0 = 0.152;

kdeact = exp(6.75 — 38.73 * ¢(1) 4 28.00 * ¢(1)"2);
E = E0 x exp(—kdeact x t);

% rate equations

r(1) = (-vs - vr)*E-bl1-bl2;
r(2) = -vr*E-bll;

r(3) = -vs*E-bl2;

r(4) = vr*E+bll;

r(5) = vs*E+bl2;

end
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Definitions

Some important definitions that have been frequently used to characterize reactions in
this study are given below:

Conversion: Xy= ——— (B.1)
Nso
Selectivity: op = M = Mo [Vl (B.2)
Msg—n, |Vl
. Mo |Vs]
Yield: Ny = —2 (B.3)
"o (vl
Enantiomeric excess: ee= B 1S (B.4)
nr+ng
. . m,
Space-time yield: STY = (B.5)
T - VR

The total turnover number is defined as the total amount of product produced in mol
per amount of enzyme in mol (Equation B.6). The specific ttn was defined accordingly
in this work as the total amount of product produced in mol per amount of enzyme in
gram.

n ToaQUC
Total turnover number: ttn = —product (B.6)
Nenzyme

According to Rogers and Bommarius [108], the ttn can be estimated from ke s and
Kgeaet according to Equation B.7.

kC(I o0s
Total turnover number: ttn = ~cbobs (B.7)
deact

The constant keq 0ps can be calculated from the specific activity according to Equation
B.8.
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Apparent turnover number:

spec. activty [U-mg™'] - MWg,... [g - mol™1]
60000

kcat,obs = (BS)

With a production rate of 10.4 U ggclwozym 135 under process conditions, a molecular
mass of CALB of 33000 g mol™! and an estimated protein load of 5 % (w/w) CALB on
the carrier material, an apparent kg ops=414 h~! is calculated. A deactivation constant
Kgeaet=0.0026 h~! had been determined in batch experiments and used for an estimation
of the ttn in a continuous process using Equation B.8 (see Section 6.3).

Enantioselectivity of Novozym 435 in organic solvents

1.0
0.8-
= 0.6
O
®
0.4-
0.2-
0.0 . . . . 0.0 : : : :
00 02 04 06 08 10 00 02 04 06 08 1.0
conversion [-] conversion [-]
(a) Acetonitrile (logP=0.34, E=23). (b) Tetrahydrofuran (logP=0.46, E=34).
1-0 T T T 1-0 ‘
0.8- - 0.8-
= 0.6 = 0.6
O O
O ®
0.4- - 0.4-
0.2- - 0.2-
0.0 . . . . 0.0 : : : :
00 02 04 06 08 10 00 02 04 06 08 1.0
conversion [-] conversion [-]
(c) Diisopropylether (logP=1.52,E=16). (d) Toluene (logP=2.73, E=13).
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Figure B.1: Enantiomeric excess as a function of conversion in different organic solvents. 0.2
M of substrates 1 and rac-3, 45 mg ml~! Novozym 435, 60 °C.

Temperature effect on selectivity

Table B.1: Calculation of ideal enantioselectivity E based on the overall rate constant k,
(spontaneous side reaction and enzyme-catalyzed), kg, for the spontaneous side
reaction and E using the software Selectivity-KRESH.

Temperature [°C]  k.( [h™] kg( [0 E [] E[]

40 0.232 0.00019 40 42
50 0.375 0.0004 34 35
60 0.659 0.00072 32 33
70 0.826 0.00117 20 21
80 0.998 0.00211 17 19
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FTIR reference spectra

FTIR reference spectra of benzylamine 1 and trans-ethyl crotonate 2 are shown in Figure
B.2, spectra of the ester 3 and the amide 4 shown in Figure B.3.
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Figure B.2: Reference FTIR spectra of pure compounds 1 (- -) and 2 (-).
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Figure B.3: Reference FTIR spectra of pure compounds 3 (- -) and 4 ().
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FTIR model development: statistical data

Relevant statistical data for the development of the chemometric model as applied for the
inline prediction of concentrations in the aza-Michael addition of 1 and 2 (Section 5.2.1
on page 58) and the Novozym 435-catalyzed aminolysis of 3 with 1 (Section 5.2.2 on
page 60) using a Silver Halide (AgX) FiberConduit?™™ with a DiComp?* diamond probe
tip is provided in Table B.2. The statistically optimized selection of the minimum
number of factors required via principal component analysis is selected automatically in
Mettler Toledo’s iC Quant Modeling Package® (see Figure B.4).

Table B.2: Summary of relevant data of the chemometric models obtained from inline FTIR
analysis of aza-Michael reaction and subsequent biocatalytic aminolysis using ATR

probe.

Description aza-Michael addition Biocatalytic aminolsis

spectral range 770 - 1866 cm ™! 770 - 1866 cm !

spectrum manipulation 1st order derivative no derivative
number of factors 2 1

RMSEC 1: 0.001 g mol* 1: 0.004 g mol™!

2: 0.004 g mol™* 3: 0.001 g mol™*

3: 0.001 g mol™* 4: 0.002 g mol ™!

RMSEP 1: 0.001 g mol™* 1: 0.005 g mol™!

2: 0.002 g mol™* 3: 0.003 g mol™*

3: 0.004 g mol™* 4: 0.002 g mol~*

Relevant statistical data for the development of the chemometric model as applied
for the inline prediction of concentrations in the aza-Michael addition of 1 and 2 (Sec-
tion 5.2.1 on page 58) and the Novozym 435-catalyzed aminolysis of 3 with 1 (Sec-
tion 5.2.2 on page 60) using a DS Micro Flowcell is provided in Table B.3. The selection
of the minimum number of factors required via principal component analysis was again
selected automatically in Mettler Toledo’s iC Quant Modeling Package® (see Figure
B.5).
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0004 T T T T T T T T 0008 T T T T T T T T
g 0.003- 1 g 0.006- 1
= =
¢ 0.002- 1 ¢ 0.0041 1
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= =
Z 0.0014 1 Z 0.0021 .
0.000+————————7— 0.000+—————————
01234567289 01234567289

factor [-] factor [-]

(a) (b)

Figure B.4: Principle component analysis for the determination of factors required in chemo-
metric model for the inline analysis of (a) aza-Michael addition and (b) biocat-

alytic aminolysis using ATR probe.

Table B.3: Summary of relevant data of the chemometric models obtained from inline FTIR
analysis of aza-Michael addition and subsequent biocatalytic aminolysis using

ATR micro flowcell.

Description aza-Michael addition Biocatalytic aminolsis

spectral range 800 - 1800 cm ™! 800 - 1800 cm™*

spectrum manipulation 2nd order derivative 1st order derivative

number of factors 3 4
RMSEC 1: 0.206 g mol™! 1: 0.158 g mol ™!
2: 0.122 ¢ mol™! 3: 0.032 g mol™!
3: 0.135 g mol ™! 4: 0.030 g mol™*
RMSEP 1: 0.189 g mol™! 1: 0.154 g mol™*
2: 0.103 g mol™! 3: 0.041 g mol™!
3: 0.187 g mol™! 4: 0.057 g mol™!
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Figure B.5: Principle component analysis for the determination of factors required in chemo-
metric model for the inline analysis of (a) aza-Michael addition and (b) biocat-

alytic aminolysis using ATR micro flowcell.

Calculation of process costs

The calculation of the process costs were based solely on costs for substrates, enzymes
and reagents required for downstream processing. Costs for energy, capital costs, water
and wastewater treatment are not considered. A possible recycling of solvents and
other reagents was not considered, but can be assumed to further reduce costs. Current
prices were taken from Sigma Aldrich (Taufkirchen, Germany) and Linde AG (Hamburg,
Germany). Quantities necessary for the production of 1 kg of the final product (5)-f3-
aminobutanoic acid hydrochloride (MW=139.6 g mol™!) are summarized in table B.4.
Amounts of reagents necessary for downstream processing were taken from Weif3 et al.

[139].
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Table B.4: Cost estimation for the production of (S)-B-aminobutanoic acid hydrochloride
based on consumption of reactants and reagents for downstream processing.

Current reagent price Input quantity Costs
[€ kg '] k8 k8 ogucr] 1€ K&proquer

chemoenzymatic reaction sequence
trans-ethyl crotonate 70 2.89 202.3
benzylamine 104 4.61 479.3
Novozym 435 1400 0.03 42.0
Sum 723.6

downstream processing

Hydrogen 70.9 0.07 4.96
NaOH (0.1 M) 0.15 0.25 0.04
NaOH (1.0 M) 1.5 2.06 3.1
NaOH (2.0 M) 3.0 3.92 11.9
MTBE 14 1.87 26.0
NaHCOg 4.1 0.36 1.5
HCI (1.0 M) 1.3 12.26 15.9
Sum 63.4
Sum total 787.0
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